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Research highlights

Bees are threatened by several anthropogenic factors including
the use of synthetic pesticides

Biopesticides are viable alternative, however they cause lethal
and sublethal effects on bees

Lethal and sublethal effects of essential oil (EOs) were assessed
on different bee species

The toxicity of EOs changes depending on the mode of exposure
Andrena species show potential as solitary bee models for
laboratory toxicity assessments

Pesticides with low toxicity can cause several sublethal effects on
bees

Abundance of bee species can be enhanced in organic almond
groves



Abstract

Bees (Hymenoptera, Apoidea) are the main pollinator insects
for wild and cultivated plants, being of crucial environmental and
economic importance. Their global decline, driven by anthropogenic
factors, including the use of synthetic pesticides, is an alarming
concern. Biopesticides can be a viable alternative for the protection
of cultivated plants due to their high selectivity and short
environmental persistence. Despite their natural origin, biopesticides
can cause lethal and sublethal effects on non-target organisms.
During this PhD project, we studied the toxicity of synthetic
pesticides and biopesticides on wild and managed bees, using
different products marketed in Mediterranean and tropical areas, and
some nanoformulations of essential oils (EOs) tested on pests but not
yet commercialized. Lethal and sublethal effects caused by pesticides
commonly used in Italian and Brazilian agroecosystems, including
greenhouses, were evaluated, with particular attention to some
biopesticides of botanical origin, such as EOs. Synthetic and
botanical pesticides caused lethal and sublethal effects on social
(honeybees, bumblebees, Neotropical stingless bees), and solitary
bees. Specifically, EOs caused lethal effects after topical and oral
exposure to Apis mellifera, Bombus terrestris, Osmia bicornis, and
Melipona mondury. Changes in feeding behavior and locomotor
alterations caused by exposure to EOs were observed on the stingless
bee M. mondury. Commonly used pesticides and biopesticides
caused reduced survival of ground-nesting wild bees of Andrena and
Eucera species, and altered the locomotor behavior of managed bees.
Synthetic insecticides used to protect greenhouse tomato plants
reduced the survival and caused changes in feeding behavior, and
midgut alterations in B. terrestris. These results may be important for
the appropriate use of pesticides and biopesticides in integrated pest
and pollinator management, providing crucial data for the
conservation of pollinating insects. In addition, populations of wild
bees were studied in two tree crops in Southern Italy, one



Mediterranean (almond) and one tropical (mango), comparing
species richness and abundance between integrated and organic
management.

Keywords: ecotoxicology; social bees; solitary bees; lethal
effects; sublethal effects; essential oils; exposure; Integrated Pest and
Pollinator Management; almond; mango.



Riassunto

Le api (Hymenoptera, Apoidea) sono i principali insetti
impollinatori di piante selvatiche e coltivate, e risultano di
fondamentale importanza ambientale ed economica. Il loro declino
globale, determinato da fattori antropici, tra cui I'uso di pesticidi
sintetici, € un problema allarmante. | biopesticidi possono essere una
valida alternativa per la protezione delle piante coltivate grazie alla
loro elevata selettivita e bassa persistenza ambientale. Nonostante la
loro origine naturale, i biopesticidi possono causare effetti letali e
subletali su organismi non bersaglio. Durante questo progetto di
dottorato, abbiamo studiato la tossicita dei pesticidi sintetici e dei
biopesticidi sulle api selvatiche e allevate, utilizzando diversi
prodotti commercializzati nelle aree mediterranee e tropicali e
nanoformulazioni di oli essenziali (OE) testate sui fitofagi ma non
ancora sul mercato. Sono stati valutati gli effetti letali e subletali
causati dai pesticidi comunemente utilizzati negli agroecosistemi
italiani e brasiliani, comprese le serre, con particolare attenzione ad
alcuni biopesticidi di origine botanica, come gli OE. | pesticidi
sintetici e botanici hanno causato effetti letali e subletali su api
sociali (api mellifere, bombi, api senza pungiglione neotropicali) e
solitarie. In particolare, gli OE hanno causato effetti letali dopo
esposizione topica e orale ad Apis mellifera, Bombus terrestris,
Osmia bicornis e Melipona mondury. Nell'ape senza pungiglione M.
mondury sono stati osservati cambiamenti nel comportamento
alimentare e alterazioni locomotorie causate dall'esposizione agli
OE. | pesticidi e i biopesticidi comunemente utilizzati hanno ridotto
la sopravvivenza delle specie selvatiche dei generi Andrena ed
Eucera che nidificano al suolo e hanno alterato il comportamento
locomotorio delle api allevate. Gli insetticidi sintetici utilizzati per
proteggere le piante di pomodoro in serra hanno ridotto la
sopravvivenza e hanno causato cambiamenti nel comportamento
alimentare e alterazioni dell'intestino medio in B. terrestris. Questi
risultati possono essere importanti per I'uso appropriato di pesticidi e



biopesticidi nella gestione integrata di parassiti € impollinatori,
fornendo dati cruciali per la conservazione degli insetti impollinatori.
Inoltre, sono state studiate le popolazioni di api selvatiche in due
colture arboree dell'ltalia meridionale, una mediterranea (mandorlo)
e una tropicale (mango), confrontando la ricchezza e I'abbondanza
delle specie tra gestione integrata e biologica.

Parole chiave: ecotossicologia; api sociali; api solitarie; effetti
letali; effetti subletali; oli essenziali; esposizione; Gestione Integrata
dei Parassiti e degli Impollinatori; mandorlo; mango.



1. General introduction

1 General introduction

1.1  Animal pollination

Plant-pollinator relationships contribute to the maintenance of
terrestrial ecosystems by promoting the reproduction of wild flora.
This is a mutualistic interaction, as without pollinators many plants
would not be able to reproduce, and at the same time plants provide
various rewards, such as pollen and nectar, which are crucial for the
maintenance of a variety of animal species (Waser and Ollerton
2006). About 87% of Angiosperms rely on pollination by a wide
range of animal species, including insects (Ollerton, Winfree, and
Tarrant 2011).

The ecosystem service of animal pollination is also critical to
human welfare, as it can increase the production of the majority of
the cultivated plants (Klein et al. 2007). In fact, the animal
pollination service benefits 75% of the world's crops (Klein et al.
2007; Kremen 2018), which translates into an economic benefit
ranging from $195 billion to $387 billion per year globally (Porto et
al. 2020).

Although pollinators are represented by different groups of
animals, from insects (mainly Hymenoptera, Lepidoptera, Diptera,
and Coleoptera) to vertebrates (birds and bats), bees (Hymenoptera,
Apoidea) are the most important and efficient group.

1.2 Bees (Hymenoptera, Apoidea)

With about 20,000 described species worldwide, bees
(Hymenoptera, Apoidea) are the most important group of pollinating
insects for wild and cultivated plants (Michener 2007). Divided into
seven families (Colletidae, Stenotritidae, Andrenidae, Halictidae,
Melittidae, Megachilidae, and Apidae), they are characterized by a

15



1. General introduction

diversity of morphological, biological, ecological, and ethological
traits (Danforth, Minckley, and Neff 2019; Michener 2007). Due to
their morphology and behaviour, bees are the most efficient
pollinators. Female bees, in fact, possessing a body full of branching
hairs and with specialized collecting structures (e.g. tibial or ventral
scopa, and corbicula), collect pollen as main protein source to feed
their offspring (Michener 2007). Compared to all other major groups
of pollinating insects, bees feed on plant substances such as pollen
and nectar during all phases of their life cycle, this has allowed them
to evolve and specialize as pollen collectors with specific structures.

The majority of the bees (>75%) are solitary species
(Danforth, Minckley, and Neff 2019), and show their highest
richness in the Mediterranean and xeric areas of the world (Orr et al.
2021). The solitary species richness in Mediterranean climate areas is
mainly characterized by ground-nesting bees (Nieto et al. 2014),
whose females dig a tunnel into the ground leading to the different
pedotrophic cells, and collecting supplies to feed their offspring
without cooperation with other individuals (Danforth, Minckley, and
Neff 2019; Michener 2007). At the same time, another important part
of solitary bees are the cavity-nesting species, which generally use
natural cavities in wood, walls, abandoned nests, or in the shells of
snails (Danforth, Minckley, and Neff 2019). While regions with
temperate, Mediterranean, and xeric climates host a richness in
solitary bees, tropical areas show greater richness of eusocial species,
in particular stingless bees (Apidae: Meliponini) (Michener 2007).
This is a very diverse group of bees, with about 500 described
species found in tropical and subtropical areas, especially in the
Neotropics (Ayala, Gonzalez, and Engel 2013; Michener 2013).

In addition to the products obtained from apiculture and/or
meliponiculture, such as honey, wax, and propolis, bees provide
humans with the immense benefit of pollination of cultivated plants,
and several other species are managed for this purpose (Osterman et
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1. General introduction

al. 2021). Although the western honeybee Apis mellifera L. (Apidae)
has been managed since ancient times for honey production, more
recently several other bee species (e.g. bumblebees, stingless bees
and solitary bees) have been managed as alternative pollinators, not
only for scientific interest but also for commercial interest (IPBES
2016; Osterman et al. 2021). The western honeybee has so far
received the most attention from the public, scientific research and
conservation programs, even attributing it the role of the main
pollinator agent. However, it is well known that greater wild
pollinator richness increases and improves pollination service
(Garibaldi et al. 2013). For these reasons, it is absolutely essential to
preserve, conserve and implement the richness and abundance of
wild pollinators in agroecosystems.

1.3 Global decline of bees

Despite their importance to the environment and human
welfare, bees are declining in various parts of the world, as
documented by several studies in the last decades (Biesmeijer et al.
2006; Cameron et al. 2011; Goulson et al. 2015; Hallmann et al.
2017; Potts, Biesmeijer, et al. 2010; Potts, Roberts, et al. 2010;
Sanchez-Bayo and Wyckhuys 2019; Toledo-Hernandez et al. 2022).
This global decline, which not only affects bees or insects in general,
is the result of the period in which we live, the Anthropocene, in
which global changes caused by the development of human society
and population are leading to modifications in the composition of the
ecosystems (Ghisbain et al. 2021; Lewis and Maslin 2018). These
changes are causing waves of extinctions, reductions in abundance
and richness of species, and also the expansion of other species, such
as non-native ones (Catania 2023; Ghisbain et al. 2021; Ollerton
2017; Reilly et al. 2020).

The colony collapse disorder (CCD) observed on honeybees in

17



1. General introduction

the United States in the 2000s produced a wave of public and
research interest, which resulted in an increase in the scientific
literature on the subject and measures for bee conservation in general
(Danforth, Minckley, and Neff 2019). In the same years, other
studies showed significant losses of pollinators in other regions of
the world, highlighting that the problem affected both managed and
wild species on a large scale (Biesmeijer et al. 2006; Cameron et al.
2011; Potts, Biesmeijer, et al. 2010). Several anthropogenic factors
such as the expansion and intensification of agriculture and livestock
farming, exposure to pollutants, anthropization and habitat
fragmentation, fires, and climate change have been identified as
responsible for threatening bee abundance and populations (Nieto et
al. 2014). Among these factors, the extensive use of synthetic
pesticides is one of the most worrisome, and the impact of these
substances on non-target organisms such as bees has been
highlighted since recent decades (Abati et al. 2021; Bernardes et al.
2022; Lima et al. 2022).

1.4 The impact of pesticides on bees

The toxicological impact of widely used pesticides,
particularly neonicotinoids (but also other molecules such as
carbamates, organophosphates and pyrethroids) on bees has been
extensively studied, highlighting their significant role in the decline
of these insects (Bernardes et al. 2022; Blacquiére et al. 2012;
Siviter, Richman, and Muth 2021). Under field conditions, bees can
be exposed to pesticides through two different modes. The first is
direct exposure, which occurs when bees come into contact with drift
droplets during spray treatment of a crop (Sanchez-Bayo and Goka
2014). The second mode is exposure to pesticide residues present in
different types of matrices. Indeed, bees can be exposed to and ingest
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1. General introduction

pesticide residues present in pollen, nectar, water, wax, or honey
(Sanchez-Bayo and Goka 2014).

In addition to lethal effects, sublethal exposures to pesticides
can cause different alterations in morphology, physiology, behaviour,
and weaken the immune system of bees making them more
susceptible to pests and diseases (Blacquiére et al. 2012; Goulson et
al. 2015). In the case of neonicotinoids, scientific evidence on their
impact has led to the regulation of their use in Europe, with several
restrictions (Domenica et al. 2017; Sgolastra et al. 2020). The
extensive use of pesticides, which often have synergistic effects with
each other (Azpiazu et al. 2022; Sgolastra et al. 2017; Tosi and Nieh
2019), combined with the previously mentioned risk factors such as
habitat loss and climate change, contributes to endangering bees and
damaging their ecosystem service of pollination (Knauer et al. 2022;
Rortais et al. 2017).

To date, most studies on bee risk assessment have focused
primarily on a single model species: A. mellifera. Only in recent
years it was realized that this approach was not sufficient for bee
conservation (Lewis and Tzilivakis 2019; Schmolke et al. 2021), and
in 2013 the European Food Safety Authority (EFSA) included the
bumblebee Bombus terrestris L. (Apidae), and the solitary cavity-
nesting species Osmia bicornis (L.) and O. cornuta (Latreille)
(Megachilidae) as model species for risk assessment (EFSA 2013).
At the same time, in tropical countries such as Brazil, toxicological
studies on stingless bees have increased to include several species in
the laboratory assessment of lethal and sublethal effects caused by
pesticides (Botina, Barbosa, and Martins 2024). However, until now,
solitary ground-nesting species, which account for about 70% of the
total bee species (Michener 2007), have been included in laboratory
toxicological studies with pesticides to a limited extent (Sgolastra et
al. 2019).

Although the effects of synthetic pesticides on bees are well
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1. General introduction

known and covered extensively by a variety of studies in the
literature, to date knowledge about the impact of pesticides of
biological origin on non-target organisms is still quite limited.

1.5 Biopesticides

With a view to modern, more sustainable agriculture, recently
the use of biopesticides has been increasing as a promising
alternative to the use of synthetic pesticides. The obvious adverse
effects of synthetic pesticides on the health of the environment, non-
target organisms, and humans have led to an growth in the study of
these substances and their increased commercial use. Biopesticides
are derived from natural sources such as plants (large variety of
botanical biopesticides, see Chapter 2), microorganisms (virus,
bacteria, fungi, protozoa), some minerals, animals (nematodes, toxins
and venoms from invertebrates), and genetic (toxins from GM plants,
and RNAI based products). These products are generally considered
to be safer when compared to synthetic pesticides due to their higher
selectivity and low environmental persistence (Kumar and Singh
2015). The effectiveness of biopesticides lies in their mechanism of
action, which is far more complex than that of synthetic pesticides
that rely on a single chemical with a single mode of action. In fact,
biopesticides rely on both chemical and biochemical approaches that
interfere with the biochemical, morphological, genetic, and structural
functions of pests (Hubbard et al. 2014). Biopesticides should have
no residue problems due to their low persistence and easy
environmental degradation, which translates into health benefits for
humans and non-target organisms (Kumar 2012). In addition, in
several cases biopesticides showed similar efficacy with synthetic
pesticides and cause less pest resistance (Cappa, Baracchi, and Cervo
2022; Kumar and Singh 2015). However, despite the many benefits,
the hypothesis that biopesticides are safe for non-target organisms,
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1. General introduction

such as bees, has yet to be tested and confirmed, as several studies
have shown harmful effects on pollinators (Cappa, Baracchi, and
Cervo et al. 2022).
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Aim of the thesis

The aims of the present thesis are: i) to contribute to the
development of laboratory toxicity assessment of pesticides and
biopesticides on bees in Mediterranean and tropical agro-ecosystems,
focusing on the development of methodologies for the evaluation of
lethal and sub-lethal effects; and ii) to provide information on the
status of bee populations in some agro-ecosystems in Southern Italy,
comparing species richness and abundance under different
management. Special attention was paid to biopesticides of botanical
origin, in particular essential oil (EO) insecticides, some of which are
nanoformulations tested on phytophagous insects but not yet
marketed. In this thesis, the current protocols for risk assessment of
pesticides on bees, proposed by OECD, were combined with
innovative techniques to: 1) assess lethal and sublethal effects of
biopesticides on bees (from social to solitary); 2) contribute to
develop a protocol to evaluate the residual contact toxicity of
pesticides and biopesticides on bees; 3) contribute to develop a
protocol to assess the toxicity of pesticides on solitary ground-
nesting bees.

30



1. General introduction

Thesis outline

Chapter 1: General introduction

An introductive chapter focusing on the ecological and economic
importance of bees. This chapter initially focuses on the value of
animal pollination for the maintenance of terrestrial ecosystems and
human welfare, and then discusses factors leading to the decline of
pollinating insects. Among these factors, this chapter focuses on the
impact of pesticides on bees, also highlighting the limitations of
current toxicology studies. A brief focus on botanical biopesticides is
reported, which will then be discussed extensively in Chapter 2.

Chapter 2: Review article - Are Botanical Biopesticides Safe for
Bees (Hymenoptera, Apoidea)?
Based on Catania et al., 2023. Insects, 14, 247.

This review article summarises studies on the toxicity of botanical
biopesticides (divided in different classes: Alkaloids, Essential oils,
Fatty Acids, Limonoids, Phenolics, Polyketides and Pyrethrins) on
social and solitary bees (Hymenoptera, Apoidea). Through a critical
analysis of the literature, this review highlights the lethal and
sublethal effects of these biopesticides and the gaps in research on
this topic (e.g. lack of a uniform protocol to assess the risks of
biopesticides on pollinators, and the scarcity of studies for specific
groups of bees).

Chapter 3: Toxicity of biopesticides to social and solitary bees: an
evaluation of essential oils through different exposure modes
Based on Catania et al., in preparation for Scientific Reports

This chapter assessed the non-target lethal effects on bees caused by
essential oil-based nanoformulations that can be used to protect
plants from phytophagous insects. Specifically, we tested two
nanoformulations of anise and garlic essential oils (EOs), previously
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tested for the control of Aphis gossypii, and a commercial
biopesticide based on sweet orange EO. Using topical, residual
contact and oral bioassays, we studied survival on three managed bee
species identified by EFSA as model species for bee risk assessment
in Europe: the social Apis mellifera and Bombus terrestris and the
solitary Osmia bicornis. The results highlight the importance of
evaluating the toxicity of biopesticides on bee species through
different modes of exposure. This research was conducted in
collaboration with the research group in ecotoxicology of bees of the
University of Vigosa (Brazil), and in collaboration with the
HoneyLab Teper&Was Laboratory Putawy (Poland).

Chapter 4: Essential oil-based bioinsecticides cause lethal and
sublethal effects on the Brazilian stingless bee Melipona mondury
(Apidae: Meliponini)

Based on Catania et al., in preparation for Apidologie

In this article, using the same bioinsecticides tested in the previous
chapter, we assessed the toxicity of these eco-friendly products on
the Neotropical stingless bee Melipona mondury. In this context, in
addition to assessing the lethal effects through different exposure
modes, we also studied the sublethal effects caused by the EOs, such
as anti-feeding effects after oral exposure and locomotor alterations
after topical exposure. Results from this research can provide useful
information for the sustainable use of these bioinsecticides in
agriculture. This research activities were conducted during a seven-
month research period at the Federal University of Vicosa (Brazil),
under the supervision of Prof. Maria Augusta Pereira Lima.

Chapter 5: Susceptibility of solitary bees to agrochemicals highlights
gaps in bee risk assessment

Based on Catania et al., Environmental Toxicology and Pharmacology,
104614
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In this article we evaluated the toxicity of pesticides commonly used
in European agriculture on several bee species, from social to
solitary ground-nesting species. Particularly, the lethal and sublethal
effects (neuronal symptoms and locomotor alterations) of the
neonicotinoid acetamiprid, the herbicide glyphosate, and the
biopesticide based on sweet orange EO were evaluated after topical
exposure. We included in these evaluations wild ground-nesting
species of the genera Andrena and Eucera, as well as the managed
Osmia bicornis, Bombus terrestris, and Apis mellifera, to establish a
susceptibility comparison between smaller and bigger species. The
results highlighted the need for additional model species in
laboratory studies, as bees of the genus Andrena were found to be the
most susceptible. This research was conducted in collaboration with
the research group in ecotoxicology of bees of the University of
Vigosa (Brazil), and in collaboration with the HoneyLab Teper&Was
Laboratory Putawy (Poland).

Chapter 6: Insecticides used for controlling cotton mealybug pose a
threat to non-target bumble bees
Based on Catania et al., 2024. Chemosphere, 368, 143742

The cotton mealybug Phenacoccus solenopsis is a recently reported
invasive species that threatens tomato production in Mediterranean
areas. Following the results of a preliminary study on the baseline
toxicity of insecticides on the cotton mealybug, in this chapter we
evaluated the impact of four insecticides (acetamiprid, pyriproxyfen,
sulfoxaflor, and thiamethoxam) on Bombus terrestris, the main
pollinator of tomato. The results obtained from this research are key
to optimizing bumble bee pollination services with chemical pest
control in the context of Integrated Pest and Pollinator Management.
This research was conducted in collaboration with the research group
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in ecotoxicology of bees of the University of Vicosa (Brazil), and the
histological analysis were conducted during a seven-month research
period at the same University, under the supervision of the Prof.
Gustavo Ferreira Martins.

Chapter 7: Wild bees in modern Italian almond plantings, richness
and comparison between integrated and organic management
Based on Catania et al., preliminary studies

This chapter reports on a preliminary three-year sampling study to
assess the richness and abundance of wild bees in modern almond
groves in Sicily, with a comparison between integrated and organic
management and a comparison of the methods used (transects, traps).
This research was conducted in collaboration with CREA-OFA of
Acireale (Italy).

Chapter 8: Preliminary investigations on floral visitors of Mango
(Mangifera indica L.) in integrated and organic crops in Southern

Italy
Based on Catania et al., preliminary studies

Since this is another three-year study, this chapter preliminarily
reports the results of the first year's survey of flower visitors of
mangoes grown in southern Italy (Sicily). Again, a comparison is
made between the integrated and organic management system and
between different sampling methods (transects and pan traps). This
research was conducted in collaboration with CREA-OFA of
Acireale (Italy).

Chapter 9: General discussion and conclusions

A concluding chapter that focused on the implications of the results
obtained for the programs of Integrated Pest and Pollinator
Management and for bee conservation.
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2 Review article - Are Botanical Biopesticides
Safe for Bees (Hymenoptera, Apoidea)?

This chapter is based on the published version of the review

article:

Catania, R., et al., 2023. “Are Botanical Biopesticides Safe for Bees
(Hymenoptera, Apoidea)?” Insects, 14, 247. DOI 10.3390/insects14030247.
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Are Botanical Biopesticides Safe for Bees
(Hymenoptera, Apoidea)?
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Abstract

The recent global decline in insect populations is of particular
concern for pollinators. Wild and managed bees (Hymenoptera,
Apoidea) are of primary environmental and economic importance
because of their role in pollinating cultivated and wild plants, and
synthetic pesticides are among the major factors contributing to their
decline. Botanical biopesticides may be a viable alternative to
synthetic pesticides in plant defence due to their high selectivity and
short environmental persistence. In recent years, scientific progress
has been made to improve the development and effectiveness of
these products. However, knowledge regarding their adverse effects
on the environment and non-target species is still scarce, especially
when compared to that of synthetic products. Here, we summarize
the studies concerning the toxicity of botanical biopesticides on the
different groups of social and solitary bees. We highlight the lethal
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and sublethal effects of these products on bees, the lack of a uniform
protocol to assess the risks of biopesticides on pollinators, and the
scarcity of studies on specific groups of bees, such as the large and
diverse group of solitary bees. Results show that botanical
biopesticides cause lethal effects and a large number of sublethal
effects on bees. However, the toxicity is limited when comparing the
effects of these compounds with those of synthetic compounds.

Keywords: ecotoxicology, pollinator, risk assessment, social bees,
solitary bees, toxicity

2.1 Introduction

Bees (Hymenoptera, Apoidea) are the main group of
pollinating insects, represented by about 20,000 described species in
the world, with the greatest biodiversity in Mediterranean and xeric
climate regions of the globe (Michener 2007; Orr et al. 2021). Due to
its biological and ethological characteristics, this group provides the
ecological service of pollination for spontaneous and cultivated
plants. In particular, the pollination service by animals includes 87%
of the world’s spontaneous flowering plants (Ollerton, Winfree, and
Tarrant 2011), and about 75% of cultivated crops (Klein et al. 2007;
Kremen 2018). It has been estimated that crop pollination by insects
has a value ranging from USD 195 billion to ~USD 387 billion
annually worldwide (Porto et al. 2020). Despite the difficulties in
estimating the economic benefits of insect pollination for wild plants,
it is assumed that this service is extremely important for the
maintenance of the majority of terrestrial ecosystems.

In addition to being represented by large species richness, bees
also include a wide range of life history, biological, and ethological
traits (Danforth, Minckley, and Neff 2019). The majority of bees are
solitary, with females that build and provision the nest and raise their
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offspring by themselves without cooperation with other individuals (
Danforth, Minckley, and Neff 2019). The remaining insects are
represented by parasitic bees, such as cleptoparasitic and social
parasite bees, and social bees. Although they represent only a small
fraction of the total species, social bees (and in particular the western
honeybee, Apis mellifera L.) have always received the greatest
attention from the public, scientists, and bee regulation and
conservation programs (Sgolastra et al. 2019). Despite the role of
major pollinators historically being mainly attributed to the western
honeybee, subsequent studies showed that a greater biodiversity of
wild bees increases and improves the pollination service (Garibaldi
etal. 2013).

The decline of insects, and bees in particular, has been
documented by various studies in recent decades (Biesmeijer et al.
2006; Cardoso et al. 2020; Conrad et al. 2006; Goulson et al. 2015;
Hallmann et al. 2017; Potts et al. 2015; Potts, Biesmeijer, et al. 2010;
Potts, Roberts, et al. 2010; Sanchez-Bayo and Wyckhuys 2019;
Seibold et al. 2019; Wagner et al. 2021). The reduction in abundance
and richness of bees has been documented in different parts of the
world at local, regional, and country levels (Ollerton 2017; Reilly et
al. 2020). The expansion and intensification of agriculture and
livestock farming, exposure to pollutants, anthropization and habitat
fragmentation, fires, and climate change are the factors that most
threaten the diversity and populations of bees (Goulson and Nicholls
2022; Kopec and Burd 2017; Nieto et al. 2014).

Despite these several factors related to the worldwide decline
in pollinators, the impact of synthetic pesticides on non-target
beneficial arthropods, and in particular pollinating insects, has
represented a primary concern for at least the last decade (Bernardes
et al. 2022; EFSA 2013). From the 1990s up until now, a large
number of scientific works has highlighted the toxicity and side
effects of neonicotinoids for bees (Blacquiére et al. 2012; Mayer
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1997, Siviter, Richman, and Muth 2021), and which have resulted in
restrictions in the use of these products in Europe (Auteri et al. 2017,
Sgolastra et al. 2020). However, other families of chemical
compounds (such as carbamates, organophosphates, and pyrethroids)
are well known to be dangerous for these insects (Abati et al. 2021;
Arena and Sgolastra 2014; Bernardes et al. 2022). Conversely, there
is less information on the toxicity of insecticides of biological origin
for bees (Biondi et al. 2012; Borges et al. 2021; Cappa, Baracchi, and
Cervo 2022; Erler et al. 2022; Ntalli, Spochacz, and Adamski 2022).

Biopesticides include a wide variety of compounds of natural
origin, ranging from botanical compounds such as plant secondary
metabolites and essential oils (EOs), to entomopathogenic viruses,
bacteria, fungi, and nematodes (Copping and Duke 2007; Seiber et
al. 2014). Toxins and venoms produced by arthropods such as
spiders and scorpions (Nakasu et al. 2014), or by other invertebrates
(Jacobsson et al. 2018), are also considered to be biopesticides. The
U.S. Environmental Protection Agency (EPA) categorizes
biopesticides in three different groups: (1) biochemical biopesticides,
(1) plant-incorporated protectants (PIPs), and (I1) biocontrol
organisms (US EPA 2014). Although there is no formal definition of
biopesticides at the European level, two different groups are
recognized, namely, (1) living organisms and (1) natural products,
excluding PIPs, which are not included by the regulatory authorities
of most of the other countries. Here, we divide biopesticides into
four different groups according to their origin: (1) botanicals
(alkaloids, essential oils, limonoids, etc.), (I) microbials (virus,
bacteria, fungi), (I11) animals (nematodes, toxins, and venoms from
invertebrates), and (V) genetic (toxins from GM plants, and RNAI
based products). Biondi et al. (2012) summarized the non-target
effects of spinosyns on beneficial arthropods, including pollinators,
while Erler et al. (2022) reported from the literature the impacts of
entomopathogenic organisms on social and solitary bees. The review
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by Cappa et al. (2022) summarized the detrimental effects of
biopesticides on insect pollinators (including social and solitary bees,
Lepidoptera, Diptera Syrphidae, anthophilous Coleoptera, and
wasps), including the effects of different classes of microbial
biopesticides, and the effects of azadirachtin among the botanical
biopesticides. Furthermore, Ntalli et al. (2022) summarized the
effects on honeybees of botanical treatments used in beekeeping to
control the Apis mellifera arthropod pests. Giunti et al. (2022)
summarized the effects of essential oil-based biopesticides on non-
target organisms, reporting some information on pollinator insects.

In the present review, we analysed the impacts on bees of
botanicals biopesticides used or potentially used in agriculture,
summarizing the studies in the literature and reporting the lethal and
sublethal effects of these products on the different groups of Apoidea
Anthophila, such as social (honeybees, bumblebees, stingless bees)
and solitary bees. We also reported a critical analysis on the
detrimental effects of these eco-friendly products on bees, divided
into different categories according to Acheuk et al. (2022).

2.2 Botanical Biopesticides

Botanical pesticides have been applied for more than 150
years in Europe and North America, going back much earlier than
the discovery and the wide spread use of the main classes of
synthetic pesticides in the first half of the twentieth century (Isman
2006). The extensive use of synthetic pesticides, with their
consequent negative effects on human and environmental health, has
led to a recent and increasing demand for botanical and organic
pesticides as eco-friendly alternatives to synthetic pesticides (Acheuk
et al. 2022). Botanical pesticides, and in general biopesticides, have a
higher selectivity, cause less pest resistance, and have low
environmental persistence in comparison with the synthetic
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compounds (Acheuk et al. 2022; Kumar and Singh 2015). For these
reasons, these products can be good candidates for modern and
sustainable agriculture. Despite the growing interest of the scientific
community in botanical pesticides during recent years (Cappa et al.
2022), their commercial use is still restricted compared to the
synthetic alternatives, particularly in developing countries (Isman
2020).

The great biosynthetic ability of plants enables a wide
diversity and versatility of botanical compounds, which can be
divided into seven different classes: (1) alkaloids, (2) essential oils,
(3) fatty acids, (4) limonoids, (5) phenolics, (6) polyketides, and (7)
pyrethrins (Acheuk et al. 2022).

Alkaloids represent a wide and highly diverse group of
chemical compounds found in several botanical species: the most
important examples are anabasine from Anabasis aphylla L.
(Amaranthaceae), nicotine from Nicotiana (Solanaceae) species, or
zygacine from Melanthiaceae species. These compounds show high
insecticidal activities at low doses, and sublethal effects such as
antifeeding, deterrence, and malformations (Chowanski et al. 2016).
Nicotine is a non-systemic insecticide that can be used for the control
of a large number of pests in a confined environment (Copping and
Duke 2007). Used as a fumigant, nicotine has neurotoxic action on
insects, but it also shows high toxicity for birds, aquatic organisms,
bees, and humans (Ujvary 1999). A mixture of alkaloids can be
found in sabadilla, a traditional insecticidal preparation used in
Central and South America and commercially used since the 1970s
(Copping and Duke 2007). Sabadilla powder is prepared from
Schoenocaulon officinale Gray (Melanthiaceae) and contains a
mixture of veratridine, cevadine, and other alkaloids, and it is
effective against thrips (Copping and Duke 2007). Ryania extracts
from the stem of Ryania speciosa Vahl (Salicaceae) contain the
alkaloid ryanodine, a highly toxic bioinsecticide that has been used
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in the USA for the control of Cydia pomonella L. (Tortricidae) and
Ostrinia nubilalis Hlbner (Crambidae) (Copping and Duke 2007).

Essential oils (EOs) are contained in about 17,500 aromatic
plant species and can be extracted mainly by steam distillation for
various industrial applications, including plant protection from pests
(Regnault-Roger, Vincent, and Arnason 2012). These products have
been used since ancient times and can be obtained from plants
belonging to the families Asteraceae (e.g., Artemisia spp.),
Lamiaceae (e.g., Mentha spp., Origanum spp., Rosmarinus officinalis
L., Salvia spp., Thymus spp.), Lauraceae (e.g., Laurus nobilis L.),
and Myrtaceae (e.g., Eucalyptus spp., Myrtus communis L.) (Bakkali
et al. 2008; Regnault-Roger et al. 2012). EOs are produced as
secondary metabolites by these plants for protection against
microorganisms, insects, herbivores, and allelopathic interactions
(Bakkali et al. 2008; Mossa 2016). The major constituents of EOs are
low-molecular-weight terpenoids (monoterpenes and sesquiterpenes)
and phenolics (Regnault-Roger et al. 2012). EOs have been recently
tested on pests with successful results, but their high volatility, poor
solubility in water, and easy environmental degradation make their
commercialization difficult. For these reasons, some techniques have
been studied to improve their efficacy, such as encapsulation in
nanoparticles (NPs) (e.g., polyethylene glycol, PEG) (Campolo et al.
2017), microencapsulation in SiO, (Sciortino et al. 2021), and the
use of plant powders containing EOs (Ong et al. 2020).

Fatty acids have also been used in some commercial
biopesticides where they have a stabilizing function. However, some
of them can have a secondary toxic effect on insect pests, for
example, conjugated linoleic acid (CLA) or pelargonic acid (Acheuk
et al. 2022). Furthermore, preliminary studies on the fatty amid
pellitorine have shown promising results for the control of
mosquitoes (Perumalsamy et al. 2010) and Coleoptera post-harvest
pests (Buxton et al. 2017).
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Limonoids are natural compounds mainly present in plants of
the Rutaceae (Citrus spp.) and Meliaceae (Neem tree, Azadirachta
indica A. Juss.) families. Azadirachtin from the Neem tree is one of
the most widely used and studied biopesticides (Isman 2020),
isolated from all the parts of the plants, in particular from seeds
(Copping and Duke 2007). Considered as a safe and selective
product, Azadirachtin is very effective against several groups of
pests, causing acute toxicity and anti-feeding and physiological
effects (Morgan 2009), and it can also be used as a fungicide
(Copping and Duke 2007). However, several studies question its
safety as regards beneficial insects (Barbosa, De Meyer, Guedes, et
al. 2015; Bernardes et al. 2017, 2018).

Phenolics, the largest group of plant secondary metabolites,
perform various essential functions, from the regulation of
physiological processes to defence against herbivores (Sharma et al.
2019). Abundantly present in Thymus spp. (Lamiaceae) plants,
thymol can be used as an effective fungicide, bactericide, and also
acaricide, it being effective against Varroa spp. (Varroidae), an
important ectoparasite of honeybees (Imdorf et al. 1995). The
isoflavone rotenone, extracted from the roots of some species of
Derris, Lonchocarpus, and Tephrosia (Fabaceae), is a neurotoxic
compound used against a wide spectrum of insects and in the control
of fish populations (Copping and Duke 2007). The safety of rotenone
for humans and the environment has been questioned due to its high
toxicity towards mammals (Isman 2006).

Another large class of plant secondary metabolites is that of
polyketides, biosynthesized from acetyl-CoA. Annonins, classified
as acetogenins, comprise an important group of polyketides that
show a wide range of biological activities such as antimicrobial and
pesticidal activities (Ocampo 2006). Effective against Coleoptera
pests (Ribeiro et al. 2018), annonins are extracted from the seeds of
neotropical Annona (Annonaceae) trees (Isman 2006).
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Pyrethrin is one of the most marketed bioinsecticides. It is a
mixture of compounds (Pyrethrins I, and Pyrethrins II)
biosynthesized from Tanacetum cinerariifolium (Trevir.) Sch. Bip.
(Asteraceae) (Jeran et al. 2021). Pyrethrin has neurotoxic action that
interferes with the Na*/K* exchange pump, causing paralysis and
resulting in toxicity for several groups of pests (Acheuk et al. 2022).
The characteristic of pyrethrins, of being particularly labile to UV
from sunlight, led in the 1970s and 1980s to the development of
synthetic derivatives, the pyrethroids, which are widely used
nowadays (Isman 2020).

2.3 Risk Assessment of Biopesticides on Bees

Most of the regulatory risk assessment for plant protection
products (PPPs) (pesticides and biopesticides) uses the western
honeybee as a surrogate species for ecotoxicological testing of
pollinators (Heard et al. 2017; Schmolke et al. 2021). In recent years
it has been realized that this approach is not enough for pollinator
conservation (Lewis and Tzilivakis 2019; Schmolke et al. 2021).
Sensitivity to pesticides varies according to the bee species and other
factors such as body size, level of sociality, seasonality, voltinism,
floral specialization, nesting behaviour, food consumption rate,
overwintering strategies, sex, and caste (Arena and Sgolastra 2014;
Bernardes et al. 2022; Brittain and Potts 2011; Lima et al. 2016).
This leads to different ecological impacts from the use of pesticides.
Therefore, risk assessments have recently been expanded to include
other bee species such as bumblebees (Bombus spp.) (EFSA 2013;
Gradish et al. 2019; OECD 2017; US EPA 2014), solitary bees
(Osmia spp. and Megachile rotundata (Fabricius)) (Auteri et al.
2022; EFSA 2013; Sgolastra et al. 2019; Uhl et al. 2019; US EPA
2014), and stingless bees (Cham et al. 2019). Currently ground-
nesting bees, which represent about 70% of bee species (Michener
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2007), have not been taken into consideration in the PPP risk
assessment protocols due to their difficulty in breeding, management,
and use in laboratory protocols (Sgolastra et al. 2019). Still, today,
however, knowledge regarding the ecotoxicology of the non-Apis
bee species is scarce and certainly needs to be increased (Arena and
Sgolastra 2014; Bireley et al. 2019; Uhl et al. 2016).

To date, there are no specific regulations and protocols for
testing the effects of biopesticides on bees. Therefore, the same
protocols for the chemical pesticides developed by the Organisation
for Economic Co-operation and Development (OECD) are used
(Cappa et al. 2022). These protocols (OECD 1998, 2017) include
laboratory chronic and acute oral/contact toxicity tests to measure
ecotoxicological parameters, such as LCsp and LDsg, and to evaluate
sublethal effects such as paralysis, movement alterations, and the
presence of moribund specimens. However, sublethal effects caused
by pesticides on bees are commonplace and still little studied,
particularly regarding ecotoxicological tests about the effects of
biopesticides on non-Apis bees (Desneux, Decourtye, and Delpuech
2007; Lima et al. 2022; Mommaerts and Smagghe 2011).

In addition, there are few guidelines for the risk assessment of
pesticides at field and semi-field levels with honeybees, bumblebees,
and solitary bees (EFSA 2013; OECD 2007), and no specific
protocols for biopesticides. In general, the number of higher tier risk
assessment studies on bees is low, both for synthetic pesticides
(excluding neonicotinoids) and biopesticides.

We therefore highlight the need to (I) develop specific
protocols to assess the lethal and sublethal effects of biopesticides on
bees from different species; (Il) increase the knowledge about
species sensitivity distribution regarding chemical and biological
pesticides for Apoidea, including ground-nesting solitary bees in the
studies; and (I1l) develop new and better field and semi-field
protocols both for synthetic and biopesticides.
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2.4 Materials and Methods

The search for peer-reviewed English-language publications
up to 2022 was conducted using Google Scholar, Scopus, and
ResearchGate through the following keyword terms and their
combination: “bioinsecticides”, “biopesticides”, “botanical
insecticides”, “Azadirachtin”, “Essential oils”, “EOs”, “botanical
extracts”, “Pyrethrins”, Pyrethrum”, “Nicotine”, AND “toxicity”,
“exposure”, “effect”, AND “bee”, “social bee”, “honeybee”, “Apis”,
“bumblebee”, “Bombus”, “stingless bee”, “Meliponini”, “solitary
bee”, “Osmia”, “Megachile”. Additional studies from literature
references were considered. In this review, papers about the toxicity
on A. mellifera of botanical products used in beekeeping were not
considered, as they are summarized in the recent revision of Ntalli et
al. (2022). Table 2.1 includes and summarizes the studies and divides
them following the different groups of Apoidea (social and solitary
bees). Information is provided about the botanical substances tested,
the category of assay (laboratory-assessed lethal (L) and/or sublethal
(S) effects, field and semi-field), the type of treatment application
(contact, topical, ingestion, fumigation, spray, crop spraying, crop
granules, and "ingestion and topical” in the cases of tests with
larvae), the target of the experiments (eggs, larvae, adults, colony,
microcolony), the main effects reported by the results of the
experiments, and the country in which the experiments were
performed. The “Botanical substance” column in Table 2.1 includes
the individual biopesticides tested in the different papers analysed.
No papers were found in which synergistic effects between different
substances were tested. Table 2.1 includes only article papers;
however, some studies presented at conferences or symposia are
discussed in the text. Most of the studies reviewed (53.7%) did not
test a chemical insecticide as a positive control, and these studies are
highlighted in Table 2.1 with a double asterisk (**). The
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toxicological parameters (LCso, LDso) of botanical biopesticides
extrapolated from the analysed papers are reported in Table 2.2.

2.5 Effects of Botanical Biopesticides on Eusocial Bees

2.5.1. Honeybees

Honeybees are eusocial bees and are among the best known
and most widely studied insects. Of the ten Apis species (Kumar
Gupta et al. 2014), two are managed in the world (Osterman et al.
2021). The first is the eastern honeybee, A. cerana Fabricius,
managed in South and East Asia (Radloff et al. 2010), and the second
is the western honeybee, A. mellifera, managed in Africa and Europe
for several millennia (Crane 1999). Nowadays, A. mellifera is a
cosmopolitan species and is considered the most important pollinator
worldwide, it being also the most important species for honey,
pollen, propolis, and wax production (IPBES 2016). Colony collapse
disorder syndrome (CCD), observed for the first time in the US in
the spring of 2007, has sparked growing interest from the public and
the scientific community regarding the conservation of honeybees,
and consequently other bees (Danforth, Minckley, and Neff 2019).

In the literature on the effects of botanical insecticides, both
species of Apis previously mentioned have been studied, although A.
mellifera is present in a greater number of studies. A single study
(Pandey 2010) includes also the giant honeybee, A. dorsata
Fabricius, a wild honeybee found from India to Vietnam.

Some studies showed that alkaloids can be toxic to A.
mellifera. Nicotine increases the mortality, specifically of honeybees,
causing a mortality from 75 to 100%, and shows a LCsy value of
60.15 ng/bee in contact exposure and 32.45 ng/bee in ingestion
(Pereira et al. 2020; Detzel and Wink 1993). Sabadilla dust at its
highest dosage shows 100% mortality within 48 h (Anderson and
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Atkins 1958; Atkins and Anderson 1954), and ryania dust extract at
40% caused 31% mortality 72 h after treatments (Atkins and
Anderson 1954).

Several studies have evaluated the impact of essential oils,
with potential use in beekeeping for controlling Varroa spp. mites or
other parasites, on A. mellifera, and the majority of these compounds
showed low toxic effects for honeybees (reviewed by Ntalli et al.
(2022)). Many EOs and botanical extracts for use in crop protection
also showed a lack of or low toxicity for honeybees at realistic field
dosages (Anderson and Tuft 1952; Pereira et al. 2020; Efrom et al.
2012; Santos et al. 2018; Umpiérrez et al. 2017). However, several
oils and extracts, widely used as biopesticides, caused lethal and
sublethal effects on the larvae and adults of honeybees. Andiroba oil
(Carapa guianensis Aublet, Meliaceae) and garlic extract (Allium
sativum L., Amaryllidaceae) caused high larval mortality and
affected the development and body mass, while citronella
(Cymbopogon sp., Poaceae) and eucalyptus oil (Eucalyptus sp.,
Myrtaceae) showed high mortality for adult honeybees (Xavier et al.
2015). In addition, eucalyptus and garlic oil decreased honeybee
speed and movement in walking tests, and all botanical treatments
showed repellent effects on worker honeybees (Xavier et al. 2015).
Artemisia absinthium L. and Eupatorium buniifolium Hook. ex
Hook. & Arn. (Asteraceae) EOs, potentially usable against tomato
pests, were tested also on A. mellifera (Umpiérrez et al. 2017) in
topical tests and in the “Complete Exposure Test” described in
Ruffinengo et al. (2005). Results showed a high LDso in topical tests
(respectively 197 and 252 pg/bee) but a low LDsg in the Complete
Exposure Test (respectively 0.26 and 0.15 mg/cm?). This suggests
that the use of these products may be minimally toxic for bees at the
doses that can be used for the control of Trialeurodes vaporariorum
(Westwood) (Aleyrodidae) (LDso: 0.08 and 0.02 mg/cm?,
respectively) but toxic at the doses usable against Tuta absoluta
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(Meyrick) (Gelechiidae) (LDso: 0.50 and 0.65 mg/cm?, respectively)
(Umpiérrez et al. 2017). EOs of Origanum vulgare L. and Thymus
vulgaris L. (Lamiaceae) showed higher mortality in topical and
contact tests with adult honeybees, and O. vulgare EO also reduced
honeybees’ mobility during the walking bioassays (da Silva et al.
2020). Spray and ingestion treatments with extracts of Origanum
majorana L. (Lamiaceae), Punica granatum L. (Lythraceae),
Echinodorus  grandiflorus (Cham. &  Schitdl.)  Micheli
(Alismataceae), and Matricaria chamomilla L. (Asteraceae) reduced
the survival of the honeybees, with a lower toxicity of E.
grandiflorus and M. chamomilla (Potrich et al. 2020). The ingestion
of Origanum majorana and P. granatum also reduced the mesenteric
cells of the midgut of workers (Potrich et al. 2020). In addition,
repellent effects on A. mellifera were observed using garlic and
citronella extracts (Nicodemo and Nogueira Couto 2004).

Currently, no field or semi-field studies have been conducted
with EOs or their extracts to assess their effects on honeybees.

A single study evaluated the effects of fatty acid-based
bioinsecticides on A. mellifera (Miranda et al. 2003). The amide
pellitorine increased the mortality of larvae, newly emerged adults,
and adults workers (Miranda et al. 2003).

There is a considerable number of laboratory and field studies
regarding the impact of Azadirachtin on honeybees (A. cerana, A.
dorsata, and A. mellifera). Some of those papers reported only slight
toxicity (Challa, Firake, and Behere 2019; Efrom et al. 2012;
Ratnakar, Rao, and Sridevi 2017) or the absence of effects in field
applications (Elzen, Elzen, and Lester 2004). The first studies were
conducted in the 1980s and reported high mortality and reduction in
the survival of A. mellifera larvae, with morphological larval
abnormalities, but no larval anti-feeding effects (Rembold et al.
1982; Rembold and Sharma 1980). Young honeybees had
malformations and were unable to hatch after the treatment of small
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hives with Neem seed extract spray (Schmutterer and Holst 1987).
However, these symptoms have not been observed in larger colonies,
and field treatments carried out did not repel honeybees from flowers
(Schmutterer and Holst 1987). The absence of field repellence of
honeybees was also observed after the treatment with a Neem seed
extract of canola fields (Brassica campestris (L.), Brassicaceae) in
Canada, despite the occurrence of repellent effects in laboratory
choice tests (Naumann, Isman, and Currie 1994). The application of
Neem oil on the cells of honeybee larvae caused high mortality at
higher doses, with a higher LDso than those of the other insects
(Naumann and Isman 1996). High mortality (Hassona and Kordy
2015; Xavier et al. 2015; Zhao et al. 2022), reduction in adults’
survival (Amaral et al. 2016; Ladurner et al. 2005; Naiara Gomes et
al. 2020), and larval survival and development (Amaral et al. 2016;
Kaur, Singh and Singh 2022; Xavier et al. 2015) were found in
laboratory tests with azadirachtin. The ingestion of azadirachtin
altered the haemolymph amino acid composition (Hassona and
Kordy 2015). Azadirachtin also impaired the flight ability (Naiara
Gomes et al. 2020) and walking activity (Xavier et al. 2015) of
honeybees. Furthermore, sublethal concentrations of azadirachtin
decreased immune gene expression, and inhibited the activity of
polyphenol oxidase (PPO), a midgut antioxidant enzyme of A.
cerana cerana workers (Zhao et al. 2022). Field and semi-field
studies highlighted the detrimental effects on honeybees after
azadirachtin treatments. Although azadirachtin did not affect
honeybee mortality, there was a reduction in the foraging activity
and brood development of honeybees placed in tunnels with Brassica
napus L. (Brassicaceae) in semi-field experiments (Shawki et al.
2018). Thompson et al. (2005) observed a reduction in colony
overwintering in azadirachtin-treated colonies but no apparent effects
regarding the brood and queen development. Different formulations
of azadirachtin affected the number of foraging honeybees of A.
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cerana indica, A. dorsata, and A. mellifera in mustard crops in India
(Pandey 2010), as well as the number of A. mellifera forager bees in
Brazilian melon fields (Tschoeke et al. 2019).

Thymol and other phenolics such as carvacrol can be used in
organic beekeeping, especially in the control of Varroa destructor
(Calderone and Nasr 1999). These compounds have been tested on
honeybees and their parasites by several authors, and the effects are
summarized in Ntalli et al. (2022). These authors, considering them
toxic to honeybees, reported however that their hazard ratios were
lower than those of common synthetic alternatives. Studies on the
impact of rotenone on A. mellifera have been conducted since the
first half of the last century (Appel 1990; Atkins and Anderson 1954;
Ginsburg and Schmit 1932; Stevenson 1978). Rotenone was
evaluated as slightly harmful to A. mellifera, after the reduction in
honeybee survival in topical contact tests (Efrom et al. 2012).
Repellence, high mortality of adult honeybees, reduction in body
mass, and modifications in walking activity of foraging honeybees
were also detected after rotenone exposure (Xavier et al. 2015).

As regards polyketides, we found a single study evaluating the
effects of a squamocin (annonin)-based product on A. cerana in the
laboratory and field (Challa et al. 2019). In laboratory experiments,
the product was considered to be slightly to moderately toxic and
selective to honeybees according to the selectivity ratio (LCso of
beneficial species (%)/LCso of pest species (%)) (LCso reported in
Table 2.2). However, the field tests showed a significant reduction in
the relative abundance and in the speed of foraging honeybees in
Indian mustard crop (Brassica juncea L. Czern., Brassicaceae)
(Challa et al. 2019).

As they were among the first botanical insecticides to be
commercialized, pyrethrins have been tested on honeybees since the
last century. Some studies reported no effects or low reductions in
mortality (Atkins and Anderson 1954; Caron 1979; Ginsburg 1930),
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while others found high levels of toxicity (Appel 1990; Ginsburg and
Schmit 1932; Stevenson 1978) (Table 2.2). This is likely due to the
use of different formulations and different methods of product
application (by contact, fumigation, spray, topical, and ingestion).
Recently, it has been shown that a pyrethrum nanopesticide
decreased the longevity and caused morphological alterations in the
midgut of Africanized honeybees (Oliveira et al. 2019).

2.5.2. Bumblebees

Bombus Latreille includes about 250 species with annual
colonies, (Michener 2007), which are abundant in the Holarctic
region. Several bumblebees species in Europe and North America are
threatened, and their populations are in decline (Cameron et al. 2011;
Goulson 2010; Nieto et al. 2014; Rollin et al. 2020; Sanchez-Bayo
and Wyckhuys 2019). There are nine species of social bumblebees
managed for crop pollination (Osterman et al. 2021), some of them
widely used in laboratory risk assessment of synthetic pesticides.
Bombus terrestris (L.) is the model species for ecotoxicological
studies on bumblebees (EFSA 2013) and the only bumblebee species
used in studies that have evaluated the risks of botanical insecticides
(Table 2.1). The buff-tailed bumblebee, B. terrestris, is one of the
most abundant bees in the West Palaearctic (Rasmont et al. 2008),
and it is a widely commercialized species used for pollination of
several crops (Velthuis and VVan Doorn 2006).

There is a small number of studies on botanical insecticides
regarding B. terrestris, almost all on the effects of azadirachtin.

Azadirachtin caused repellence on workers and caused high
mortality in treated microcolonies of B. terrestris. Different
azadirachtin concentrations also caused sublethal effects on the
colonies, reducing the egg-laying, production of drones, the ovarian
length, and the body mass of male offspring (Barbosa, De Meyer,
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Guedes, et al. 2015). However, various formulations and technical
powders of azadirachtin used at field-recommended doses in the
laboratory did not elicit side effects on the treated colonies (Sterk,
Cuylaerts, and Kolokytha 2018). Colonies orally exposed to
azadirachtin had a slight increase in worker and drone mortality,
although the treatment was toxic for queens (Sterk, Hannegraaf
2019). Other formulations of azadirachtin (nimbecidine) were highly
toxic to B. terrestris in an acute oral experiment (Demirozer et al.
2022).

Sublethal concentrations of azadirachtin also reduced the
foraging of pollen by B. terrestris in a legume field (Koskor et al.
2009).

A blend of Perilla frutescens var. crispa extracts and
phytoncide oil was found to be particularly toxic for B. terrestris,
causing a 100% mortality after one hour in a contact experiment
(Kim et al. 2018). Sublethal doses of these botanical insecticides did
not affect the walking distance and velocity of the bumblebees, but
the angular velocity was significantly affected. Furthermore, the
bioinsecticide reduced the levels of different genes involved in
metabolism (NADH dehydrogenase 1 alpha subcomplex subunit 12,
NDUFA12, cytochrome b-c1 complex subunit 9-like, UQCR10-like,
ATP synthase subunit b, ATP5F1, and cytochrome b-c1 complex
subunit 8, UQCRQ) at five and ten minutes after treatments (Kim et
al. 2018).

To date, we are not aware of the LDsg or LCso of botanicals
biopesticides for any bumblebee species (Table 2.2).

2.5.3. Stingless bees

Tribe Meliponini is a large group of bees found in the tropical
and subtropical areas of the world with about 500 described species
(Michener 2007; Rasmussen, Thomas, and Engel 2017). In Central
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and South America and Australia, stingless bees play important roles
as pollinators and honey producers (Cortopassi-Laurino et al. 2006).
Pesticides are among the major threats for these pollinators (Barbosa,
Smagghe, and Guedes 2015; Brown and Albrecht 2001; Reyes-
Gonzalez et al. 2022; Samejima, Marzuki, and Nagamitsu 2004;
Toledo-Hernandez et al. 2022), and only recently have different
studies assessed the risks of pesticides and biopesticides on these
pollinators (Bernardes et al. 2022; Lima et al. 2016; Toledo-
Hernandez et al. 2022). Meliponini appear to be more sensitive to
pesticides than A. mellifera and other pollinator species (Arena and
Sgolastra 2014; Tomé et al. 2017). However, further studies are
needed considering the large number of stingless bee species
(Bernardes et al. 2022).

All studies on the impact of botanical insecticides on stingless
bees were conducted in Brazil, involving a total of eight species
(Table 2.1).

Most of the EOs tested on stingless bees resulted in low lethal
effects (Correia-Oliveira et al. 2012; Pereira et al. 2020; Matos et al.
2021; da Silva et al. 2020), although other studies showed high
mortality after EO treatment. However, topical contact tests with
Corymbia citriodora EO (Myrtaceae) on Tetragonisca angustula
Latreille resulted in 100% mortality of these pollinators (Ribeiro et
al. 2018). EOs from Artemisia annua L. (Asteraceae) also increased
the mortality of T. angustula (Seixas et al. 2018). The handling
behaviour of Nannotrigona testaceicornis (Lepeletier) and T.
angustula was evaluated through a videotrack system, after treatment
with different EOs and extracts, which showed no effects in both
species (Xavier et al. 2010).

Topical applications of Annona squamosa L. (Annonaceae)
and Ricinus communis L. (Euphorbiaceae) extracts reduced the
survival of Trigona spinipes (Fabricius) (Correia-Oliveira et al.
2012).
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The EOs of Origanum vulgare and Thymus vulgaris reduced
the walking speed and the travelling distance of Trigona hyalinata
(Lepeletier) (da Silva et al. 2020).

Several studies assessed the lethal and sublethal effects of
azadirachtin on stingless bees in the laboratory, while few studies
have been carried out in field and semi-field conditions. Topical tests
with leaf and seed extracts from Azadirachta indica reduced the
survival of T. spinipes (Correia-Oliveira et al. 2012). The ingestion
of azadirachtin during larval development increased the mortality
and led to the production of deformed pupae and adults of Melipona
guadrifasciata Lepeletier, despite not delaying the development time
(Barbosa, Tomé, Bernardes, et al. 2015). However, in adult stingless
bees, the lethal toxicity of azadirachtin seems to be lower; it caused
low mortality in contact and ingestion assays with Partamona helleri
(Friese) and Scaptotrigona xanthotrica Moure (Tomé et al. 2015). In
this study, the flight take-off of P. helleri was affected by oral
ingestion (Tomé et al. 2015). Azadirachtin did not cause mortality in
M. quadrifasciata and P. helleri in contact and oral exposure
experiments. However, this biopesticide, in a concentration-
dependent manner, caused a significant anti-feeding effect on P.
helleri and repellence in M. quadrifasciata (Bernardes et al. 2017).
Azadirachtin proved to be particularly toxic for P. helleri queens
reared in vitro during post-embryonic development, reducing
survival at the higher doses and delaying development (Bernardes et
al. 2018). The treatment also deformed the specimens and reduced
the reproductive system area of the queens (Bernardes et al. 2018).
Modifications in the gene expression of esterase isoenzymes (EST)
and peptides were observed in T. angustula after contact tests in the
laboratory and semi-field with different formulations of azadirachtin
(Oliveira et al. 2020).

The ingestion of azadiractin caused a reduction in the gene
expression of vitellogenin (Vg) of M. quadrifasciata workers,
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infected and uninfected with Escherichia coli (Viana et al. 2021).
The same study highlighted an increase in the number of haemocytes
in both infected and uninfected bees due to insecticide ingestion
(Viana et al. 2021).

Flower visitation rates of Plebeia sp. bees were not affected by
azadirachtin treatment in a Brazilian melon field (Tschoeke et al.
2019).

2.6. Effects of Botanical Biopesticides on Solitary Bees

The great majority of bee species in the world is solitary and
belongs to seven different families (Stenotritidae, Colletidae,
Andrenidae, Halictidae, Melittidae, Megachilidae, and Apidae)
(Danforth, Minckley, and Neff 2019). They exhibit a great variety of
size, morphological characteristics, behaviour, nesting habitats, flight
ranges, phenology, and nutritional requirements (Danforth,
Minckley, and Neff 2019; Michener 2007). Eight species of solitary
bees, mainly cavity-nesting species belonging to the genera
Megachile Latreille and Osmia Panzer (Megachilidae), are managed
for the pollination of crops around the world, and another 14 are
potentially usable species (Osterman et al. 2021). Among these, there
are a few ground nesting bee species such as the alkali bee, Nomia
melanderi (Cockerell) (Halictidae), which are managed in North
America, or Rhophitoides canus (Eversmann) (Halictidae) in Eastern
Europe. The status of solitary bees is not well known throughout the
world. In Europe, which hosts the best-known bee fauna, the latest
IUCN Red List (Nieto et al. 2014) assessed 60% of the species in the
“data deficient” category, and the majority of the threatened species
(45 spp.) are solitary. There is a clear need to improve our
knowledge of the status of solitary bees in the world and to assess the
risk to them of synthetic chemicals and alternative biopesticides.

The European Food Safety Authority (EFSA) suggested
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including the red mason bee, Osmia bicornis L., and the European
orchard bee, Osmia cornuta (Latreille), as model organisms of
solitary bees in the EU pesticide risk assessment scheme (EFSA
2013). However, standardised test protocols to assess acute toxicity
for solitary bees are still in development. The US EPA (US EPA
2014) has suggested the blue orchard bee, Osmia lignaria Say, and
the alfalfa leafcutting bee, Megachile rotundata (Fabricius). The
latter, to date widely managed for crop pollination in North America,
is a Eurasian bee accidentally introduced into the US in the 1940s.

Knowledge regarding lethal and sublethal effects of botanical
compounds on solitary bees is very scarce, and the few studies
carried out show non-uniform laboratory protocols, with the use of
different methods of application, and different life stages (eggs,
larvae, newly emerged, adults of females and males). A product
based on an extract of a small tropical tree, Quassia amara L.
(Simaroubaceae) (Tecomag®), was found to be particularly toxic at
field doses for Osmia cornuta eggs and larvae, with a mortality of
more than 80% in a preliminary study conducted through the
application of a drop of test solution in the provision of the
eggs/larvae (Tesoriero et al. 2003).

Studies conducted in North America, with adults of Osmia
lignaria, showed low reduction in mortality with topical and
ingestion treatment of Neem oil (Ladurner et al. 2005). Slightly
increased mortality was also registered in adults of Osmia cornifrons
Radoszkowski with a treatment of wintergreen oil (Gaultheria
procumbens L., Ericaceae) as a fumigant used for the control of
Chaetodactylus krombeini Baker (Chaetodactylidae) (White et al.
2009). Another study, conducted in Canada (Ong et al. 2020), tested
botanical insecticides that could potentially be used to control a
natural enemy of solitary bees, such as Pteromalus venustus Walker
(Pteromalidae), a parasitoid of the alfalfa leafcutting bees, Megachile
rotundata. This work tested fifteen plant powders against parasitoid
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and adult male bees in a contact experiment, highlighting a higher
bee mortality with nutmeg powders (Ong et al. 2020).

The only field study (Tschoeke et al. 2019) was conducted in
Brazilian melon (Cucumis melo L.) fields, investigating the visitation
rates of Halictus spp. (Halictidae) after treatments with azadirachtin.
Halictus Latreille is a wide genus of bees that includes a scale of
different social behaviours from solitary and semi-social to social
species. Since the species was not specified in Tschoeke et al.
(2019), we reported this in the solitary bees category. Halictus bees
showed reduced visitation intensity after treatment with a neem-
based insecticide.

As with bumblebees, the LCsp or LDsg of botanical
biopesticides for solitary bee species were not calculated in the
studies reviewed in the literature (Table 2.2).

Table 2.1. Laboratory, semi-field, and field studies testing the lethal (L) and
sublethal (S) effects on social and solitary bees (Hymenoptera, Apoidea) of
botanical biopesticides.
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. Botanical i «
Bee Species Substance Assay  Application Target Effects Country Year References
Social species
Honeybees
(Apis spp.)
increase in mortality at
Apis cerana " . laboratory . . the higher doses, anti- . Zhao et al.
cerana Azadirachtin ws ingestion adults feeding and inhibition on China 2022 2002 **
the immune response
increase in mortality
. . . with both compounds,
Ap|.s c_erana Anponln,» Iaboratory topical, .crop aduts  reduction of the number  India 2019 Challa et al.
indica azadirachtin (L) and field  spraying . 2019
and speed of foraging
bees with annonin
Apis cerana . . . . reduction of the number . Pandey
indica Azadirachtin field crop spraying adults of foraging bees India 2010 2010
. . . 5 . reduction of the number . Pandey
Apis dorsata  Azadirachtin field crop spraying adults of foraging bees India 2010 2010
. . increase in mortality,
Apis mellifera  Azadirachtin laboratory |ngest|f1n and | larvae, larvae more susceptible  Brazil 2016 Amaral et
(L) topical adults al. 2016 **
than adults
laborator Anderson
Apis mellifera  Sabadilla dust ) y contact adults increase in mortality USA 1958  and Atkins
1958
Aramite laborator, low increase in Anderson
Apis mellifera  (blend of ) y contact adults mortality USA 1952 and Tuft
natural oils) 1952
Formulations
containing
ro‘:)e/::::zd laboraton increase in mortality
Apis mellifera .~ " Y spray adults and knockdown effects USA 1990  Appel 1990
pine oil, three (L,S) .
. for all formulations
formulations
containing
pyrethrins
Aramite, increase in mortality
pyrethrins, Jaborator with sabadilla, medium Atkins and
Apis mellifera rotenone, o) y contact adults and low increase in USA 1954 Anderson
ryania, and mortality with the other 1954
sabadilla dust compounds
Apis mellifera  Pyrethrum field sprayoncage - aduls, fow mcrez?se n USA 1979  Caron 1979
and colony colony mortality
Mentha
piperita,
Origanum increase in mortality
vulgare, topical, with O. vulgare, and .
Apis mellifera Thymus laboratory contact, adults T. vulgaris, reduction Brazil 2020 da Siva et
) (L,S) U ) al. 2020 **
vulgaris, and ingestion of movements with O.
Zingiber vulgare
officinale
EOs
Neem oil, - .
roligneous  laborator topical, reduction in survival Efrom et al
Apis mellifera pyrolg Y . P ! adults  with rotenone on topical ~ Brazil 2012 .
extract, and L) ingestion - 2012
application
rotenone
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no reduction of the

Apis mellifera  Azadirachtin field crop spraying  adults numbers of foraging USA 2004 Elzzlz)g‘: al
bees
. B Pyrethrum  laboratory . 5 Ginshurg
Apis mellifera > " 0 fumigation adults  no effects on mortality ~ USA 1930 1930 **
Rotenone, and Ginsburg
. " laboratory . . " .
Apis mellifera  pyrethrum ) spray adults increase in mortality USA 1932 and Schmit
extract 1932 **
Jaboraton high mortality, effects Hassona
Apis mellifera  Azadirachtin ws Y ingestion adults on haemolymph amino Egypt 2015  and Kordy
' acid composition 2015
laboratory  ingestion and Kaur, Singh,
Apis mellifera Neem oil Y g 3 larvae reduction in survival India 2022 and Singh
L topical
2022 **
. . ] laboratory topical, reduction in survival in Ladurner et
Apis mellifera Neem o (L) ingestion adufts contact application USA 2005 al. 2005
Pellitorine
. " extracted laboratory  ingestion and larvae, high mortality at the . Miranda et
Apis mellifera from Piper (L) and field topical adults highest rates Bral 2003 al. 2003 **
tuberculatum
laborator contact increase in mortality, no Naiara
Apis mellifera  Azadirachtin ws y in estiorvm adults repellent effects, Brazil 2020  Gomes et al.
' 9 reduction in flight ability 2020
food repellency in
laboratory bioassays,
. 5 Neemseed laboratory ingestion, crop however no effects on Naumann et
Apis mellifera extract (S) and field  spraying aduts the number of the Canada 1904 al. 1994 **
foraging bees in the
field
ingestion and increase in mortality at Naumann
Apis mellifera Neem oil field 9 3 larvae . rty. Canada 1996 and Isman
topical the higher concentration
1996 **
cen_tury plant, Nicodemo
citronella,
arlic, parsley, laboratory repellent effects in and
Apis mellifera garic, ! 3 ingestion adults S Brazil 2004 Nogueira
rue,and  (S) and field laboratory and in field
Couto 2004
tobacco -
extracts
Pyrethrum reduction in survival,
. " extract, laboratory . . morphological . Oliveira et
Apis mellifera pyrethrum ws ingestion adults aterations in the Brazil 2019 al. 2019
extract in epithelium of midgut
. B . . . . reduction of the number . Pandey
Apis mellifera  Azadirachtin field crop spraying  adults of foraging bees India 2010 2010
Ag‘ave increased mortality with
americana,
N. tabacum, low
Anadenanthe - . y
ra colubrina, laboratory contact, increase in mortality Pereira et
Apis mellifera ' . . adults with the other Brazil 2020
and L,S) ingestion al. 2020
L compounds, no effects
Nicotiana irati
on respiration rates or
tabacum Hlioht
extracts 9
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Echinodorus
grandiflorus,

increase in mortality

Matricaria .
. and reduction of the
chamomilla, laboratory contact, length of mesenteric Potrich et al.
Apis mellifera Origanum w9 ingestion, adults cells with O Brazil 2020 2000 ** )
majorana, spray :
. majorana and P.
and Punica
granatum
granatum
extracts
laborator: Ratakar,
Apis mellifera Neem oil w y contact adults increase in mortality India 2017  Rao, Sridevi
2017
effects on survival of
Neemseed laboratory ingestion and larvae, no anti-feedin Rembold
Apis mellifera v | g N larvae ' . d Germany 1980  and Sharma
extracts (L,9S) topical effects, morphological 1980 **
alteration
. . increase in mortality, no
. . ... laborat t d - " Rembold et
Apis mellifera  Azadirachtin anoratory | Inges I?n an larvae anti-feeding effects, =~ Germany = 1982 embold &
(L,9) topical 5 . al. 1982 **
morphological alteration
Geraniol and laborator topical, nr?oeeﬁffeecctfso;n?g;ilrl\? Santos et al.
Apis mellifera  Cymbopogon y lopkal adults ) Brazil 2018 )
. (L,S) ingestion response, on behaviour, 2018
martinii EO )
and locomotion
effects on the hatching
observed in the smaller
Neem seed hives, morphological Schmutterer
Apis mellifera field crop spraying  colony N pholog Germany 1987 and Holst
extracts alteration, non-repellent
1987 **
effects on treated
flowers
no effects on mortality,
reduction in foraging .
Apis mellifera  Azadirachtin  semi-field crop granu!es, colony activity and brood CZECh_ 2005 Shawkd M et
crop spraying N Republic al. 2018 **
development with spray
treatment
. . Pyrethrins and laboratory topical, increased mortality with Stevenson
A i . . dults UK 1978
pis meflitera rotenone (L) ingestion acu both compounds 1978
colony overwintering
. " " . . . . failure, no effects on Thompson
Apis mellifera  Azadirachtin field ingestion colony brood and queen UK 2005 et al. 2005
development
. . " . . . effects on flower . Tschoeke et
Apis mellifera ~ Azadirachtin field crop spraying  adults visitation rates Brazil 2019 al. 2019
Artemisia
absinthium, no effects on mortality ”
and laboratory topical in the topical test, umpierrez
Apis mellifera . : adults . . Uruguay 2017  etal. 2017
Eupatorium L contact increased mortality in e
buniifolium the contact test
EOs
increase in mortality of
Andiroba, bee larvae with
citronella, andiroba, neem oil, and
eucalyptus,  laboratory contact, larvae garlic extract, reduction Xavier et al
Api 1lif . ingesti d ’ ’ Brazil 2015 )
pis mefliiera and neem oil, (L,S) mgi;;?;fn adults  of body mass of adults, razl 2015 **

garlic extract,
and rotenone

reduction in walking
activity and repellent
effects in adult workers
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Bumblebees
(Bombus spp.)

increase in mortality,

repellent effects Barbosa, De
Bomb ... laborat . . dults, S | . Meyer,
om u.s Azadirachtin anoratory ingestion .a u reduction in egg-laying,  Belgium 2015 eyer
terrestris (L,9) microcolony . . Guedes, et
in production of drones,
N . al. 2015
and in ovarian length
Bombus laborator, Demirozer
3 Azadirachtin Y ingestion adults increase in mortality Turkey 2022 etal. 2022
terrestris (W] -
mixture of
Perilla high mortality, no
Bombus frutescens  laboratory effects onwalking  Republic of Kimet al.
terrestris var. crispa (L,S) contact adults behaviour, reduction in  Korea 2018 2018 **
extracts and gene expression
phytoncide oil
Bombus . . . . . reduction in pollen . Koskor et
terrestris Azadirachtin field ingestion adults foraging Estonia 2009 al. 2000 **
Stingless bees
(Meliponini)
increase in mortality at Barbosa,
Melipona laboratory  ingestion and higher doses, Tomé,
ua dristciata Azadirachtin ws) y g topical larvae development of Brazil 2015 Bernardes,
q ! P deformed pupae and etal. 2015
adults il
no effects on mortality,
no anti-feeding effects,
Melipona laboratory contact, modifications in walking Bernardes
e Azadirachtin R Y adults N Brazil 2017 etal 2017
quadrifasciata (L,9) ingestion behaviour, no effects on -
flight and respiration
rate
reduction of gene
: expression of .
Mel . . laborat . . . . . V tal.
¢ .|ponte\ Azadirachtin aboratory ingestion adults vitellogenin (Vg), Brazil 2021 fana et &
quadrifasciata (S) . 2021 **
increase of the number
of haemocytes
- low increase in
Nannotrigona Lippia mortality, low reduction
sidoides EO, laboratory . . " . . Matos et al.
aff. . topical adults i locomotion ability and  Brazil 2021
3 . and main (L,9) . 5 . 2021
testaceicornis flight orientation,
compounds :
avoidance effects
Andiroba,
citronella,
Nannotrigona  eucalyptus,  laboratory no effects on handling . Xavier et al.
) . " tact dult . Brazil 2010
testaceicornis  and neem oil, S) contac addts behaviour razl 2010 **
garlic extract,
and rotenone
no effects on mortality,
Partamona Jaborator contact anti-feeding effects, no Bernardes
. Azadirachtin Y . ! adults effects on walking, Brazil 2017 etal. 2017
helleri L,S) ingestion -

flight and respiration
rate
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increase of mortality at
the higher doses,
delayed development
and production of

Partamo_na Azadirachtin laboratory |ngest|9n and  larvae of deformed queens, no Brazil 2018 Bernardes
helleri (L,9) topical queens | etal. 2018
effects on walking
behaviour, reduction in
the ovarian
morphometry
Agave . T
g. increased mortality with
americana, N. tabacum, low
Anadenanthe incr.ease in mc;nality
Partamo_na ra colubrina, laboratory ‘conta_ct, adults with the other Brazil 2020 Pereira et
helleri and (L,S) ingestion al. 2020
L compounds, no effects
Nicotiana P
on respiration rates or
tabacum )
flight
extracts
low increase in
mortality, no effects on ,
Partamona . . laboratory contact, Ity L . Tomé et al.
helleri Azadirachtin ws ingestion adults overall group activity, Brazil 2015 2015
! 9 reduction of flight take-
off of worker
. " . . . no effects on flower " Tschoeke et
Plebeia sp.  Azadirachtin field crop spraying adults visitation rates Brazil 2019 al. 2019
low increase in
. mortality, no effects on .
" ok ! L " Tt .
Scaptotrlg.ona Azadirachtin aboratory -conta_c ! adults overall group activity, Brazil 2015 ome eta
xanthotrica (L,S) ingestion ) . 2015
reduction of flight take-
off of worker
laboratory reduction in gene
Tetragoni " . lts an: ression of ester: . liveira et
etragonisca Azadirachtin (S), and contact adutts and -exp ession of este asg Brazil 2020 Oliverra e
angustula semi-field colony  isoenzymes, changes in al. 2020 **
protein synthesis
. Corymbia .
Tetragonisca o laboratory 5 . . 5 . Ribeiro et al.
angustula citriodora o) topical adults increase in mortality Brazil 2018 2018 **
EO
Tetragonisca ~ Artemisia laboratory . . . " " Seixas et al.
topical adults increase in mortalit; Brazil 2018
angustula annua EO (L) P y 2018 **
Andiroba,
citronella,
Tetragonisca eucalyplus: laboratory contact adults no effects 0(1 handling Brazil 2010 Xavier et al.
angustula  and neem oil, S) behaviour 2010 **
garlic extract,
and rotenone
Mentha
piperita,
Origanum . .
wlgare opical low increase in
Trigona ! laboratory N mortality, reduction in . da Silva et
" Thymus contact, adults N Brazil 2020
hyalinata y» (L,S) . . movements with al. 2020 **
vulgaris, and ingestion
S oregano and thyme EOs
Zingiber
officinale
EOs
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Azadiracha
indica,
Lippia
sidoides,
Sapindus
saponaria,
Anonna
squamosa,
Trigona Cymbopogon

spinipes winterianum,

Corimbia
citriodora,
Jatropha
curcas,
Ricinus
communis
leaf and seed
extracts

laboratory

L

topical adults

increase in mortality

with A. indica, A.

squamosa, and R.
communis

Brazil

2012

Correia-
Oliveira et
al. 2012 **

Solitary
species

Halictus sp.

ok

Azadirachtin

field

crop spraying adults

reduction of flower
visitation rates

Brazil

2019

Tschoeke et
al. 2019

Ajwain, basil,
cinnamon,
clove,
coriander,
cumin,
fenugreek,

fennel, ginger,

Megachile

nutmeg,
rotundata 9

oregano,
rosemary,
sage, thyme,
and turmeric
powders
(containing
EOs)

laboratory

L

contact adult males

increase in mortality

Canada

2020

Ong et al.
2020 **

Osmia Wintergreen
cornifrons oil

laboratory

(3]

topical,
contact

adults

increase in mortality

USA

2009

White et al.
2009 **

Quassia
Osmia cornuta amara
extract

laboratory

L

contact  eggs, larvae

increase in mortality

Italy

2003

Tesoriero et
al. 2003

Osmia lignaria ~ Neem oil

laboratory

(8]

topical,

. . adults
ingestion

increase in mortality

USA

2005

Ladurner et
al. 2005)

*. Most of the studies reviewed target

category.

adult worker bees belonging to
different ages (newly emerged, foragers). The table specifies whether the
target belongs to other castes (queen, male). **: Studies in which there is no
positive control with chemical insecticides. ***: Halictus Latreille is a wide
genus of bees that includes a scale of different social behaviours from
solitary and semi-social to social species. Since the species was not
specified in Tshoecke et al. (2019), we reported this in the solitary bees
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Table 2.2. Toxicological parameters (LCso, LDso) of botanical biopesticides
extrapolated from the analysed papers. The values are reported as they were
reported in the papers.

Group Bee Species Botanical Substance Target Application Toxicological Parameters References
. .. Annonin adults topical LCso(%)(72 h): 1.22
Apis cerana indica - - - Challa et al. 2019
Azadirachtin adults topical LCs0(%)(72 h): 1.64
L adults contact LCs0(%)(24 h): 13.35
Mentha piperita EO -
adults topical LDso(%)(24 h): 12.58
. adults contact LCs0(%)(24 h): 0.95
Origanum vulgare EO —
adults topical LDs,(%)(24 h): 2.03 .
da Silva et al. 2020
. adults contact LCs0(%)(24 h): 2.61
Thymus vulgaris EO -
adults topical LDsy(%)(24 h): 3.30
o . adults contact LCey(%)(24 h): 22.01
Zingiber officinale EO -
adults topical LDso(%)(24 h): 17.98

larvae ingestion and topical LD (ug a.i./bee)(96 h): 0.8048
Pellitorine extracted from

Piper tuberculatum Miranda et al. 2003

dut ingestion LDy, (pg a.i./bee)(96 h): 0.759
adults
topical LDs (pg a.i./bee)(96 h): 0.357
Neam i | |r:i;ar L':rvae ingestion and topical LDs (ng a.i/g)(6 d): 37 Naumann and Isman
nstar ingestion and topical  LDsp (ug a.i/g)(10 d): 61 1996
larvae
Nicotine extracted from adults contact LCs (ng/bee)(48 h): 60.15
Nicotiana tabacum
4 adults ingestion LCs, (ng/bee)(48 h): 32.45
@
>
z
o Apis mellifera
T pB-Caryophyllene extracted adults contact LCs (ng/bee)(48 h): 127.4
from Agave americana Pereira et al. 2020
adults ingestion LCs, (ng/bee)(48 h): 111.2
Lupeol extracted from adults contact LCs (ng/bee)(48 h): 222.5
Anadenanthera
colubrina
adults ingestion LCs, (ng/bee)(48 h): 210.1
Cymbopogon martinii adults ingestion LDs; (ng/bee)(24 h): 465
EO adults topical LD, (ng/bee)(24 h): 73
i 0 (pg/bee)24 1) Santos et al. 2018
. adults ingestion LDs; (ng/bee)(24 h): 290
Geraniol
adults topical LDs, (ng/bee)(24 h): 43
. adults ingestion LDs (ng/bee): 0.29-0.13
Pyrethrins dults topical LD. /bee): 0.15
adults opical : 0.
- i - 5 (g/bee) Stevenson 1978
adults ingestion LDsgp (ng/bee): >60
Rotenone
adults topical LDsp (ng/bee): >30
adults topical LD. ee)(24 h): 252
Artemisia absinthium EO ot " 'p o (gt 2)( )
adults complete exposure :
P - s LDsp (mg/om )(24 1): 0.15 Umpiérrez et al. 2017
Eupatorium buniifolium adults topical LDs, (ng/bee)(24 h): 197
EO adults complete exposure LD, (mg/cm?)(24 h): 0.26
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Lippia sidoides EO adults topical LDsp (ng/bee)(24 h): 33.7
Thymol (compound of .
IR : 33,
Lippia sidoides EO) adults topical LDsp (ng/bee)(24 h): 33.6
Nannotrigona aff. |, cymene (compound of
. i . Matos et al. 2021
testaceicornis Lippia sidoides EO) adults topical LDsp (ng/bee)(24 h): 198
(E )—caryophyllene
(compound of Lippia adults topical LDsp (ng/bee)(24 h): 306
sidoides EO)
Nicotine extracted from adults contact LCs (ng/bee)(48 h): 44.32
Nicotiana tabacum
adults ingestion LCs (ng/bee)(48 h): 38.76
@
o B-Caryophyllene extracted adults contact LCs, (ng/bee)(48 h): 122.2
7 Partamona helleri from Agave americana Pereira et al. 2020
3
Q
é adults ingestion LCy (ng/bee)(48 h): 117.1
w
Lupeol extracted from adults contact LCs (ng/bee)(48 h): 200.1
Anadenanthera
colubrina
adults ingestion LCy (ng/bee)(48 h): 212.2
o adults contact LCsy(%)(24 h): 21.61
Mentha piperita EO -
adults topical LDs5p(%)(24 h): 16.38
. adults contact LCsy(%)(24 h): 7.14
Origanum vulgare EO
R N adults topical LDso(%)(24 h): 4.57 y
Trigona hyalinata da Silva et al. 2020
. adults contact LCs(%)(24 h): 8.29
Thymus vulgaris EO -
adults topical LDgy(%)(24 h): 6.53
- - adults contact LCsq(%)(24 h): 24.17
Zingiber officinale EO -
adults topical LD5p(%)(24 h): 32.65

2.7. Conclusions

Increasing awareness of the risks associated with synthetic
pesticides is leading to a revaluation and increased production of
studies on Dbotanically derived products. These studies are
undergoing a renaissance, especially in some countries such as India,
China, and Brazil, where the number of papers on this topic has
grown, particularly in recent decades (Isman and Grieneisen 2014).
Although botanicals are presented as eco-friendly alternatives with
high selectivity and low persistence in the environment, the
knowledge regarding their posing of risks to non-target organisms is
still scarce, and studies in the literature indicate several detrimental
effects on pollinators. Brazil appears to be the country from which
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the largest number of papers analysed came (n = 23), followed by the
United States (n = 10) and India (n = 4). For several countries,
especially in Europe, the efforts made to date on this topic are rather
limited (Fig. 2.1.A). Brazil has the greatest biodiversity in the world,
so many botanical biopesticides are constantly being tested (Altoe et
al. 2022; Bibiano et al. 2022; Santana et al. 2022; Stenger et al.
2021). In Brazil, beekeeping activities stand out, in addition to a vast
population of native stingless bees. In this sense, efforts have been
made to carry out selectivity and toxicity tests of these products on
these pollinators (Bernardes et al. 2017, 2018). In general, the
toxicity of botanical biopesticides is lower than that of synthetic
products. However, this review highlights how the products from
different classes of botanical biopesticides can cause lethal effects
and a wide variety of sublethal effects (Table 2.3.) on different
groups of bees, ranging from social to solitary species, although
studies found in the literature focus on just a few model species.
Indeed, the great majority of the analysed papers focused on
honeybees, especially A. mellifera, while very few works focused on
a few other model species, such as bumblebees, and stingless bees
(Fig. 2.1.B and 2.2). Despite neotropical stingless bees only recently
being the subject of risk assessment regarding pesticides and
biopesticides, there is a growing number of studies on botanical
substances. On the other hand, for other groups such as solitary bees,
the number of studies, and the number of species and substances
tested, are still scarce (Fig. 2.2). In the literature we found
toxicological parameters (LCso and LDso) of the different botanical
pesticides only for honeybees and stingless bees, with a gap for
bumblebees and solitary bees (Table 2.2). The toxicity of botanical
biopesticides for bees varies greatly among different classes of
botanicals and different formulations, and in this regard, the majority
of the papers analysed focused on limonoids (azadirachtin) and
essential oils (Fig. 2.1.C and 2.2). Essential oils in general have been
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shown to be less toxic than other botanical products, although there
are several exceptions. Alkaloid products such as sabadilla or ryania
extracts cause lethal effects on honeybees and have not been tested
on other bee species. Azadirachtin has proven to be one of the most
studied botanical insecticides concerning bees, reporting lethal
effects for several bee species, and a massive presence of sublethal
effects (Tab. 2.3), this despite the detrimental effects varying
significantly depending on the formulations used. The toxicity of
some products for bees deserves further investigation with a focus on
the sublethal effects, and an increase in field and semi-field studies,
which have currently been carried out in a small proportion (Fig.
2.2). None of the trials with alkaloids, EOs, or phenolics from the
analysed papers were conducted under field or semi-field conditions
(Fig. 2.2). No synergistic effects between botanicals and between
botanicals and chemicals pesticides have been investigated in bees,
although this is an area of recent interest and attention (Sgolastra et
al. 2017; Siviter et al. 2021; Tosi and Nieh 2019). Furthermore, of
the total number of the studies reviewed (n = 54), a great proportion
(53.7%, n = 29) do not include a chemical insecticide as the positive
control in the experimental procedure. Including tests with a
chemical insecticide group (control) can increase the potential for
analysing and considering the data and can also facilitate
understanding of the results. For this reason, it is important to
highlight the need for protocols. In general, due to non-uniformly
used methodologies, the results often cannot be compared. In
addition, we have almost no information on their residues and
persistence in bee matrices and thus the potential exposure level for
bees in the field. The combination of these factors makes it complex
to assess and discuss the actual safety of some of these products for
bees. Therefore, the need has emerged for the development of new
standardized protocols for the risk assessment of plant protection
products regarding the different groups of bees. This is particularly
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true for stingless bees and solitary bees, there being protocols for
honeybees in the literature but very few protocols for bumblebees
(Tab. 2.4). New protocols are also required to evaluate the great
variety of sublethal effects that could affect bees. In general,
botanical biopesticides seem safer for bees than synthetic pesticides.
However, some products need further evaluations, with the adoption
of standardized biopesticide protocols, in order to assess the risks for
different bee species, from social to solitary.

A 0 5 10 15 20
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India 4
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Figure 2.1. (A) Number of analysed papers assessing the risk of botanical
biopesticides for bees by country; (B) number of analysed papers regarding
the different groups of bees (honeybees, bumblebees, stingless bees, and
solitary bees); (C) number of analysed papers concerning the different
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classes of botanical biopesticides.

Alkaloids: 3 =
Honeybees: 189 EOs: 199
Lab: 312
Fatty Acids: 3 —
Stingless bees: 122
Limonoids: 105
T Field: 201
Solitary bees: 22 >
Pyrethrins: 15 [y,

Bumblebees: 11 =
Phenolics: 17

Polyketides: 2 —

Figure 2.2. Sankey diagram showing the interaction flows between the
groups of bees, different categories of botanical biopesticides, and the type
of assay. The reported values refer to the number of trials (n = 344) found
from the analysed papers (n = 54).

Table 2.3. Classes of sublethal effects caused by botanical biopesticides
reported in the reviewed studies on different groups of Hymenoptera
Apoidea. In parentheses the total number of studies and the number of
studies showing a significant detrimental effect.
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Sublethal Effects Honeybees Bumblebees = Stingless Bees = Solitary Bees
Anti-feeding Azadirachtin (3,2) Azadirachtin (2,1)
Brood development Azadirachtin (3,2) Azadirachtin (2,2)
Foraging activity Anr_10n|n _(1’1)' Azadirachtin (1,1) Azadirachtin (1,1)
Azadirachtin (8,5)
Gene expression EOs (1,1) Azadirachtin (2,2)
Immunity Azadirachtin (1,1)
Locomotory/flight = Azadirachtin (2,2), Azadirachtin (7,3),
activity EOs (7,2) EOs (9,4)
Morphology and Azaglgs ?22){4’4)’ Azadirachtin (L,1) Azadirachtin (7,4)
physiology Pyrethrum (2,2)
Overwintering  Azadirachtin (1,1)
Repellence Azaggiczgté;f . EOs (1.1)
Reproduction Azadirachtin (1,1)

Table 2.4. Overview of the research gaps in the literature regarding the
effects of botanical biopesticides and bees and future directions.

Research Gaps

Future Directions

>

Lack of specific protocols to
assess lethal and sublethal
effects of biopesticides on
bees

Use of non-uniform
methodologies
Lack of inclusion of a

positive control (chemical
pesticide) in most studies
Lack of studies focusing on
groups, such as bumblebees,
and solitary bees
Toxicological ~ parameters
(LCso and LDsp) available
only for honeybees and
stingless bees

Few field and semi-field
studies

Limited efforts of European
countries on this issue

Develop specific protocols to assess
the lethal and sublethal effects of
biopesticides on bees from different
species with the inclusion of a
positive control

Increase the knowledge of species
sensitivity  distribution  regarding
chemical and biological pesticides
for Apoidea, including in the studies
the ground-nesting solitary bees

Develop new and better field and
semi-field  protocols  for  both
synthetic and biopesticides
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Abstract

Bees (Hymenoptera, Apoidea) are the main pollinators of wild and
cultivated plants. Despite their crucial environmental and economic
importance, they are experiencing a worldwide decline caused by
several anthropogenic factors, including the use of synthetic
pesticides. Biopesticides are therefore good candidates for modern
and sustainable agriculture, as they are characterized by higher
selectivity, easy environmental degradation, and low environmental
persistence. However, also biopesticides can cause detrimental
effects to non-target organisms. In this study, we evaluated the lethal
effects caused by nanoformulations of essential oils (EOs) of anise
(Pimpinella anisum) and garlic (Allium sativum), and a commercial
biopesticide based on sweet orange (Citrus sinensis) EO on workers
of the honeybee Apis mellifera, and the bumblebee Bombus
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terrestris, and on both sexes of the solitary bee Osmia bicornis. We
tested also Tween 80 used as surfactant in the two nanoformulations,
and dimethoate as positive control. The bioassays were carried out to
assess the topical and oral exposure. Residual contact bioassays were
carried out only with A. mellifera. The susceptibility of bees varied
with different species, biopesticides and exposure modes. The
concentrations of the EO-pesticides potentially usable in the field did
not reduce the survival of the bee species after topical or residual (in
the case of A. mellifera) exposure. While oral exposure of the three
EOs caused reduction in survival mainly for A. mellifera and B.
terrestris. The results of our study highlight the importance of
assessing the toxicity of biopesticides on different bee species
through different modes of exposure.

Keywords: honeybees, bumblebees, solitary bees, lethal effects,
exposure

3.1 Introduction

The decline in bee populations is a worldwide concern
(Biesmeijer et al. 2006; Goulson et al. 2015; Potts et al. 2010, 2015),
as bees are the main pollinators of wild and cultivated plants
(Kremen 2018; Ollerton, Winfree, and Tarrant 2011; Porto et al.
2020). The causes of this decline are attributed to several factors and
their interaction, the main ones being agricultural intensification,
urbanization, habitat fragmentation, exposure to contaminants, and
climate change (Goulson, Dave; Nicholls 2022; Nieto et al. 2014).
Among these factors, the impact caused by the excessive use of
pesticides in agriculture is undoubtedly worrying for bee populations
(Bernardes et al. 2022). Many studies had attested the adverse effects
caused by some categories of chemical pesticides on bees, such as
neonicotinoids, carbamates, organophosphates and pyrethroids
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(Abati et al. 2021; Bernardes et al. 2022; Blacquiere et al. 2012;
Sgolastra et al. 2020).

Growing awareness of the harmful effects on the
environment and human health caused by the widespread use of
synthetic pesticides in agriculture is leading to an increase in the
demand for and study of pesticides of biological origin (Acheuk et al.
2022; Cappa, Baracchi, and Cervo 2022). Biopesticides, in fact, may
be a safer alternative due to their high selectivity and low
environmental persistence (Isman 2020; Kumar and Singh 2015).
However, biopesticides can also cause lethal and sublethal effects on
non-target organisms (Biondi, Mommaerts, et al. 2012; Cappa et al.
2022; Erler et al. 2022; Giunti et al. 2022; Lima et al. 2024),
although studies on this topic are still quite limited (Catania et al.
2023; Lima et al. 2024).

Among biopesticides of botanical origin, essential oils (EO)
have been used since ancient times for pest control in agriculture
(Regnault-Roger, Vincent, and Arnason 2012). EOs are present in
about 17,500 species of aromatic plants, mainly belonging to the
families Asteraceae, Lamiaceae, Lauraceae, and Mirtaceae (Pavela
and Benelli 2016; Regnault-Roger et al. 2012). They consist mainly
of low-molecular weight terpenoids, aromatic and aliphatic
compounds (Giunti et al. 2022; Regnault-Roger et al. 2012), and are
produced by plants to protect themselves from herbivores,
microorganisms, and allelopathic interactions (Bakkali et al. 2008;
Mossa 2016). Recently, several papers have reported promising
results on the effectiveness of EOs in pest control (Isman 2020;
Isman and Tak 2017; Pavela and Benelli 2016), and the
commercialization of these substances as plant protection products is
beginning to emerge (Isman 2020). However, some factors could
limit their commercialization and use as biopesticides such as their
high volatility, easy environmental degradation, and poor solubility
in water. In this regard, encapsulation in nanoparticle (NPs) can
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solve these limitations improving the efficacy of the formulations
(Campolo et al. 2017). Encapsulated nanopesticides represent an
emerging technology for plant protection, with a recent development
in terms of studies and availability in the global market (Pan et al.
2022; Pires-Oliveira et al. 2020). These formulations may be an
effective tool for pest control, but the effects on non-target organisms
have not yet been sufficiently investigated. Studies on bees are
scarce and highlighted a greater toxic effect of nanobiopesticides
compared to the same non-encapsulated biopesticide (Oliveira et al.
2019; Youssef and Abdelmegeed 2021). Although EO-based
pesticides, and biopesticides in general, are considered to be safer for
the environment, and of higher selectivity, several studies show that
they can cause lethal and sublethal effects to non-target organisms
such as pollinators (Cappa et al. 2022; Catania et al. 2023; Giunti et
al. 2022).

In this study, we evaluated the toxicity of different
biopesticides based on EOs on three bee species: workers of the
honeybee Apis mellifera L., bumblebee Bombus terrestris L., and
females and males of the solitary bee Osmia bicornis (L.). These are
species proposed by the European Food Safety Authority (EFSA) as
model species for bee risk assessment (EFSA 2013). We evaluated
the lethal effects of two nanoformulations of EOs of anise
(Pimpinella anisum L.), garlic (Allium sativum L.), and a commercial
product based on sweet orange (Citrus sinensis (L.) Osbeck) EO. The
two nanoformulations have demonstrated effective results in pest
control, showing selectivity even for natural enemies (Modafferi et
al. 2024; Ricupero et al. 2019, 2022), making them promising
candidates for future use as alternatives to synthetic pesticides within
integrated pest management strategies. Furthermore, the tested sweet
orange EO, a commercial formulation with increasing applications in
organic agriculture as an insecticide, acaricide and fungicide,
represents an existing exposure scenario for bees in agricultural
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settings. These EOs and their concentrations were chosen based on
their relevance in pest management systems and their potential to
minimise non-target effects while maintaining efficacy. Lethal
effects were assessed by evaluating bee survival up to 96 hours
through topical, residual and oral contact exposure.

3.2 Materials and methods

3.2.1 Biopesticides

Essential oils (EOs) of anise (Pimpinella anisum) and garlic
(Allium sativum) were purchased by Esperis s.p.a. (Milan, Italy). For
the chemical characterization of anise EO see Campolo et al. (2020),
and for garlic EO see Ricupero et al. (2022). Each essential oils
nanoformulation was prepared at the Department of Agriculture,
University of Reggio Calabria (ltaly), using the self-emulsifying
process followed by sonication, and contains 15% of EO and 5% of
Tween 80 (Campolo et al. 2020). Five different concentrations of the
two nanoformulations (0.2, 0.4, 0.8, 1.6, 25 mg a.i. x ml?)
corresponding approximately to the value from LCi to LCgy
calculated for Aphis gossypii Glover (Hemiptera, Aphididae)
(Ricupero et al. 2019) were tested on the bee tested species. These
nanoformulations are not yet commercially available and are still
under experimental evaluation. Therefore, these range of
concentrations was chosen based on LCs estimated on a pest to
simulate potential field applications, from a low (LCio) to an high
(LCq0) exposure scenario. Sweet orange EO (Citrus sinensis) (PREV-
AM® PLUS, ORO AGRI Europe S.A., a.i. 5.88%) was tested in five
concentrations corresponding to the field doses (0.5, 1 mg a.i. x ml™)
and worst-case scenario doses (2, 4, 6 mg a.i. x ml). According to
the label, the maximum field dose that can be used for this product is
1 mg a.i. x ml%, so the concentrations of 2, 4, and 6 mg a.i. x ml*!
refer to 2 to 6 times the maximum dose. The evaluated worst-case
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scenario recreate extreme conditions which, although not permitted
by law, could occur in some extensive crops. One concentration of
the surfactant Tween 80 was also included in the experiments (0.8
mg x ml?). Dimethoate (ROGOR® L 40 ST 2020, Cheminova Agro
Italia S.r.l., a.i.: 37.7%) was used as reference substance in one
concentration that caused > 50% mortality at the end of the test for
different bee species (0.3 mg a.i. x ml™ for A. mellifera; 2 mg a.i. X
ml* for O. bicornis; 6 mg a.i. x ml! for B. terrestris). These
concentrations were chosen to provide a benchmark for comparison
with the toxicity of the EO tested, following the OECD guidelines
(OECD 1998b, 1998a).

3.2.2 Insects and test conditions

Honeybees (Apis mellifera) were collected from healthy,
gueen-right colonies managed at the apiary of the experimental farm
of the Department of Agriculture, Food and Environment (Di3A),
University of Catania, Italy. Bees were collected in the morning of
use from frames without brood to obtain foragers bees, which are
more exposed to direct contact or nectar contamination caused by
pesticides. The collected bees were taken in the laboratory and
placed in plastic cages (15 x 15 x 6 cm), ten per cage, with a hole in
the lid with an anti-insect mesh to allow ventilation, and the base
covered with filter paper. Three ml syringes with a solution of water
and honey (50% w/v) were used to feed the bees. The cages were
placed in an experimental chamber under dark conditions, at 24+2 °C
and 50-70% relative humidity.

Osmia bicornis cocoons (females and males) were purchased
from Pollinature Srl (Terlano, BZ, Italy). In May 2022, cocoons were
transferred in a flight cage (90 x 45 x 45 c¢cm) at 23°C, and 40%
relative humidity, with natural light to allow the emergence and to
deposit the meconium. The males emerged before, and were
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separated and transferred in an incubator at 4°C until the start of the
experiments. The solitary bees were placed in the same type of cages
used for A. mellifera, with eight bees per cage. The hole in the lid
was covered with a more robust wire mesh, because females of O.
bicornis, with their strong mandibles were able to cut through the
mesh used for cages with A. mellifera, and get out of the cages.
Before the experiment, bees were weighed to exclude very small
(approx. < 0.05 g for females, < 0.02 g for males) and very large (>
0.12 g for females, > 0.05 g for males) individuals. The cages were
placed in an experimental chamber with natural light at 26+2 °C and
40-50% relative humidity.

Bombus terrestris colonies were obtained from Koppert
Biological Systems, The Netherlands, and transferred in
experimental room with dark condition. Adult worker bumblebees
were randomly collected from the colonies and weighed before the
experiments, excluding very small (approx. < 0.13 g) and very large
(> 0.36 g) individuals (Sgolastra et al. 2017). The cages were
arranged in trays and placed in the experimental chamber under dark
conditions, at 24+2 °C and 50-70% relative humidity, with mortality
observations carried out at the same time intervals as the tests with
the other bee species. Each replication consisted of ten bumblebees
in individual cages.

3.2.3 Survival hioassays

Survival bioassays with honeybees were conducted
following the OECD (OECD 1998b, 1998a) protocols with some
modifications. Anaesthetisation of specimens was conducted by
placing the specimens in Falcon vials inserted in ice for about 5
minutes. Topical treatment of bees was carried out by placing
anaesthetised specimens in a Petri dish, administering 1 puL of the
solution via micropipette, on the thorax of the bees. For the
ingestion’s experiments, 3 ml syringes containing contaminated
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solutions were inserted in the cages, after 2 hours of starvation of the
bees, and then replaced by syringes with uncontaminated food
provided ad libitum after 4 hours of exposure. The syringes
containing the contaminated food were weighed before and after the
exposition to calculate the bees' consumption of the contaminated
substance over the 4 hours of exposure. For the residual contact
experiments, honeybee workers were exposed for 96 hours to dried
pesticides residues on tomato leaves. Tomato plants of the San
Marzano cultivar, approximately 40 days old and grown without
pesticide and fertilizer applications, were sprayed with the pesticide
concentrations, and with distilled water in the case of the control,
then allowed to dry for 1 hour. The upper parts of the plants (about
17 cm) were cut and placed in the Two-cup arenas described by
Biondi et al. (Biondi, Desneux, et al. 2012), consisting of two plastic
cups (700ml the upper, 400ml the lower). The upper cups were
provided with a central hole in the bottom to allow the plant stem to
reach the water in the lower cup. Additionally, the upper cups were
covered by a fine-mesh net, and the same type of 3 ml syringes used
in the other bioassays were inserted as feeders. Ten worker bees were
introduced into each arena.

Topical bioassays with O. bicornis followed the guidelines
of ‘ICPPR solitary bee acute contact toxicity test protocol’
(Roessink, Jozef, and Hanewald 2016) with some modifications.
During the exposure, 2 pL of the solution was applied to the thorax
of anaesthetised specimens. For ingestion tests the bees were fed
with the same type of contaminated syringes (3 ml) provided after 2
hours of starvation and replaced with those containing
uncontaminated food after 4 hours of exposure.

Experiments with bumblebees were conducted in November 2022,
and in February 2023, following the OECD (OECD 2017a, 2017b)
protocols with some modifications. For topical experiments,
anaesthetised specimens were treated with 2 pL of solution applied
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to the thorax, and then transferred in individual Nicot cages fed with
3 ml syringes. In the ingestion experiments, the bumblebees were
starved for 4 hours and exposed to the different treatments for
another 4 hours, then the contaminated syringes were replaced with
uncontaminated ones containing syrup provided ad libitum.

Three replications of ten bees, in case of A. mellifera and B.
terrestris, and eight bees in case of O. bicornis, were made for each
treatment and concentrations in each bioassay (topical and oral). In
the case of the residual contact bioassays, four replications of ten
bees were used. Survival observations were carried out at 4, 24, 48,
72, and 96 hours after treatment, recording the number of dead and
live bees.

3.2.4 Statistical analysis

General Linear Model (GLM) was used to analyse the mean
mortality of the bee species at 24 and 48 hours after the exposure,
and the means were separated by a Tukey’s post hoc test (IBM SPSS
Statistics, v. 25). Kaplan Meier method was used to analyse the
survival of the bees and calculate the survival curves. The
differences between the curves of each treatment were analysed by
log rank test with a significance level of p= 0.05 (IBM SPSS
Statistics, v. 25), and the paired treatment comparisons were
performed using the Holm method (p < 0.05) (R studio v. 4.1.2).
Survival analyses were performed separately for each bioinsecticide,
bee species and exposure mode, comparing the survival curves of
different concentrations of a single bioinsecticide with the negative
control (distilled water) and the positive control (dimethoate). It is
important to note that for each bee species and exposure mode,
experiments for all bioinsecticides (e.g. anise, garlic and sweet
orange) were conducted simultaneously under the same conditions.
This approach involved using the same negative and positive control
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(dimethoate) dataset for all bioinsecticides tested in a given species
and exposure mode. The positive and negative controls are therefore
identical in Kaplan Meier curves for the three bioinsecticides in each
panel. In addition, GLM was also used to analyse the effects of the
factors “exposure mode”, “species”, “treatment”, and their
interactions, on the mean survival of the highest concentrations of
each treatment at the end of the bioassays (96 hours) for each species
(IBM SPSS Statistics, v. 25). Dimethoate used as a positive control
was excluded from this analysis because it was tested at different
concentrations for each species.

3.3 Results

In all the bioassays performed, the mortality of the control
was less than 10 percent, as recommended by the reference protocols
for honeybees (OECD 1998b, 1998a) bumblebees (OECD 20173,
2017b), and solitary bees (Roessink et al. 2016). Topical and oral
exposure with the biopesticides tested caused significant differences
in the mortality at 24 (topical: F 17,53 = 24.200, p < 0.001; oral: F 17,53
=7.023, p < 0.001) and 48 hours (topical: F 17,53 = 56.045, p < 0.001;
oral: F 17,53 = 6.566, p < 0.001) of A. mellifera (Fig. S3.1A,B). After
topical exposure, mortality of the honeybees increased with the
highest concentrations of sweet orange EO and dimethoate, while
after the oral exposure, mortality increased with the highest
concentrations of the three EOs and dimethoate (Fig. S3.1A,B).
Dimethoate was the only treatment that increased bumblebee
mortality after topical exposure at 24 (F 17, 53 = 18.223, p < 0.001)
and 48 hours (F 17,53 = 31.017, p < 0.001, Fig. S3.1C). In the case of
bumblebees in the oral exposure, it was observed significance
differences among the treatments at 24 (F 17,53 = 14.118, p < 0.001)
and 48 hours (F 17,53 = 17.954, p < 0.001, Fig. S3.1D), with increased
mortality with the highest concentration of garlic EO, the two highest
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concentrations of the sweet orange EO, and dimethoate.

After topical and oral exposure, the mortality of O. bicornis
females was significantly increased only by dimethoate at 24
(topical: F 17,53 = 2.225, p = 0.022; oral: F 17,55 = 32.210, p < 0.001)
and 48 hours (topical: F 17, 53 = 6.835, p < 0.001; oral: F 17, 53 =
28.537, p < 0.001, Fig. S3.2A,B). The mortality of O. bicornis males
after topical exposure was increased only by dimethoate at 24 hours
(F 17,53 = 13.287, p < 0.001), and was increased by sweet orange EO
(4 mg/ml) and dimethoate at 48 hours (F 17, 55 = 10.914, p < 0.001,
Fig. S3.2C). At the same time, the oral exposure with the highest
concentration of sweet orange EO (6 mg/ml) and dimethoate
increased the mortality of O. bicornis males at 24 (F 17,53 = 49.863, p
< 0.001) and 48 hours (F 17,53 = 17.137, p < 0.001, Fig. S3.2D).

After topical exposure with anise EO, the survival analysis
showed significant differences among the treatments (five
concentrations of anise EO, dimethoate, and control) with A.
mellifera (log-rank test: 2 = 259.771, d.f. = 6, p<0.001, Fig. 3.1A),
B. terrestris (log-rank test: 2 = 209.472, d.f. = 6, p<0.001, Fig.
3.1D), O. bicornis females (log-rank test: ¥2 = 113.417, d.f. = 6,
p<0.001, Fig. 3.2A), and males (log-rank test: 2 = 127.472, d.f. = 6,
p<0.001, Fig. 3.2D). However, with all the tested species the
concentrations of anise EO did not reduce the survival after topical
exposure, and the significant reduction in survival was caused only
by dimethoate (Fig. 3.1A,D, 3.2A,D). Similar results were observed
after topical exposure with garlic EO (A. mellifera: log-rank test: y2
= 236.684, d.f. = 6, p<0.001, Fig. 3.1B; B. terrestris: log-rank test:
x2 = 195.769, d.f. = 6, p<0.001, Fig. 3.1E; O. bicornis female: log-
rank test: 2 = 138.390, d.f. = 6, p<0.001, Fig. 3.2B; O. bicornis
male: log-rank test: y2 = 174.943, d.f. = 6, p<0.001, Fig. 3.2E).
Topical exposure with sweet orange EO caused significant reduction
in survival at higher concentrations with A. mellifera (log-rank test:
x2 = 137.296, d.f. = 6, p<0.001, Fig. 3.1C), and O. bicornis females
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(log-rank test: 2 = 100.865, d.f. = 6, p<0.001, Fig. 3.2C), and males
(log-rank test: x2 = 132.882, d.f. = 6, p<0.001, Fig. 3.2F). While, the
topical exposure with sweet orange EO did not reduce the survival of
B. terrestris, also in this case the reduction in survival was caused
only by dimethoate (log-rank test: 2 = 209.472, d.f. = 6, p<0.001,
Fig. 3.2F).
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Figure 3.1 Kaplan Meier survival curves of Apis mellifera (A-C) and
Bombus terrestris (D-F) after topical exposure with the biopesticides , anise
(AD), garlic (B,E), and sweet orange EOs (C,F), dimethoate used as
positive control, and water as negative control. Sweet orange EO is reported
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as ‘Citrus’. Same letters at the end of the curves indicate no significance
according to the Holm method (p < 0.05).
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Figure 3.2 Kaplan Meier survival curves of Osmia bicornis females (A-C)
and males (D-F) after topical exposure with the biopesticides anise (A,D),
garlic (B,E), and sweet orange EOs (C,F), dimethoate used as positive
control, and water as negative control. Sweet orange EO is reported as
‘Citrus’. Same letters at the end of the curves indicate no significance
according to the Holm method (p < 0.05). The asterisk (*) next to the letter
indicates that the treatment is different from the negative control.
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Oral exposure with anise EO reduced the survival of A.
mellifera at higher concentrations (log-rank test: 2 = 146.091, d.f. =
6, p<0.001, Fig. 3.3A). Anise EO, after oral exposure, did not reduce
the survival of the other species tested, which was reduced only by
dimethoate (B. terrestris: log-rank test: 2 = 134.634, d.f. = 6,
p<0.001, Fig. 3.3D; O. bicornis females: log-rank test: y2 = 73.750,
d.f. = 6, p<0.001, Fig. 3.4A; O. bicornis males: log-rank test: x2 =
206.336, d.f. = 6, p<0.001, Fig. 3.4D). Higher concentrations of
garlic EO reduced the survival of A. mellifera (log-rank test: y2 =
216.272, d.f. = 6, p<0.001, Fig. 3.3B) and B. terrestris (log-rank test:
y2 = 115.350, d.f. = 6, p<0.001, Fig. 3.3E) after oral exposure.
However, they were not found to be toxic to O. bicornis females
(log-rank test: x2 = 82.248, d.f. = 6, p<0.001, Fig. 3.4B), and males
(log-rank test: 2 = 203.022, d.f. = 6, p<0.001, Fig. 3.4E). Sweet
orange EO reduced the survival of A. mellifera (log-rank test: x2 =
191.361, d.f. = 6, p<0.001, Fig. 3.3C), B. terrestris (log-rank test: 2
=119.809, d.f. = 6, p<0.001, Fig. 3.3F), and O. bicornis males (log-
rank test: y2 = 121.669, d.f. = 6, p<0.001, Fig. 3.4F). In the case of
bumblebees, survival after ingestion of the highest concentration of
sweet orange EO (6 mg/ml) was lower than that of dimethoate
(survival at 96 hours: citrus 6 mg/ml: 0%, dimethoate: 36.7%; Fig.
3.3F). The survival of O. bicornis females was not reduced by sweet
orange EO (log-rank test: 2 = 115.350, d.f. = 6, p<0.001, Fig. 3.4C).
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Figure 3.3 Kaplan Meier survival curves of Apis mellifera (A-C) and
Bombus terrestris (D-F) after oral exposure with the biopesticides anise
(A,D), garlic (B,E), and sweet orange EOs (C,F), dimethoate used as
positive control, and water as negative control. Sweet orange EO is reported
as ‘Citrus’. Same letters at the end of the curves indicate no significance
according to the Holm method (p < 0.05). The asterisk (*) next to the letter
indicates that the treatment is different from the negative control.
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Figure 3.4 Kaplan Meier survival curves of O. bicornis females (A-C) and
males (D-F) after oral exposure with the biopesticides anise (A,D), garlic
(B,E), and sweet orange EOs (C,F), dimethoate used as positive control,
and water as negative control. Sweet orange EO is reported as ‘Citrus’.
Same letters at the end of the curves indicate no significance according to
the Holm method (p < 0.05). The asterisk (*) next to the letter indicates that
the treatment is different from the negative control.

After the residual bioassays performed with A. mellifera,
dimethoate was the only treatment that increased the mortality of the
bees at 24 (F 17,71 = 78.235, p < 0.001, Fig. S3.3) and 48 hours (F 17,
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71 = 71.080, p < 0.001, Fig. S3.3), reducing their survival within 96
hours (log-rank test: y2 = 392.413, d.f. = 11, p<0.001, Fig. 3.5).
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Figure 3.5 Kaplan Meier survival curves of A. mellifera after residual
contact exposure with the biopesticides tested, anise, garlic, and sweet
orange EOs, dimethoate used as positive control, Tween 80 and water as
negative control. Sweet orange EO is reported as ‘Citrus’. Same letters at
the end of the curves indicate no significance according to the Holm method
(p < 0.05).

The mean survival of the highest rates of the biopesticides at
the end of the topical and oral bioassays with the different tested bee
species was significantly different among the “exposure mode”, the
“species”, and “treatment” (Table 3.1). Significance differences were
also found among the interaction of “exposure mode” X “species”,
“exposure mode” X “treatment”, “species” X “treatment”, and
“exposure mode” x “species” x “treatment” (Table 3.1). Differences
among the treatments after topical bioassays were found with A.
mellifera (F 4 14 = 28.324, p < 0.001) and O. bicornis males (F 4 14 =

7.158, p = 0.005), and no differences were found with B. terrestris

117



3. Toxicity of biopesticides to social and solitary bees

(same values, mean: 100 + 0) and O. bicornis females (F 4 14 = 2.681,
p = 0.094) (Table S3.1). In the case of the oral bioassays, differences
among treatments were found only with B. terrestris (F 4 14 =
122.000, p < 0.001), and no differences were found with A. mellifera
(F 4, 14 = 3.382, p = 0.054), O. bicornis females (F 4 14 = 2.125, p =
0.152), and males (F 4,14 = 3.339, p = 0.056) (Table S3.1). About the
comparison of the susceptibility among the species in the topical
bioassays, significance differences were found only with the sweet
orange EO (F 5 11 = 6.959, p = 0.013), while no differences were
found with anise (F 3,11 = 1.500, p = 0.287), garlic (F 3,11 = 0.667, p =
0.596), Tween 80 (F 3 11 = 1.953, p = 0.200), and control (F 3 11 =
1.000, p = 0.441) (Table S3.1). Comparison among species in the
oral bioassays showed significance with anise (F 3 11 = 8.321, p =
0.008), garlic (F 3,11 = 16.291, p = 0.001), and sweet orange EO (F 3,
1= 4.814, p = 0.034), and no differences were found with Tween 80
(F 5,11 = 1.784, p = 0.228), and control (F 3 11 = 1.000, p = 0.441)
(Table S3.1). Apis mellifera was the most susceptible species to
sweet orange EO tested by topical exposure and the most susceptible
to anise and garlic EOs tested by oral exposure. At the same time, B.
terrestris was the most susceptible to sweet orange EO tested by oral
exposure with 0% survival after 96 hours. The differences among the
two different exposure modes within the same species and treatment
are reported in Table S3.1.

118



3. Toxicity of biopesticides to social and solitary bees

Table 3.1. Generalized Linear Model (GLM) of the mean survival at
96 hours of the highest rate of the biopesticides tested on workers of
Apis mellifera, Bombus terrestris, and both sexes of Osmia bicornis
after topical and oral exposure. Analysis of the effect of the factors
‘exposure mode’, ‘species’, ‘treatment’, and their interactions.

Factor df F p

Total 39  9.207 <0.001
Intercept 1 3344575 < 0.001
Exposure mode 1 15.810 <0.001
Species 3 8.963 <0.001
Treatment 4 33.190 <0.001
Exposure mode x Species 3 15.436 < 0.001
Exposure mode x Treatment 4 5.996 <0.001
Species x Treatment 3 2.518 0.007
Exposure mode x Species x Treatment 12 6.924 <0.001

3.4 Discussion

Herein, we provide lethal effects caused by oral exposure to
potentially usable concentrations of EOs nanoformulations and
formulation on two important managed pollinators, the bees A.
mellifera and B. terrestris. Despite oral exposure led to greater
mortality in A. mellifera and B. terrestris, the same tendency was not
observed for females and males of O. bicornis. Conversely, the
results here obtained showed the absence of mortality for the three
species tested after topical exposure with the EOs at potentially
usable concentrations in the field. In fact, the only treatments that
reduced survival of the topically treated bees were the two highest
concentrations of sweet orange EO (4 and 6 mg/ml for A. mellifera, 6
for O. bicornis females and males), corresponding to concentrations
4 to 6 times greater than those applicable in the field.
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As expected, the susceptibility of bees to biopesticides varied
among species, essential oils used, tested concentrations and
different modes of exposure. In general, A. mellifera was the most
susceptible species to EOs, while O. bicornis was the most resistant.
According to our data, it is not possible to explain why females and
males of O. bicornis were more resistant to EOs than the other
species here tested. These results, however, are in line with those of
uhl et al. (2019) who found O. bicornis females less susceptible to
A. mellifera to synthetic pesticides. The susceptibility of bees to
pesticides may vary according to species, size, morphological
features, and according to biological, ecological, and ethological
traits (Arena and Sgolastra 2014). Interestingly, A. mellifera was
found to be equally or more susceptible to some EOs than B.
terrestris and O. bicornis, questioning the assumption that safety
levels based on A. mellifera alone are insufficient to protect other bee
species. However, risk assessments focused only on A. mellifera may
overlook interspecific differences in pesticide susceptibility due to
variations in feeding behaviour, exposure scenarios and
detoxification pathways. Although added safety factors applied to A.
mellifera data may provide some level of protection to other species,
this cannot be assumed universally, as the great morphological,
ecological, ethological and physiological diversity of Apoidea may
result in unpredictable responses to certain compounds. At the same
time, the ethical, economic, scientific and conservation aspects of
using multiple species in toxicity testing must be carefully
considered. Testing only A. mellifera could reduce costs and ethical
concerns, given the higher number of colonies and ease of breeding
compared to solitary bees and bumblebees. However, this approach
risks underestimating the impact on non-Apis species. Therefore, the
inclusion of more species provides a more complete understanding of
the risks posed by biopesticides, although this increases the
complexity and cost of testing.
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In addition, susceptibility may be related to the detoxification
capacity of a species, which is controlled by enzyme activity
(Berenbaum and Johnson 2015). These hypothesis must be tested to
better understand the toxic mechanisms of EOs on bees, since
knowledge about the harmful effects of these substances on bees is
still limited (Catania et al. 2023; Lima et al. 2024). As EO-based
pesticides are an alternative promise for pest control in agriculture,
and in some cases may achieve control comparable to that of
chemical pesticides (Giunti et al. 2022), the risks of exposure of bees
to these products should be further clarified. EO-based pesticides are
characterized by a mixture of compounds, which makes it difficult to
characterize their activity in a single mechanism of action (Spinozzi
et al. 2023). Consequently, the toxicity of these biopesticides varies
greatly according to their composition, affecting their ability to
penetrate the insect cuticle or be toxic by ingestion. In the
nanoformulation of anise EO, the compound responsible for toxicity
on insects is (E)-anethole present at 86.5% (Campolo et al. 2020;
Cantd-Tejero et al. 2022). This compound can inhibit enzymes and
protein activity, and act as acetylcholinesterase (AChE) inhibitor
causing neurotoxic effects on insects (Spinozzi et al. 2023). In this
study, the lethal effects caused by this compound were observed only
with A. mellifera following oral exposure. Diallyl disulphide is the
main compound present in the nanoformulation of garlic EO (73.5%)
(Modafferi, Ricupero, et al. 2024; Ricupero et al. 2022), which is
responsible for toxicity on pests (Plata-Rueda et al. 2017; Talepour et
al. 2021; Zhao et al. 2013). However, diallyl disulphide would
appear to have low toxicity on insects through contact (Modafferi,
Giunti, et al. 2024; Zhao et al. 2013), as evidenced by our results that
demonstrated that garlic EO was toxic only by oral exposure.
Regarding the tested commercial formulation of sweet orange EO,
this product is used in organic farming against insects, mites and
fungi. Against insects it acts mainly by contact, causing the
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desiccation of the cuticles of the insects with soft exoskeleton. After
topical and residual contact (in the case of A. mellifera), field
concentrations (0.5 and 1 mg/ml) did not cause a reduction in
survival of the different bee species tested. Field concentrations of
sweet orange EO resulted safe for the tested bees also in the case of
oral exposure.

Our results demonstrate the importance of testing the toxicity
in the laboratory by evaluating different exposure modes. In fact, in
the field, bees are exposed to pesticides in a variety of ways, from
direct exposure with drift droplets, to exposure to residues in various
matrices (Sanchez-Bayo and Goka 2014). This study combined the
use of current OECD protocols for bee risk assessment by topical
and oral exposure (OECD 1998b, 1998a, 2017a, 2017b), and a
methodology developed to assess residual toxicity on predatory
insects and pests (Biondi, Desneux, et al. 2012). Residual contact
exposure might be the one more likely to be found in a real field
situation than topical contact exposure. Therefore, considering the
satisfactory results obtained from the use of this method, we suggest
further future use and development for the assessment of residual
contact exposure on pollinating insects. In general, botanical
biopesticides are found to be more toxic following oral exposure, as
shown by this and previous studies (Catania et al. 2023), although
easy environmental degradation should lead to reduced residues in
pollen, nectar, or water, making the risk by ingestion lower.

The results obtained by this work are limited to assess the
lethal effects of EOs biopesticides. However, as evidenced by several
works, EO-based pesticides can cause a wide variety of sublethal
effects on bees (Cappa et al. 2022; Catania et al. 2023; Giunti et al.
2022). Therefore, it would be more appropriate to evaluate the
sublethal effects caused by these biopesticides on these bee species
in the future in order to obtain a comprehensive assessment of their
toxicity.
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3.5 Conclusions

In this study, we demonstrated that realistic concentrations of EOs
does not increase mortality of different managed bees after topical
(A. mellifera, B. terrestris, and O. bicornis) or residual exposure (A.
mellifera). However, the oral exposure caused lethal effects mainly
for A. mellifera and B. terrestris. Therefore, lethal susceptibility of
the bees varied among the tested species, among the different
biopesticides and modes of exposure. The results obtained highlight
the need to test different exposure modes in laboratory toxicity
assessment and could be useful for the sustainable use of these
biopesticides in integrated pest and pollinator management (IPPM)
programs.
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SUPPLEMENTARY MATERIALS

Supplementary tables.

Table S3.1. Comparison of the mean percentage of survival of the tested
bee species (Apis mellifera, Bombus terrestris, and Osmia bicornis females
and males) at the end of the bioassays (96 hours), with topical and oral
exposure of the tested bioinsecticides and negative control. The comparison
includes the highest rates tested for each bioinsecticides (anise 2.5, garlic
2.5, and citrus 6 mg/ml), Tween 80, and negative control. Sweet orange EO
is reported as ‘Citrus’. The same capital letters indicate no significance
among the different treatments within the same species (column) in the
same exposure modes according to Tukey’s test (p < 0.05). The same
lowercase letters indicate no significance among the different species within
the same treatment (row). The same italics letters indicate no significance
among the different exposure modes (topical and oral) within the same
species and treatment using the t-test (p < 0.05).

Topical exposure

Treatments ppis mellifera Bombus. Osmia bicornis Osmia bicornis
terrestris female male
Anise 2.5 mg/ml 100 £ 0 Aaa 100 + 0 Aaa 75 + 19 Aaa 95.8 +4.1 Aaa
Garlic 2.5 mg/ml 93.3+3.3 Aaa 100 + 0 Aaa 95.8+4.1 Aaa 958 +4.1 Aaa
Citrus 6 mg/ml 23.3+12Bbha 100 + 0 Aaa 54.1+15 Aaba 45.8 + 15 Baba
Tween 90 +5.7 Aa 100 + 0 Aaa 83.3+41Aaa 87.5%7.2Aaa
Control 100 £ 0 Aa 100 = 0 Aaa 100 + 0 Aaa 95.8 + 4.1 Aaa
Oral exposure
Treatments Apis mellifera ?eor::et;ltjfis g?::lz bicornis zzr:a bicornis
Anise 2.5 mg/ml  36.6 + 20.2 Abb 100 + 0 Aaa 100 + 0 Aaa 79.1+ 4.1 Aabb
Garlic 2.5 mg/ml  23.3 + 12 Abb 33.3+8.8Bbb 100 + 0 Aaa 83.3 £ 11 Aaa
Citrus 6 mg/ml 50 £20.4 Aaba 0+0Cbb 87.5+7.2Aaa 54.1+18.1 Aaba
Tween 80 + 10 Aa 96.6 + 3.3 Aaa 958+4.1Aaa 95.8+4.1Aaa
Control 96.6 £ 3.3 Aa 100 = 0 Aaa 100 + 0 Aaa 100 £ 0 Aaa
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Figure S3.1. Percentage of mean mortality at 24 and 48 hours of Apis
mellifera (A,B) and Bombus terrestris (C,D), after topical (A,C) and oral
(B,D) exposure with the bioinsecticides tested, anise (AN), garlic (GA), and
sweet orange EOs (CI = Citrus), dimethoate (DI) used as positive control,
Tween 80 (TW), and water (CTRL) as negative control. Same letters
indicate no significance according to Tukey post hoc test (p < 0.05).
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Figure S3.2. Percentage of mean mortality at 24 and 48 hours of Osmia
bicornis females (A,B) and males (C,D), after topical (A,C) and oral (B,D)
exposure with the bioinsecticides tested, anise (AN), garlic (GA), and sweet
orange EOs (CI = Citrus), dimethoate (DI) used as positive control, Tween
80 (TW) and water (CTRL) as negative control. (AN), garlic (GA), and
sweet orange EOs (CI = Citrus), dimethoate (DI) used as positive control,
Tween 80 (TW) and water (CTRL) as negative control. Same letters
indicate no significance according to Tukey post hoc test (p < 0.05).
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Figure S3.3 Percentage of mean mortality at 24 and 48 hours of Apis
mellifera after residual exposure with the bioinsecticides tested, anise (AN),
garlic (GA), and sweet orange EOs (CI), dimethoate (DI) used as positive
control, Tween 80 (TW) and water (CTRL) as negative control. Same
letters indicate no significance according to Tukey post hoc test (p < 0.05).
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Abstract

Stingless bees (Apidae: Meliponini) are the most important group of
pollinators in the Neotropical regions. The wide variety of species in
this group benefits humans through crop pollination and the products
of meliponiculture activities. However, they are in decline due to
anthropogenic factors, including the use of synthetic pesticides.
Botanical bioinsecticides could be a viable alternative for sustainable
pest control in agriculture. In this study, we evaluated if
nanoformulations of essential oils (EOs) of anise (Pimpinella
anisum) and garlic (Allium sativum), and a commercial bioinsecticide
based on sweet orange (Citrus sinensis) EO cause lethal or sublethal-
effects on the stingless bee Melipona mondury workers. We tested
also Tween 80 used as surfactant in the two nanoformulations, and
dimethoate as positive control. In the survival bioassays, all the
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insecticides were evaluated through three different modes of
exposure: topical, residual contact, and oral. For the evaluation of
sub-lethal effects, we assessed anti-feeding effects after oral
exposure and locomotor behaviour after topical exposure. The
nanoformulation of anise EO was selective for M. mondury in
survival bioassays in all exposure modes and in the sublethal effects
assessments. However, EOs of garlic and sweet orange reduced the
survival of bees in the oral bioassays, caused anti-feeding effects,
and sweet orange EO altered also the locomotor behaviour. Our
results highlight the importance of assessing lethal and sublethal
effects on bees through different exposure modes and provide useful
information for the sustainable use of these bioinsecticides in
agriculture.

Keywords: bioinsecticides, toxicity, lethal effects, sublethal effects,
stingless bees

4.1 Introduction

Bees (Hymenoptera: Apoidea) are a diversified group of
insects well-known as important pollinators of wild and cultivated
plants (Michener 2007). The ecosystem service performed by bees
therefore plays a crucial environmental (Ollerton, Winfree, and
Tarrant 2011) and economic role, with direct impact on agricultural
yields (Garibaldi et al. 2013; Klein et al. 2007; Kremen 2018; Porto
et al. 2020). With around 500 described species in the tropical and
subtropical areas of the globe (Michener 2007), most of them in the
Neotropics (Ayala, Gonzalez, and Engel 2013), stingless bees
(Apidae: Meliponini) show a wide diversity in terms of morphology,
biology, ecology and behaviour (Michener 2013; Roubik 2023). In
South America, stingless bees are the main group of bee pollinators
(Camargo and Pedro 2007), and around 250 species are reported just
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in Brazil (Pedro 2014). They are recognized as crucial pollinators of
several crops in open field and in greenhouses (Giannini et al. 2015;
Meléndez Ramirez, Ayala, and Delfin Gonzalez 2018). In addition to
their pollination service, stingless bees provide several benefits to
humans through the activity of meliponiculture, with the production
of honey, wax materials and geopropolis (Cortopassi-Laurino et al.
2006).

The decline of pollinating insects recorded worldwide
(Biesmeijer et al. 2006; Goulson et al. 2015; Lima et al. 2022; Potts
et al. 2010) is also affecting stingless bees (Toledo-Hernandez et al.
2022). These tropical bees are threatened by several anthropogenic
factors such as deforestation, transmission of diseases and pests,
climate change, and not least the extensive use of pesticides in
agriculture (Toledo-Herndndez et al. 2022). Regarding the latter
factor, numerous studies highlighted the lethal and sublethal effects
caused by insecticides, herbicides, and fungicides on stingless bees
(Bernardes, Botina, Aradjo, et al. 2022; Lima et al. 2016, 2024) .
However, studies focusing on the effects of pesticides of biological
origin such as botanical biopesticides on stingless bees are still
scarce (Bernardes et al. 2017, 2018; Catania et al. 2023; Lima et al.
2024).

These biopesticides can be a viable alternative to synthetic
pesticides due to their high selectivity and low environmental
persistence (Acheuk et al. 2022), and are more related to the context
of modern, sustainable agriculture. Among botanical biopesticides,
essential oils (EOs) are successfully tested on a variety of
phytophagous insects (Isman 2020; Isman and Tak 2017; Pavela and
Benelli 2016), but their commercialization is still limited due to their
easy environmental degradation (Isman 2020). Nanoparticle
encapsulation (NPs) can solve this problem and improve the
effectiveness of these products (Campolo et al. 2017). Although
considered safer substances for the environment, biopesticides based
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on essential oils can cause lethal and sublethal effects to stingless
bees (reviewed by Catania et al. 2023; Giunti et al. 2022).

Nanoformulations of anise (Pimpinella anisum L.) and garlic
essential oils (Allium sativum L.) have been tested with effective
results on pests such as Aphis gossypii Glover (Hemiptera,
Aphididae), Planococcus citri Risso (Hemiptera: Pseudococcidae),
and Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae), proving to
be selective for their natural enemies (Modafferi et al. 2024,
Ricupero et al. 2019, 2022). These pests are cosmopolitan species
capable of causing extensive damage in agriculture. They are also
present in Brazil, a country where there is extensive use of synthetic
pesticides (FAOSTAT 2024). These nanoformulations, combined
with EO-based products already on the market, may therefore
represent a potential alternative to the use of synthetic products.

In this study, we evaluated the toxicological effects of
different bioinsecticides based on EOs on Melipona mondury Smith,
an important stingless bee pollinator related to the Atlantic rainforest
of southeastern Brazil (Melo 2003), and threatened by deforestation,
fragmentation of the habitats (Viana et al. 2015), and the use of
pesticides (Toledo-Hernandez et al. 2022). In particular, we
evaluated on M. mondury the lethal and sublethal effects of two
nanoformulations of EOs of anise and garlic, and a commercial
product based on sweet orange (Citrus sinensis (L.) Osbeck) EO,
testing the hypothesis that they may be selective for stingless bees.
The EOs tested and their concentrations were chosen on the basis of
their potential importance in Integrated Pest And Pollinator
Management (IPPM) and their potential selectivity for non-target
organisms. Lethal effects were assessed by evaluating the survival of
bees for up to 96 hours through three modes of exposure: topical,
residual contact, and oral. At the same time, we monitored the bees'
food consumption after oral exposure, to assess any anti-feeding
effects caused by the ingestion of the bioinsecticides, and evaluated
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the locomotor behaviour of the bees 24 h after topical exposure.

4.2 Materials and methods

4.2.1 Bioinsecticides

We tested the toxicity of three different bioinsecticides: two
nanoformulations based on EOs of anise and garlic, and a
commercial product (PREV-AM® PLUS, ORO AGRI Europe S.A))
based on sweet orange EO (reported in the figures as ‘Citrus’). EOs
of anise and garlic were purchased by Esperis s.p.a. (Milan, Italy).
For the chemical characterization of anise EO see Campolo et al.
(2020), and for that of garlic see Ricupero et al. (2022). Each EO
nanoformulation was prepared at the Department of Agriculture,
University of Reggio Calabria (ltaly), using the self-emulsifying
process followed by sonication, and contains 15% of a.i. of EO and
5% of the surfactant Tween 80 (Campolo et al. 2020). Three
concentrations of the two nanoformulations (0.2, 0.8, and 2.5 mg a.i.
x ml) corresponding approximately to the values of LCio, LCso, and
LCy calculated on Aphis gossypii Glover in previous studies
(Ricupero et al. 2019) were tested on M. mondury. A range of
concentrations based on estimated LCs on a parasite were tested in
this study to simulate potential applications in the field. This is
because the tested nanoformulations are not yet commercially
available and are still under experimental evaluation. The sweet
orange EO (60 g a.i/L) was tested in three concentrations from the
field dose (0.5 mg a.i. x mIY), to worst-case scenario doses (2, and 4
mg a.i. x mlI). The maximum dose of sweet orange oil that can be
used in the field, according to the label, is 1 mg a.i. x ml?, so the
concentrations of 2 and 4 mg a.i. x ml? refer to 2-4 times the
maximum dose. This worst-case scenario gives an idea of the
potential susceptibility of bees to extreme conditions which, although
not permitted by law, can sometimes occur in some extensive
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agricultural areas. Dimethoate (ROGOR® L 40 ST 2020, Cheminova
Agro ltalia S.r.l., 400 g a.i/L) was used as positive control (0.3 mg
ai. x ml?t). In addition, we included in the experiments one
concentration (0.8 mg a.i. x mlt) of Tween 80, which was used as
surfactant in the two nanoformulations.

4.2.2 Insects and test conditions

Three healthy and queenright colonies of M. mondury were
maintained at Universidade Federal de Vicosa (UFV) (Vicosa, MG,
Brazil) in a fragment of Atlantic Forest called Mata do Paraiso
(20°48'05.2"S 45°51'59.6"W), with permission from the Chico
Mendes Institute for Biodiversity Conservation (SISBIO, ID 88762-
1). In the morning of the bioassays, adult workers were collected at
the entrance of each colony with falcon tubes, in order to collect the
foragers which are more exposed to pesticides during their activities
(Botina et al. 2020). The collected bees were taken to the laboratory,
and after exposure with the insecticides, were kept in an incubator in
dark conditions (28 + 2°C and 75 * 5% humidity). All the
experiments were conducted at the Departamento de Biologia
Animal, of the UFV (Brazil) from November to December 2023.

4.2.3 Survival bioassays and anti-feeding evaluations

Survival bioassays were carried out evaluating three different
ways of exposure: topical contact, residual contact, and oral. For
topical and oral exposure we followed the honeybees OECD
protocols (OECD 1998a, 1998b) with some modifications. For the
residual contact bioassays, we adapted on pollinators the ‘Two-cups’
protocol used by Biondi et al. (2012).

In topical bioassays, bees were cold-anaesthetised by placing falcon
tubes with 10 specimens on ice for 1-2 minutes, and then treated with
1 pl of solution via micropipette on the thorax. Next, the treated
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bees, ten per pots, were placed in plastic pots (500 ml), with holes to
maintain ventilation and feeders (3 ml syringes) with a solution of
water and honey (50% wi/v).

In the oral bioassays, bees were kept in starvation for 1 hour. After
starvation, 3 ml syringes containing contaminated solutions were
inserted in the pots for 4 hours, then replaced by syringes with
uncontaminated solutions ad libitum. For these experiments we used
the same type of pots and syringes, with ten bees per pots. The
syringes containing the contaminated food were weighed before and
after exposure to calculate the bees' consumption of the contaminated
substance during the four hours of exposure. The daily consumption
of the uncontaminated solutions was also measured to assess whether
there was an anti-feeding effect caused by the ingestion of the
insecticides.

The residual contact experiments were performed by
exposing workers bees for 96 hours to dried insecticides residues on
tomato leaves. Tomato plants approximately 40 days old, grown free
of pesticide and fertilizer applications, were sprayed with the
insecticide’s concentrations, and distilled water in the case of the
control, then allowed to dry for 1 hour. The upper parts of the plants
(about 17 cm) were cut and placed in the Two-cup arenas described
by Biondi et al. (2012), made up of two plastic cups (700ml the
upper, 400ml the lower). The upper cups had a central hole in the
bottom to allow the plant stem to reach the water in the lower cup. In
addition, the upper cups were closed by a fine-mesh net, and the
same type of 3 ml syringes used in the other bioassays were inserted
as feeders. Ten worker bees were introduced in this arena.

Three replications of ten bees were made for each treatment
and concentrations in each bioassay (topical, residual, and oral).
Survival observations were carried out at 4, 8, 24, 48, 72, and 96
hours after treatment, recording the number of dead and live bees.
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4.2.4 Behavioural bioassays

The behaviour of M. mondury was monitored 24 hours after
the topical exposure to the same insecticides and at the same
concentrations used in survival bioassays. Groups of four bees were
placed in a Petri dish (10 cm diameter x 2 cm high) with three
replications per treatment (total N = 144). The videos were made in a
dark room with artificial red light at 28 °C and 60 % relative
humidity, recording the bees for 10 minutes with a digital video
camera (Nikon D3500®, 18-55 mm lenses) at 30 frames per second
and in high definition (1920 x 1080 pixels). Analyses of the videos
were performed using the Ethoflow® software (Instituto Nacional de
Propriedade Industrial - INPI, Brazil, BR 512020 000737-6;
Bernardes et al., 2021) in order to calculate tracked distance (cm),
resting time (s), and meandering (“the average angle that the
individual rotated during the video”, measured in © cm™?) (Bernardes
etal. 2021).

4.2.5 Statistical analysis

Analysis of survival was performed using the Kaplan Meier
method to calculate survival curves. The overall difference among
the treatment curves was analysed by the log-rank test, and the paired
treatment comparisons were performed using the Bonferroni method
(p < 0.05) (R Core Team v. 4.1.2). Food consumption and
behavioural data (tracked distance, meandering, and resting time)
obtained by the analysis with the Ethoflow® software, were analysed
using one-way ANOVA with Tukey’s post hoc test (p < 0.05) (IBM
SPSS Statistics v. 25).

4.3 Results
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4.3.1 Survival bioassays

In all bioassays performed, control mortality was less than 10
percent, as recommended by OECD protocols for honeybees (OECD
1998 a,b). Survival analysis showed significant differences among
the treatments in topical contact (log-rank test: y2 = 316.026, d.f. =
11, p<0.001, Fig. 4.1A), residual contact (log-rank test: y2 =
323.006, d.f. = 11, p<0.001, Fig. 4.1B), and ingestion bioassays (log-
rank test: 2 = 494.499, d.f. = 11, p<0.001, Fig. 4.1C). However,
dimethoate was the only treatment that significantly reduced the
survival of the bees in topical and residual contact bioassays (Fig.
4.1A, 4.1B). Additionally, oral exposure to insecticides caused
significant reduction in survival with medium and high
concentrations of garlic and sweet orange EO and dimethoate (Figure
4.1C).
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Figure 4.1 Kaplan Meier survival curves of the stingless bee Melipona
mondury after topical (N = 360), residual (N = 360), and oral (N = 360)
exposure with the bioinsecticides tested (anise, garlic, and sweet orange
EOs), dimethoate used as positive control, Tween 80, and control. Sweet
orange EO is reported as ‘Citrus’. Same letters to the right of the legend
indicate no significance according to the Bonferroni method (p < 0.05),
capital letters refer to topical bioassays, lowercase letters refer to residual
bioassays, and italic letters refer to oral bioassays.

4.3.2 Anti-feeding evaluations

Significant differences among treatments were observed in the
consumption of contaminated food during the four hours of exposure
(F 11,35 = 4.630, p = 0.001, Fig. 4.2A), suggesting repellence or anti-
feeding effects caused by the ingestion of the insecticides.
Subsequent monitoring of the consumption of uncontaminated food
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highlighted significant differences among treatments in the time
ranges 4-24 hours (F 10,31 = 3.182, p = 0.012, Fig. 4.2B) and 24-48
hours (F o, 28 = 9.456, p < 0.001, Fig. 4.2C). In the time range 4-24
hours the food consumption was reduced by garlic EO at 2.5 mg a.i.
x mlt and by sweet orange EO at 2 mg a.i. x ml* (Figure 4.2B).
Whereas, in the time interval 24-48 hours after the death of all
specimens exposed to the highest concentration of garlic, a reduction
in food consumption was observed with sweet orange EO at 2 and 4
mg a.i. x ml (Figure 4.2C). No significant difference was observed
in food consumption in the time range 48-72 hours (F g 23 = 0.609, p
= 0.757, Fig. 4.2D), while the time interval 72-96 was not analysed
due to excessive solution leakage from the syringes.
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Figure 4.2 Antl-feedlng effects caused by the oral exposure of the
insecticides on workers of Melipona mondury. Mean consumption (g) of
contaminated food solution per bee during the four hours of exposure (A),
and not contaminated food solution per bee in the range time 4-24 hours
(B), 24-48 hours (C), and 48-72 hours (D). Sweet orange EO is reported as
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‘Citrus’. The same letter indicates that means were not significantly
different by Tukey’s test (p < 0.05).

4.3.3 Behavioural bioassays

The distance walked by M. mondury was significantly
increased by dimethoate after topical exposure, while the other
treatments did not altered this parameter compared with the control
(F 11,142 = 17.103, p < 0.001, Fig. 4.3A). Significant differences were
also observed in the meandering behaviour, with increased value
compared with the control observed with the sweet orange EO at 2
mg a.i. x mlt (F 11 122 = 4.299, p < 0.001, Fig. 4.3B). The resting
time of the bees was increased by sweet orange EO at 2 mg a.i. x ml*
and by Tween 80 compared with the control (F 11, 142 = 5.405, p <
0.001, Fig. 4.3C).
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Figure 4.3 Response variables from behaviour of the workers of the
stingless bee Melipona mondury topically exposed to different insecticides.
Tracked distance (cm) (A), meandering (°cm™) (B), and resting time (s) (C)
means (xstandard error) of the 12 bees per treatment (total bees = 144) in
the bioassays. Sweet orange EO is reported as ‘Citrus’. The same letter
indicates that means were not significantly different by Tukey’s test (p <
0.05).

150



4 Essential oils cause lethal and sublethal effects on Melipona mondury

4.4 Discussion

EO-based insecticides show promise for pest control in
agriculture (Isman 2020), and their use is potentially more
sustainable than the synthetic alternatives for the conservation of
pollinating insects. The nanoformulations tested in this study show
potential for future applications in sustainable IPPM programmes,
and could be effective in controlling several pests important to
Brazilian agriculture. However, knowledge about the lethal and
sublethal effects of these bioinsecticides on bees is still limited
compared to synthetic insecticides (Catania et al. 2023). The results
here obtained show the lack of mortality of M. mondury caused by
EO-based insecticides after topical and residual contact exposure.
However, oral exposure with medium and higher concentrations of
garlic and sweet orange EO decreased bee survival. Is well-known
that toxicity of specific EOs is highly variable among insect species
(Isman 2000), and studies in the literature show variable results
regarding the lethal effects of EO-based insecticides to stingless bees
(Matos et al. 2021; Ribeiro et al. 2018; Seixas et al. 2018; da Silva et
al. 2020). This may depend on the use of the stingless bee species
tested with different susceptibility to insecticides, on the use of
specific EOs at different concentrations or doses, and the use of
different exposure modes. In general, the susceptibility of bee
species to pesticides depends not only on weight or body size, but on
other biological and ecological traits (Arena and Sgolastra 2014), and
M. mondury is more susceptible to pesticides than other stingless bee
species (Ribas et al. 2024).

The composition of EO-based insecticides strongly influences
their ability to penetrate the insect cuticle or cause toxicity upon
ingestion. Their activity can hardly be ascribed to a single
mechanism of action, as they consist of a mixture of compounds
(Spinozzi et al. 2023). The nanoformulation of anise EO tested
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consists of 86.5% (E)-anethole (Campolo et al. 2020), which is
responsible for toxic effects on insects (Canto-Tejero et al. 2022),
and can impair protein activity, inhibit enzymes, and act as
acetylcholinesterase (AChE) inhibitor (Spinozzi et al. 2023).
However, here we demonstrated no lethal effects on M. mondury
caused by the nanoformulation of anise EO at different
concentrations and routes of exposure. With regard to the
nanoformulation of the garlic EO tested, the main compound is
diallyl disulphide (73.5%) (Modafferi et al. 2024; Ricupero et al.
2022), which is known to be effective against pests, although it does
not exhibit high contact toxicity in insects (Zhao et al. 2013). This
could explain the lack of mortality of M. mondury workers after
topical and residual exposure to this pesticide. The commercial EO
of sweet orange tested is used in organic agriculture as an insecticide,
acaricide and fungicide. This bioinsecticides acts mainly by contact
causing desiccation of the insect’s cuticle. However, at the tested
concentrations, it increased M. mondury mortality only after oral
exposure.

Our results suggest that different routes of exposure play a
crucial role in determining bee survival after treatment with EO-
based insecticides, as previously demonstrated for other pesticides
(Belsky et al. 2022). This highlights the importance of testing
different routes of exposure in laboratory bee toxicity assessment, as
at realistic conditions pollinators are exposed to pesticides in
different ways (Sanchez-Bayo and Goka 2014; Stanley and Preetha
2016). Previous studies with botanical bioinsecticides have shown
greater toxicity to bees on oral exposure than on topical or residual
exposure (Catania et al. 2023). In a real field scenario, it should be
noted that since these are easily degradable substances with low
environmental persistence, the presence of residues in nectar and
pollen should be rather limited (Kumar 2012). These findings should
be considered for a sustainable use of these oils in the field.
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In addition, results of our study demonstrated, for the first
time, food deterrence on M. mondury workers caused by EO-based
insecticides (garlic and sweet orange). Another botanical
bioinsecticide, the insect growth regulator azadiractin, is known to
cause anti-feeding effects on stingless bees (Bernardes et al. 2017).
The reduction in food consumption observed after ingestion of the
two EOs can be explained primarily by the toxic effects of these
bioinsecticides observed during the survival bioassays. One possible
explanation is that some volatile compounds of EOs can cause food
deterrence in insects. This is the case of allyl disulfide, a volatile
compound naturally present in garlic (Chiam et al. 1999), or the
limonoids present in citrus (Ruberto et al. 2002) that cause anti-
feeding effects on insects. Other reasons could be related to
physiological stress after intoxication (Tong, Nieh, and Tosi 2019),
or alterations of the digestive system. The anti-feeding effect caused
by insecticides can result in reduced foraging behaviour with
consequences at individual and colony level.

Furthermore, topical exposure to the insecticides caused
alterations of the locomotor behaviour of M. mondury workers. In
particular, dimethoate used here as a positive control increased the
distance travelled by the bees. This organophosphate insecticide
inhibits the enzyme acetylcholinesterase (AChE) in bees (Christen et
al. 2019; Palmer et al. 2013), causing overstimulation of neurons and
translating into hyperactivity. As observed in survival bioassays,
most of the bees that show this hyperactivity died within the next few
days. The alterations caused by the EOs-based insecticides were
different, with increase of the meandering behaviour and resting time
caused by sweet orange EO (at 2 mg a.i. x ml). Previous studies
have shown alterations in the locomotor behaviour of stingless bees
caused by EOs after contact exposure (da Silva et al. 2020). Based on
its mechanism of action, the sweet orange EO penetrates through
insect spiracles causing death by suffocation. The physiological
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stress caused by this mechanism of action could explain the
alterations of locomotor behaviour observed after the topical
exposure with this bioinsecticide. Moreover, an increase of the
resting time was also observed after exposure with Tween 80.
However, no behavioural changes were recorded with the two
nanoformulations of EOs tested, although Tween 80 is present as
surfactant in both the bioinsecticides. Behavioural effects caused by
insecticides may be a further concern for bees, as they may lead to a
reduction in foraging activity, reproduction, social interactions, and
colony development (Bernardes, Botina, da Silva, et al. 2022;
Thompson 2003).

4.5 Conclusions

Our study shows the lethal and sublethal effects caused by
EO-based insecticides on the stingless bee M. mondury through
different routes of exposure. The botanical bioinsecticides did not
affect bee survival after topical and residual contact exposure.
However, the survival was reduced after the oral exposure with
garlic and sweet orange EOs. At the same time, EOs of garlic and
sweet orange caused anti-feeding effects, while sweet orange EO, the
surfactant Tween 80, and dimethoate caused alterations of the
locomotor behaviour. The results highlight the importance of testing
different routes of exposure in laboratory bee toxicity assessment.
The nanoformulation of anise EO resulted selective for M. mondury
and potentially usable in the context of integrated pest and pollinator
management. Moreover, the information here obtained can be
important for the proper use of garlic and sweet orange oil. However,
further studies are needed for a comprehensive evaluation of these
bioinsecticides on pollinators.
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This chapter is based on the submitted version of the manuscript:

Catania et al., (2024) Susceptibility of solitary bees to agrochemicals
highlights gaps in bee risk assessment. Environmental Toxicology and
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Abstract

Ground-nesting solitary bees are the most abundant bee species in
the xeric areas of the world, but the effects of agrochemicals on them
have been little studied. Herein, we evaluated the topical toxicity of
an insecticide, a herbicide, and an essential oil on Mediterranean
ground-nesting bees (Andrena impunctata, A. nigroolivacea, A.
stabiana, A. vetula), and on the managed Apis mellifera, Bombus
terrestris, and Osmia bicornis. We tested the lethal effects of
commercial formulations of acetamiprid, glyphosate and a
biopesticide based on sweet orange essential oil, and evaluated the
locomotor behaviours of managed bees exposed to the same
treatments. Although potential differences in pre-experimental
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conditions of wild bees may have influenced susceptibility, smaller
bees, based on the measurements of weight, body length, and inter-
tegular distance, were more susceptible to agrochemicals than the
larger ones. For the majority of the tested species, acetamiprid was
the most toxic compound. Treated bees also showed neuronal
symptoms after acetamiprid exposure and locomotor alterations that
varied among species and agrochemicals. Our results show how the
susceptibility of bees varies between species in relation to their body
size, highlighting the need for additional model species in current
bee risk assessments.

Keywords: neonicotinoid, herbicide, biopesticide, risk assessment,
solitary bee, social bee

5.1 Introduction

Bees (Hymenoptera, Apoidea) are a large and diverse group
of insects, with numerous morphological, biological, ecological and
ethological traits among the seven different families found
worldwide (Danforth, Minckley, and Neff 2019). With about 20,000
described species (Michener 2007), they are the most important
group of pollinators for wild and cultivated plants, with a crucial
environmental and economic importance (Garibaldi et al. 2013;
Porto et al. 2020; Osterman et al. 2021). The benefits of insect
pollination of crops have been estimated as being between USD 195
and 387 billion per year worldwide (Porto et al. 2020), and about
75% of crops benefit from this service (Kremen 2018). Furthermore,
animal pollination is of primary importance for the maintenance of
terrestrial ecosystems, and around 87% of the world's wild flowering
plants benefit from this ecosystem service (Ollerton, Winfree, and
Tarrant 2011). Mediterranean regions have a high richness of bee
species (Orr et al. 2021), mainly made up of solitary bees, which
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account for the majority of the world's bees (Michener 2007,
Danforth, Minckley, and Neff 2019). In particular, the majority of
the bee species in Mediterranean areas are solitary, ground-nesting
species (Nieto et al. 2014). The females of these species dig a tunnel
in the ground leading to the different pedotrophic cells, gathering
supplies to feed their offspring without collaborating with other
individuals (Michener 2007; Danforth, Minckley, and Neff 2019).
Another important portion of solitary bees usually nest in natural
cavities in wood, walls, abandoned nests, or in the shells of snails
(Danforth, Minckley, and Neff 2019).

Several anthropogenic factors threaten, and are causing the
decline of bee populations in different parts of the world (Potts et al.
2010, 2015; Nieto et al. 2014; Goulson et al. 2015; Kopec and Burd
2017; Lima et al. 2022; Toledo-Hernandez et al. 2022), and the
extensive use of agrochemicals is one of the most important among
them (Abati et al. 2021; Bernardes et al. 2022). The toxicity and
danger of neonicotinoid insecticides to bees has been well-known
from various studies conducted from the 1990s to the present (Mayer
and Lunden 1997; Decourtye and Devillers 2010; Blacquiére et al.
2012; Lima et al. 2016; Sgolastra et al. 2020; Paloschi et al. 2023).
Knowledge regarding the lethal and sublethal effects of these
pesticides on bees has led to several restrictions in Europe, starting
with the ban in 2018 of the outdoor use of clothianidin, imidacloprid,
and thiamethoxam (EC 2018a, b, ¢). Acetamiprid was considered a
safe product (EFSA 2016), and it is the only neonicotinoid that can
be applied in the European open fields without restrictions by 2033
(EC 2018d). However, the safety of this pesticide for certain groups
of beneficial insects is still uncertain, as it may cause adverse effects
on the survival, behaviour and reproductive success of bees (El
Hassani et al. 2008; Ferreira et al. 2020; EFSA 2022; Varga-Szilay
and T6th 2022), and further studies need to be carried out.

The World’s best-selling agrochemical is the herbicide
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glyphosate (Benbrook 2016), which is widely used in agriculture to
control several weed species (Richmond 2018). The European
Commission approved the use of glyphosate until December 2033,
and according to the latest assessments by the European Food Safety
Authority (EFSA), glyphosate has no critical areas of concern for
humans, animals (including bees) or the environment (EFSA 2023a).
However, several studies have demonstrated that the use of
glyphosate based-products can cause adverse environmental effects,
from contamination of water and aquatic environments (Matozzo,
Fabrello, and Marin 2020; Pérez, Solange, and Miranda 2011) to
effects on microorganisms (Newman et al. 2016; Gill et al. 2018),
invertebrates (Richmond 2018), and vertebrates, including humans
(Gill et al. 2018; Marcelino, Wachtel, and Ghisi 2019; Richmond
2018). Lethal and sublethal effects of glyphosate on bees have
recently been reviewed by Battisti et al. (2021, 2023), who
highlighted that this herbicide can be toxic for honeybees (Apis
mellifera L.) and stingless bees (Apidae, Meliponini). However, the
effects of glyphosate on other groups of bees, such as solitary bees,
are understudied to date (Raffigna, Marrero, and Torretta 2021;
Strobl et al. 2020).

As a more environmentally friendly alternative to synthetic
pesticides, biopesticides are gaining increasing interest in research
due to their selectivity and short persistence in the environment
(Isman 2020). Biopesticides include different categories of products
of biological origins, from microbial to botanical products (Seiber et
al. 2014). Among the botanical substances, alkaloids, pyrethrins,
limonoids (e.g. azadirachtin) and various essential oils (EOs) are
commonly used in agriculture to protect plants from pests (Copping
and Duke 2007; Acheuk et al. 2022). However, although they are
considered safe for the environment, the literature on the subject
needs expanding, and studies show that these products can cause
lethal and several sublethal effects to beneficial insects as well as to
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other environment components (Campolo et al. 2020; Cappa,
Baracchi, and Cervo 2022; Catania et al. 2023; Giunti et al. 2022).

Despite the great bees diversity in morphology, biology, and
ecology, current European pesticide risk assessment is focused on a
few model species: the honeybees A. mellifera, the bumblebee
Bombus terrestris L. (Apidae), and two species of solitary cavity-
nesting bees, Osmia bicornis (L.), and Osmia cornuta (Latreille)
(Megachilidae) (EFSA 2013). However, the guidelines published by
EFSA (EFSA 2013) have currently not been fully implemented in the
regulatory framework (EFSA 2023b). Due to the difficulty of
breeding and management (Sgolastra et al. 2019), very few studies
have assessed the toxicity of agrochemicals on ground-nesting
solitary species in Europe (Dewaele et al. 2024; Jltte et al. 2023; Uhl
et al. 2016) and worldwide (Helson, Barber, and Kingsbury 1994;
Mayer et al. 2001; Tai et al. 2022). Ground-nesting bee species may
be subjected to different routes of exposure in real-life scenarios by
oral or topical exposure to soil residues (Sgolastra et al. 2019). In
addition, their inclusion in the laboratory toxicity assessment would
allow us to expand toxicological knowledge on other families of
Apoidea such as Colletidae, Andrenidae, Halictidae and Melittidae,
since the model species currently used belong only to the families
Megachilidae and Apidae.

Herein, we assessed if commercial formulations of the
neonicotinoid acetamiprid, the herbicide glyphosate and a botanical
biopesticide based on sweet orange essential oil, commonly used in
European agriculture, increase the mortality and cause neuronal
symptoms on different bee species, from different levels of sociality.
Additionally, we tested the hypothesis that distinct bee species
exhibit varying degrees of susceptibility to agrochemicals,
potentially linked to differences in body size. Finally, we verified if
agrochemical exposure induces behavioural alterations on the
managed bees O. bicornis, A. mellifera and B. terresris. The wild
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bees here analysed include ground-nesting solitary bee species,
belonging to the Andrena Fabricius (Andrenidae) and Eucera
Scopoli (Apidae), which were used, for the first time, in
ecotoxicological studies. In our study, glyphosate was selected for its
widespread use in European agriculture, where it remains a crucial
agrochemical for agricultural pest management. Acetamiprid, a
neonicotinoid insecticide, was included for its role in integrated pest
management programs, representing an intermediate-risk chemical in
its class. Finally, sweet orange essential oil as an example of an
emerging biopesticide, increasingly marketed as an alternative to
synthetic pesticides but still little explored in terms of potential risks
to pollinators. This combination of agrochemicals allowed us to
address both conventional and innovative pest management
strategies, providing insights into their effects on non-target
pollinators.

5.2 Materials and methods

5.2.1 Tested agrochemicals

We tested the toxicity of three commonly used agrochemicals
in European agriculture: the neonicotinoid acetamiprid, the herbicide
glyphosate, and a botanical biopesticide based on sweet orange
essential oil (EO). Acetamiprid (EPIK® SL, SIPCAM ITALIA
S.p.A., 50 g a.i/L) was tested at 0.04474 ul/bee. The herbicide
glyphosate (Taifun® MK CL, ADAMA Deutschland GmbH, 360 g
a.i/L), was tested at 0.01986 pL/bee. Sweet orange (Citrus sinensis
(L.) Osbek) EO biopesticide (PREV-AM® PLUS, ORO AGRI
Europe S.A., 60 g a.i/L) was tested at 0.11363 ulL/bee. The
agrochemicals were tested at field dose (glyphosate used for weed
control in tree or horticultural crops) or above field dose (acetamiprid
and sweet orange EO) for comparison of susceptibility among
species in a worst-case scenario. Field dose means the dosage of the
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agrochemical suggested by the companies on the product label. In
our study we tested agrochemicals individually and not their
mixtures.

5.2.2 Insects and test conditions

The bioassays were carried out at the Department of
Agriculture, Food and Environment (Di3A) of the University of
Catania (Italy) between March and July 2023. The bee species tested
with their main features, are shown in Table 5.1. As ground-nesting
species are difficult to breed in the laboratory, we collected Andrena
and Eucera species in semi-natural areas located at the edge of
organic citrus orchards prior to the laboratory bioassays
(37°26'45.7"N 14°53'51.7"E; 37°25'08.8"N 14°57'45.4"E) (Table
S5.1). The specimens were collected in the morning, when they
began to fly onto the flowers, using an entomological net. We
performed an initial identification in the field, then the insects were
pinned at the end of the bioassays to allow further identification and
validation with dichotomous keys. All of the Andrena and Eucera
species tested are very common and widespread in the agricultural
landscapes of Southern Italy. They are included in the Least Concern
(LC) category by the latest IUCN European Red List of Bees (Nieto
et al. 2014), except for E. algira and E. oraniensis, which are
included in the Data Deficient (DD) category, despite being very
common and widespread in Sicily. Experiments with A. stabiana, A.
nigroolivacea, E. algira and E. oraniensis were carried out in March
2023, and those with A. impunctata, A. vetula, E. grisea in April
2023. Bees were anesthetised in Falcon tubes kept on ice for 2-5
minutes, depending on the species. We placed anesthetised bees in a
Petri dish and administered 1 pL of solutions onto the bees' thorax
using a micropipette. In the case of E. algira females, characterised
by a larger size (mean: 14 mm), we administered 2 pL of solutions
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following the same procedures used in the current protocol for
bumblebees (OECD 2017). The bees were assigned to a treatment
and kept in plastic cages (15x15x6 cm), containing feeders (3 ml
syringes) with a solution of water and honey (50% wi/v). Wells made
up of Eppendorf microtubes caps containing solutions with water and
honey and only water were positioned to facilitate feeding of these
species, especially with the smaller species. In the case of the
females of A. impunctata (average length: 5.5 mm), only the last
method was used. The number of bees per cage ranged from 3 to 5
individuals, but only varied between species, not between treatments
for the same species. These small numbers of individuals reflect the
logistical constraints of field collection, while respecting ethical and
conservation principles. The cages with the bees were placed in
experimental conditions with natural light at 22 + 2 °C and 50-60%
relative humidity. In the case of these solitary ground-nesting species
it was not possible to know and monitor the pre-experimental
condition of the specimens as in the case of managed species. In
particular, for the specimens collected in the field, it was not possible
to know the age, mating status, health conditions and any previous
exposure to agrochemicals. This limitation may introduce variability
in susceptibility responses among wild bees, potentially influenced
by factors such as previous pesticide exposure or age, which are
unknown variables in field-collected specimens. Therefore, wild bee
results could reflect a varied range of responses based on these
factors, and on environmental exposure.

Cocoons of O. bicornis were obtained from a population
nesting in Poland. In March 2023, the cocoons were shipped to the
Di3A in Catania, Italy, and kept in an incubator (0.5°C) for two
months. Female and male cocoons were then inserted in flight cages
(90%x45x45 cm) and incubated with natural light to allow the
emergence and deposition of the meconium (23 + 2°C and 50-60%
relative humidity). New emerged bees were transferred to an
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incubator (4°C) until the beginning of the experiments.
Anaesthetisation of O. bicornis specimens was carried out in the
same manner as for solitary ground-nesting bees, with a topical
treatment of 2 pL. on the thorax of the bees (following the guidelines
of the ICPPR workgroup non-Apis bees, Roessink, Jozef, and
Hanewald 2016), and the housing of 10 individuals per cage in the
same type of cage. The cages were placed in experimental conditions
with natural light at 22 + 2 °C and 50-60% relative humidity, like the
other bee species.

Colonies of B. terrestris were obtained from Koppert
Biological Systems, the Netherlands, and transferred to an
experimental room under dark conditions. As there is great
variability in the size of adult worker bumblebees, they were
randomly collected from the colonies and weighed before the
experiments, excluding very small (approx. <0.13 g) and very large
(>0.36 g) individuals, and also the newly emerged individuals
characterized by greyish hairs (Sgolastra et al. 2017). The
anaesthetised specimens were treated with 2 pL of solution applied
to the thorax (OECD 2017), and then transferred to individual Nicot
cages fed with 3 ml syringes. The individual cages were arranged in
trays and placed in the experimental chamber under dark conditions,
at 22 + 2 °C and 65% relative humidity.

Apis mellifera workers were collected from healthy,
queenright colonies managed at the apiary of the Department of
Agriculture, Food and Environment (Di3A), at the experimental farm
of the University of Catania. Honeybees were collected in the
morning of use from frames without brood to obtain forager bees
(approx. 20 days old), which will be more exposed to direct contact
with agrochemicals under realistic conditions. After anaesthetisation
(conducted in the same manner as for the other bee species),
honeybees were treated with 1 pL of solution applied to the thorax
(OECD 1998), and transferred, 10 per cage, to the 15x15x6 cm
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plastic cages with 3 ml syringes as feeder. As in the case of
bumblebees, honeybee cages were placed in the experimental
chamber under dark conditions, at 26 + 2 °C and 50-60% relative
humidity.

Before the trials, all the bee specimens were weighed (body
weight) and measured (total length and inter-tegular distance).

Table 5.1. Bee species in topical bioassays tested with acetamiprid,
glyphosate and sweet orange EO, reporting their biological traits, mean
body length (mm) and total number of tested bees.

Floral Mean Mean Total
Species Family  Sociality Nesting length  weight
preference number
(mm) (9)

Andrena impunctata ¢ Andrenidae  Solitary =~ Ground = Brassicaceae 56 0.007 60
Andrena nigroolivacea ¢ Andrenidae ~ Solitary = Ground Asteraceae 1n 0.057 60
Andrena stabiana @ Andrenidae ~ Solitary =~ Ground Asteraceae 9.5 0.033 32
Andrena vetula @ Andrenidae ~ Solitary ~ Ground  Brassicaceae 10 0.03 56
Osmia bicornis ¢, J Megachilidae ~ Solitary Cavity Polylectic 12-102  0.08-0.04 120
Eucera algira @ Apidae Solitary ~ Ground Polylectic 14 0.14 24
Eucera grisea ¢ Apidae Solitary ~ Ground Polylectic 95 0.045 56
Eucera oraniensis @, d Apidae Solitary ~ Ground Polylectic 10-105 0.05-0.04 24-60
Bombus terrestris ¢ Apidae Social Ground  High polylectic 14.2 0.18 120
Apis mellifera @ Apidae Social Other  High polylectic 125 0.1 120

5.2.3 Survival hioassays and neuronal symptoms monitoring

For all species tested, survival observation was carried out at
1, 2, 3, 4, 24, 48, 72, and 96 hours after treatment, recording the
number of dead and live bees and recording any abnormal behaviour.
In particular, neuronal symptoms such as paralysis, spasms, tremors
and locomotor difficulties were observed after the treatments. These
symptoms were recorded at the same time intervals as the mortality
observation.
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5.2.4 Behavioural bioassays

The behaviour of the managed species was monitored 4 hours
after the exposure to agrochemicals. These bioassays were performed
with O. bicornis females and males, B. terrestris, and A. mellifera
workers, testing the same agrochemicals and same doses used in
survival bioassays. Groups of five bees were placed in a Petri dish
(14 cm diameter x 1.5 cm high) with three replications per treatment
(total per species N= 60) and recorded for 10 min with a digital video
camera (Logitech StreamCam) at 60 frames per second and in high
definition (720 pixels). The videos were made in a room with
artificial light at 26£2 °C and 50-60% relative humidity. Analyses of
the videos were performed using the Ethoflow® software (Instituto
Nacional de Propriedade Industrial - INPI, Brazil, BR 512020
000737-6; Bernardes et al. 2021) in order to calculate tracked
distance (cm), resting time (s), group interactions (degree), and
meandering (° cm™). Meandering denotes the wandering and curving
movement exhibited by animals, typically reflecting exploratory or
non-linear behaviour (Bernardes et al. 2021).

5.2.5 Statistical analysis

Survival analysis was performed using the Kaplan Meier
method to calculate survival curves, and estimate median survival
times (LTso), when appropriate. The overall difference among the
treatment curves was analysed by the log-rank test, and the paired
treatment comparisons were performed using the Holm method (p <
0.05). Additionally, parametric survival analysis with a Weibull
distribution was performed to obtain the slope values of the survival
curves. A principal component analysis (PCA) was conducted to
reduce dimensionality and identify a latent variable (principal
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component) that captures most of the variability associated with the
body size of bee species (weight, body length, and inter-tegular
distance). Since these body size variables are measured on different
scales, the components were defined using a correlation matrix to
avoid scale effects. Subsequently, an analysis of covariance
(ANCOVA) was conducted with the slope of the mortality curves as
the response variable. This response variable was transformed using
the Box-Cox method to meet the normality assumptions of
ANCOVA. The explanatory variables in ANCOVA consisted of the
computed component 1 (PC1) scores from the PCA, given its
substantial contribution to data variance (94.13%). Additionally, the
ANCOVA incorporated information regarding the agrochemical
treatments and the interaction between explanatory variables (PC1
score and agrochemical treatments). As no mortality was observed in
the control survival curves with B. terrestris, it was not possible to
determine a confident survival curve slope value. Consequently, this
data was removed from the analysis. The behavioural data (tracked
distance, meandering, resting time, and degree of interactions)
obtained by the analysis performed with the Ethoflow® software
were analysed using one-way ANOVA with Tukey’s post hoc test (p
< 0.05). The survival analyses, PCA, and ANCOVA were conducted
using the R software (version 4.4.0) (R Core Team 2024), while the
ANOVA was performed using IBM SPSS Statistics (version 27).

5.3 Results

5.3.1 Survival bioassays

The Andrena species studied were the most susceptible to all
the agrochemicals tested (Table 5.2). In particular A. nigroolivacea
was the most susceptible species to acetamiprid (LTso: 5.27 hours)
and sweet orange EO (LTso: 35.27 hours), while A. impunctata was
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the most susceptible to glyphosate (LTso: 61.07 hours, Table 5.2).
Tests with the Eucera species tested were considered invalid
considering high mortality in controls at the end of the bioassays.
Given the presence of several censored data items (bees surviving 96
h), median lethal times (LTso) could not be estimated for some
species (e.g. Andrena vetula).

Table 5.2 Mean lethal time (LTso), standard error, and slope values of
survival curves of different tested bee species estimated through Kaplan
Meier (LTso and errors) and parametric (Slope) analysis of survival.

. Acetamiprid Glyphosate Sweet orange EO Control

Species LT50 (h) | Error (h) Slope LT50 (h) | Error (h) | Slope LT50 (h) | Error (h) Slope LT50 (h) | Error (h) | Slope
A. impunctata § 9 3.68 7.47 61.07 9.44 110.38 39.47 9.68 47.84 86.4 5.97 264.8
A. nigroolivacea ? 5.27 1.98 5.92 83.2 5.48 211.66 35.27 3.92 35.98 88 5.39 484.92
A. stabiana @ 10 4.1 10.19 84 7.35 32211 39 9.43 44.66 90 5.61 675.12
A.vetula @ - - 5.31 - - 972.62 - - 38.09 - - 1.00E+13
0. bicornis ¢ - - 179.46 - - 4.00E+11 - - 352.83 - - 1702.7
0. bicornis 57.83 6.49 98.2 84.13 5.06 394.05 84.83 4.74 304.2 94.4 157 35174
B. terrestris § - - 39838 - - 9996.5 - - 7.00E+15 - - 7.00E+15
A. mellifera 9 86.53 4.53 407.07 84.87 4.98 305.51 50.8 7.28 77.55 94.4 157 5187.4

Survival analysis indicated significant differences between
the tested agrochemicals on Andrena species (Fig. 5.1) with
acetamiprid being the most toxic, followed by sweet orange EO and
glyphosate. In the case of A. impunctata, the survival analysis (log-
rank test: 2 = 45.174, d.f. = 3, p<0.001, Fig. 5.1) showed 100%
mortality caused by acetamiprid within 48 hours, and a significant
reduction in survival caused by sweet orange EO. The survival
curves of A. nigroolivacea (log-rank test: y2 = 78.562, d.f. = 3,
p<0.001) and A. stabiana (log-rank test: ¥2 = 33.011, d.f. = 3,
p<0.001, Fig. 5.1) showed 100% mortality with acetamiprid after 24
hours, and in the case of A. nigroolivacea sweet orange EO caused
100% mortality after 48 hours. Also in this case, the lethal effects
caused by glyphosate were lower in comparison with the other
agrochemicals for both species. Acetamiprid caused 100% mortality
within 48 hours with A. vetula (log-rank test: 2 = 70.183, d.f. = 3,
p<0.001), and sweet orange EO caused 85.7% mortality by the end
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of the bioassays, while glyphosate did not significantly reduce the
survival of this species (Fig. 5.1).

Females and males of O. bicornis had a similar survival
response to the treatments (respectively, log-rank test: 2 = 21.711,
d.f. = 3, p<0.001; log-rank test: 2 = 28.092, d.f. = 3, p<0.001, Fig.
5.1). For both sexes, acetamiprid was the most toxic agrochemical,
while glyphosate caused a significant reduction in survival only for
males. At the same time, sweet orange EO caused a significant
reduction in survival for males of this species (Fig. 5.1).

The survival of B. terrestris was not altered by any
agrochemical tested (log-rank test: 42 = 3.701, d.f. = 3, p=0.296, Fig.
5.1). In general, bumblebees were the species least susceptible to
these treatments with a high survival rate with glyphosate (96.7%),
acetamiprid (93.3%) and sweet orange EO (100%) after 96 hours.

Survival curves of A. mellifera workers showed significant
differences among the treatments (log-rank test: 2 = 35.150, d.f. =
3, p<0.001, Fig. 5.1). The sweet orange EO significantly decreased
survival, while the reductions in survival caused by acetamiprid and
glyphosate were not statistically different from the control group
based on the Holm method.
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Figure 5.1 Kaplan Meier survival curves of (A) Andrena impunctata
(N=60), (B) Andrena nigroolivacea (N=60), (C) Andrena stabiana (N=32),
(D) Andrena vetula (N=56), Osmia bicornis (E) females (N=120), and (F)
males (N=120), (G) Bombus terrestris (N=120) and (H) Apis mellifera
(N=120) after topical treatment with acetamiprid, glyphosate, and sweet
orange EO. Same letters at the end of the curves indicate no significance
according to the Holm method (p<0.05). In the case of Bombus terrestris,
the survival curve of glyphosate overlaps those of acetamiprid and sweet
orange EO.

The variables associated with body size (weight, body
length, and inter-tegular distance) exhibited a high correlation,
justifying the utilization of principal component analysis (PCA) for
dimensionality reduction (see Fig. S5.1). Principal component 1
(PC1) explained the majority (94.31%) of the data variance and
showed clear clustering among the species along this component.
Additionally, all variable loadings on PC1 were positive (Fig. 5.2;
see Table S5.2), indicating that PC1 effectively captures all aspects
related to body size within a single dimension. The subsequent
analysis of covariance (ANCOVA) highlighted a significant increase
in the survival rate (i.e., slope values from survival curves; Table
5.2) with increasing body size (F 1 20 = 9.93, p = 0.005) and
differences among agrochemical treatments (F 3 20 = 13.26, p <
0.0001) (Fig. 5.3). There was no statistically significant interaction
between body size and agrochemical treatments (F 3 20 = 0.26, p =
0.26). The contrasts showed non-significant differences between
control and glyphosate and between sweet orange EO and
acetamiprid, but there was a significant difference between these two
groups.
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Figure 5.2 Principal Component Analysis (PCA) of body size data (weight,
body length, and inter-tegular distance) from different bee species. The dots
represent the scores of the samples (n = 28), and the larger points indicate
the centroid of each group. The arrows indicate the loadings of the PCA,
with their directions and size showing the relative contributions of each
variable to the components. The components were defined using a
correlation matrix, given that the body size variables are measured on
different scales.
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Figure 5.3 Survival rate in relation to bee size (PCl scores) and
agrochemical treatments. The data points represent observed data (n = 28),
and the lines represent the predictions of the linear model. Lines with the
same style of dashed lines are statistically similar.

5.3.2 Neuronal symptoms caused by acetamiprid

During the survival bioassays, acetamiprid caused different
neuronal symptoms in the majority of the species studied, mainly for
the Andrena species, such as paralysis, spasms, tremors and
locomotor reduction (Fig. 5.4). For Andrena, these symptoms started
one hour after exposure and resulted in the mortality of all bees
within 24 or 48 hours (Fig. 5.4). The onset of neurotoxic symptoms
following exposure with acetamiprid occurred in the first few hours
with both sexes of O. bicornis (Fig. 5.4). In the case of males, 29%
of specimens with symptoms 4 hours after exposure recovered their
normal behaviour within 24 hours. With E. grisea, the onset of
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neurotoxic symptoms occurred one hour after exposure to
acetamiprid and led to the death of the affected specimens within 24
hours (Fig. 5.4). No neurotoxic symptoms caused by acetamiprid
were observed in the bumblebees (Fig. 5.4). Only 3% of A. mellifera
specimens showed neurotoxic symptoms after exposure to
acetamiprid (Fig. 5.4).

Andrena impunctata Andrena mgrool:vacea Andrena stabiana
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60% I
40% |
20% | H
0% - ‘

Andrena vetula Osmia bicornis female Osmia bicornis male
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oLive specimens without symptoms @ With symptoms mDead

Figure 5.4 Neuronal symptoms in different bee species topically exposed to
acetamiprid. Bees were observed in the indicated intervals after the
exposure in the survival bioassays. The occurrence of symptoms was
considered when bees showed partial paralysis, spasms, tremors or
locomotor reduction. Bees were considered dead when they were unable to
move and did not respond to the stimulus with tweezers.

5.3.3 Behavioural bioassays

The tracked distance (cm) of O. bicornis females was
significantly reduced after the topical treatments with acetamiprid (F
3,59 = 6.808, p < 0.001, Fig. 5.5A). No significant differences were
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found in the tracked distance of O. bicornis males (F 3 5o = 1.804, p=
0.157, Fig. 5.5B), and B. terrestris (F 3 so = 0.237, p=0.870, Fig.
5.6B). Glyphosate, however, increased the tracked distance of A.
mellifera workers (F 3 s = 15.921, p<0.001, Fig. 5.6A).
Agrochemical exposure also altered the meandering behaviour in
both sexes of O. bicornis (females: F 3 50 = 7.168, p<0.001; males: F
3,59 = 2.851, p=0.045, Fig. 5.5C,D), and A. mellifera (F 3 s = 9.174,
p<0.001, Fig. 5.6C), with higher values observed with acetamiprid
for O. bicornis, and sweet orange EO for A. mellifera. No significant
differences were found in the meandering behaviour of bumblebees
(F 3,50=0.849, p=0.473, Fig. 5.6D). The treatments did not affect the
resting time of O. bicornis females (F 3 so = 0.908, p=0.443, Fig.
5.5E), but affected that of O. bicornis males (F 3,50 = 4.278, p=0.009,
Fig. 5.5F), A. mellifera (F 3 s = 22.717, p<0.001, Fig. 5.6E), and B.
terrestris (F 3,59 = 7.308, p<0.001, Fig. 5.6F). In general, the resting
times of O. bicornis males were higher. The group interactions were
affected in both sexes of O. bicornis (females: F 3 s = 8.182,
p<0.001; males: F 3 so = 9.476, p<0.001, Fig. 5.5G,H) and in
bumblebees (F 3 s9 = 13.858, p<0.001, Fig. 5.6H) by all the
treatments. However, no significant differences were found in the
interactions of honeybees (F 3 50 = 1.535, p=0.215, Fig. 5.6G).
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Figure 5.5 Effects of the topical exposure of acetamiprid, glyphosate, and
sweet orange EO on the behaviour of females and males of Osmia bicornis.
(A-B) Tracked distance (cm), (C-D) meandering (°cm™), (E-F) resting time
(s), and (G-H) degree of interactions means (tstandard error) of the 15 bees
per treatment (total bees= 60) in the bioassays. The same letter indicates
that means were not significantly different according to the Tukey’s test
(p<0.05).
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Figure 5.6 Effects of the topical exposure of acetamiprid, glyphosate, and
sweet orange EO on the behaviour of Apis mellifera and Bombus terrestris
workers. (A-B) Tracked distance (cm), (C-D) meandering (°cm™), (E-F)
resting time (s), and (G-H) degree of interactions means (tstandard error) of
the 15 bees per treatment (total bees= 60) in the bioassays. The same letter
indicates that means were not significantly different according to the
Tukey’s test (p<0.05).

188



5. Susceptibility of ground-nesting solitary bees to agrochemicals

5.4 Discussion

In this study, we provide for the first time evidence of adverse
effects caused by different agrochemicals on a large group of solitary
ground-nesting bees, specifically reporting valid results for Andrena
impunctata, A. nigroolivacea, A. stabiana, A. vetula. Furthermore,
our study shows how the agrochemical susceptibility varies in
relation to the body size of the tested bees considering three
morphological parameters. Body weight is the most widely used
parameter in toxicological studies to predict interspecific
susceptibility (Ribas et al. 2024; Uhl et al. 2016). In addition to body
weight, in our study we also included total body length and inter-
tegular distance as parameters to obtain more information on the
surface area of the bees, which could influence the topical exposure
and absorption rate of pesticides. The combination of these
parameters allows us to capture different aspects of body size that
influence the agrochemical susceptibility, confirming the hypothesis
that smaller bees are more susceptible to agrochemicals than the
bigger species. This trend had already been demonstrated in other
studies, but the comparisons were made between experiments with
non-standardize methods (Arena and Sgolastra 2014; Bernardes et al.
2022), lacked formal analyses to test this hypothesis (Jutte et al.
2023) or involved bees from the same phylogenetic group and just a
single product (Ribas et al. 2024). In our results, the relationship
between bee survival and body size is consistent, despite differences
in survival between treatments. It is important to note that the
volume of pesticide applied in our topical exposure experiments
varied between species, following OECD guidelines (1 pL for
smaller species and 2 pL for larger species) (OECD 1998, 2017).
This dose variation introduces some inherent variability in the
observed size-susceptibility relationship. Nevertheless, a uniformity
in the slope of the relationship between bees” size and survival was
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observed, regardless of the type of agrochemical. Therefore, here we
demonstrate that in a real field scenario, smaller bees will probably
be more susceptible to agrochemical treatments than the larger ones,
even when taking in consideration types of agrochemicals such as
herbicides, which are supposedly safer for non-target insects.

A possible explanation for this difference is because larger
bees have a larger body surface area than smaller ones, and therefore
might be less affected by the same concentration of spray treatment.
However, it is well-known that susceptibility to agrochemicals
depends not only on the body size differences, and can include other
biological and ecological traits (Arena and Sgolastra 2014; Schmolke
et al. 2021). Among the species here tested, solitary bees were also
more susceptible than the social ones, and additional variables such
as the ability to detoxify xenobiotics have not been widely studied,
but could be useful to further explain the difference in agrochemical
susceptibility between species. In particular, honeybees and
bumblebees can produce cytochrome P450 enzymes to detoxify
certain synthetic insecticides, including some neonicotinoids (Bass et
al. 2024; Manjon et al. 2018). Recent studies show a lack of P450
enzymes in some solitary bee species (Beadle et al. 2019; Hayward
et al. 2019) that may result in a different susceptibility to certain
classes of insecticides. Despite it is not clear from our data if the
level of sociality can be one variable that interfere in agrochemical
susceptibility or if it is just an indirect factor associated to bees” size,
it has important conservation implications. Differently from social
species, solitary bees cannot be replaced by nest-mates after death,
and their higher susceptibility to agrochemicals can put the whole
populations under risk of local extinctions (Schmolke et al. 2021).
Therefore, further studies are needed to fully understand whether
there is a common response of bees in terms of body size, or other
traits, in relation to stresses such as agrochemicals. In the field, bees
are exposed to pesticides in various ways, from direct exposure with
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drift droplets during foliar spraying treatments, to exposure to
residues in various matrices, including pollen, nectar, water, and soil
(Sanchez-Bayo and Goka 2014). For a ground-nesting species,
topical exposure to agrochemicals may occur not only after direct
exposure with the spray treatment, but also with residues found in the
soil, as agricultural soils may contain residues of individual
agrochemicals or, more commonly, mixtures (Silva et al. 2019). Our
study only assessed the toxicity of agrochemicals following topical
exposure. It may be important for future studies on ground-nesting
species to increase knowledge on other modes of exposure such as
oral, or residual contact.

Our results also show how susceptibility to a neonicotinoid, an
herbicide, and a botanical biopesticide varies between bee species. In
general, all the tested Andrena species were more susceptible to
acetamiprid and to sweet orange EO than the other species here
tested. In addition, A. impunctata and A. nigroolivacea were the bee
species most susceptible to the glyphosate. Other Andrena species
have been included in previous laboratory ecotoxicological studies
(Dewaele et al. 2024; Helson et al. 1994; Jitte et al. 2023; Uhl et al.
2016). However, information on the susceptibility of ground-nesting
bee species to agrochemicals is still very limited, mainly to
oligolectic species.

The neonicotinoid acetamiprid is a neurotoxic systemic
insecticide that acts by contact or ingestion and is used on a wide
range of crops. Our results show an increased mortality with
acetamiprid in all solitary bee species characterised by a smaller
body size, also causing several neuronal symptoms in the majority of
the species studied. Even for males of O. bicornis, which recover
after the onset of neurotoxic symptoms, these effects can enhance the
risk of mortality under field conditions, due to a facilitation of
predation or death caused by other stressors (Jutte et al. 2023).
Acetamiprid, like other neonicotinoids, binds to nicotinic
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acetylcholine receptors (nAChRs), acting as an agonist and causing
excessive nerve stimulation in insect neurons, resulting in paralysis
and death (Manjon et al. 2018). Our results are in line with studies in
the literature on Bombus spp. and A. mellifera. In fact, previous
studies with acetamiprid have indicated this agrochemical as non-
toxic in contact exposure bioassays for B. terrestris audax (Harris)
(Reid et al. 2020), and B. impatiens Cresson (Chandler et al. 2020).
Moreover, acetamiprid was found to be much less toxic in topical
application to honeybees than other neonicotinoids such as
clothianidin, imidacloprid and thiamethoxam (lwasa et al. 2004), or
other commonly sprayed agrochemicals (Biddinger et al. 2013). The
topical toxicity of acetamiprid was lower than that of other
agrochemicals even for Osmia cornifrons (Radoszkowski)
(Biddinger et al. 2013), and for O. bicornis (Mokkapati et al. 2021).
However, topical treatments of acetamiprid at sublethal doses
affected the behaviour of honeybees in laboratory conditions,
increasing locomotor activity and water-induced proboscis extension
reflex (El Hassani et al. 2008). In our study, we applied a higher dose
than recommended for field application to represent the worst case
scenario. This scenario provides an idea of the potential
susceptibility of bees to extreme conditions that, although not
permitted by law, can sometimes occur in some agricultural areas
(EFSA 2020; Lykogianni et al. 2021). In addition, we observed
significant alterations in locomotor activities and social interactions
across different species, such as reduction in the tracked distance,
increase in the meandering behaviour and resting time, and reduction
of the interactions between individuals. These findings enhance the
understanding of the mechanism by which neonicotinoids affect bee
behaviour, leading to potential disruptions in foraging activity,
foraging site search, and reproductive success, as well as having an
additional detrimental effect on social bees by impairing social
interactions (Boff et al. 2018; Crall et al. 2018).
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Regarding glyphosate, our results show a difference in
susceptibility among the investigated species. Here, we demonstrated
that glyphosate decreased the survival of smaller bee species, but not
of larger ones. This herbicide acts by disrupting the shikimate
pathway, which is absent in animals (Dill et al. 2010), and therefore
we would not expect a lethal effect on bees after topical exposure.
Most of the previous studies on the lethal and sublethal effects of
glyphosate on bees involve mainly A. mellifera and some species of
stingless bees (Battisti et al. 2021, 2023), and EFSA's latest
regulatory risk assessment for bees assessed a low risk to honeybees
for all representative uses (EFSA 2023a). In accordance with our
findings, other studies have confirmed the lethal toxicity of this
herbicide on some bees, depending on several factors, such as body
size, age, route and time of exposure, and the composition of the
formulation (Battisti et al. 2021). Furthermore, our results showed
that glyphosate altered the behaviour of both solitary and social
species, particularly by reducing interactions between conspecifics.
Glyphosate has also been shown to cause modifications on the
behaviour of stingless bees after larval ingestion, with reduction in
the tracked distance and increase in meandering behaviour (Botina et
al. 2023), or no alterations of the behaviour (Seide et al. 2018).
Exposure to glyphosate can affect the memory and learning of bees
(Battisti et al. 2023) and decrease acetylcholinesterase (AChE)
enzyme activity (Boily et al. 2013). These are adverse effects that
could explain behavioural changes caused by glyphosate. Alterations
on the locomotion of bees can have implications for individual
survival, pollination and, in the case of social species, colony
impairment.

There are very few studies regarding the effects of botanical
biopesticides on bumblebees and solitary bees (Catania et al. 2023).
At the same time, essential oil (EO) studies conducted on honeybees
have shown different results in relation to the different EOs tested
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(Santos et al. 2018; Umpiérrez et al. 2017; Xavier et al. 2015). The
results of our study show an overall high mortality with sweet orange
EO, although we used a dose above the field dose. Due to their
reduced body size, Andrena species, males of O. bicornis, and A.
mellifera were the most susceptible, with significant reduction in
survival. In general, botanical biopesticides are characterised by high
volatility and easy environmental degradation. Therefore, our results
are in accordance with a ‘worst-case scenario’ if the agrochemical is
used inappropriately. Negative effects on locomotor behaviour had
already been observed with certain essential oils on A. mellifera
(Santos et al. 2018; Xavier et al. 2015). The alterations in survival
and behaviour demonstrated here for some species after topical
exposure to this biopesticide were probably due to the mode of
action of EO-based products, which penetrate through the insects'
spiracles, suffocating them. This effect could also induce
physiological stress on bees, thus altering the behaviour and
intraspecific interactions here demonstrated.

In this study we tested commercial formulations of
agrochemical and not the active ingredients. According to several
authors, the toxic effects caused by commercial formulations of
glyphosate towards bees, or other non-target organisms, could be
attributed to the action of surfactants and not the active ingredient
itself (Mullin 2015; Straw, Carpentier, and Brown 2021). But this
aspect would need to be thoroughly investigated in future studies.
This aspect also applies for the formulations of acetamiprid and
sweet orange EO, as previous studies show that formulations may
have greater toxicity on bees than active substances alone, due to the
presence of inert or inactive substances (Mullin 2015; Mullin et al.
2015). The presence of surfactants can cause increased mortality that
may disproportionately affect smaller species due to their smaller
body size and limited physiological capacity to process these
substances.
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Our results obtained with the three Eucera species indicate
that these bees are not suitable for ecotoxicological bioassays, due to
the high mortality of the control. This mortality probably was due to
the lack of capacity of these species to survive in laboratory
conditions. Therefore, Eucera species should be avoided as future
model species for ground-nesting bees in laboratory ecotoxicological
studies. As a broadly species-rich genus (about 1,650), rich in
morphological and ecological diversity, widely distributed, and with
different oligolectic taxa (Wood 2023), the species of Andrena could
be excellent models to represent the ground-nesting bees in risk
assessment. Based on their abundance and their widespread
geographical range (Gusenleitner and Schwarz 2002), species such
as Andrena flavipes, A. nigroaenea (Kirby), A. ovatula (Kirby), and
A. pilipes Fabricius, might be further good candidates for this
purpose, and our methods for Andrena can be useful in future
bioassays performed with other species. However, it is crucial to
recognise the current limitations in breeding and maintaining
Andrena species under laboratory conditions, which may hinder their
practical use in large-scale risk assessments. Collecting individuals
directly from agricultural environments for such studies could have
undesirable consequences on the conservation of populations. For
this reason, it would be deemed necessary to expand knowledge on
the basic biology of these species in order to develop methods for
laboratory breeding of certain species.

Considering the great diversity of bees, studies such as ours,
which compare the toxicity of agrochemicals among honeybees,
bumblebees, and solitary bees, are essential to understand the
differences in species susceptibility and establish the factors used to
extrapolate toxicity from honeybees to other species (Arena and
Sgolastra 2014; Sgolastra et al. 2019). To date, susceptibility data of
agrochemicals are scarce and limited for some groups of bees. The
use of solitary ground-nesting bees, collected in the field, has a
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limitation in the possibility to know and control all pre-experimental
conditions, including any previous exposure to pesticides. This fact
does not invalidate our findings, as repeated exposure to different
compounds is a realistic scenario that can be faced by solitary bees,
which are not protected by a nest after emergence. However, the
diversity in pre-experimental conditions among wild specimens
could therefore introduce variability in susceptibility response.
Furthermore, although the use of LTso instead of LDso may limit
direct comparability with other ecotoxicological studies, it was a
necessary approach given the constraints on the availability of bee
specimens collected in the field. The survival analysis allowed us to
provide meaningful indications of species-specific susceptibility,
despite these limitations. Future research should aim to improve and
implement these results by developing laboratory breeding methods
and increasing the number of specimens available for testing, which
would allow for dose-response studies and the calculation of LDsg
values. We believe that is crucial to develop protocols and
methodologies for the breeding of ground-nesting solitary bees, in
order to improve the laboratory risk assessment, and contribute to the
bee conservation in the natural and cultivated environments.

5.5 Conclusions

Our results show the lethal and sublethal effects of very
common agrochemicals on different solitary and social bee species
and how susceptibility to these agrochemicals varies among the
species tested in relation to their body size. Acetamiprid, glyphosate,
and sweet orange EO affected the survival and behaviour of several
of these species. Our results support the hypothesis that smaller bees
are more susceptible to agrochemicals than larger ones, and that the
current model species used in agrochemical risk assessment for
European bees (A. mellifera, B. terrestris, Osmia spp.) are not
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enough for the protection of smaller species. Therefore, these results
highlight the need for additional model species in current bee risk
assessments, and Andrena could be a good model to represent
ground-nesting bees in agrochemical risk assessments.
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SUPPLEMENTARY MATERIALS
Supplementary tables.

Table S5.1. Seminatural sampling sites where ground nesting species were
collected, with coordinates, main botanical presence, sampling month, and
species collected.

Main .
Sites  Coordinates botanical Sampling CO”?Cted
month species
presence
A.
37°26'45.7"N nigroolivacea
A 1aes3517TE Asteraceae - March A. stabiana
E. oraniensis
A. impunctata
37°25'08.8"N . . A. vetula
B 14°57'45 4"E Brassicaceae  April E. algira
E. grisea

Table S5.2 Summary of the principal component analysis of the variables
associated with body size.

Variables PC1 loadings
Weight 0.5763
Intertegular 0.5779
Length 0.5778
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Supplementary figures.
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Figure S5.1 Correlation among variables related to the body size of bees.
Videos

Movie S5.1. Representative video analyzed by the Ethoflow software of
Osmia bicornis females exposed to distilled water (control).
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Movie S5.2. Representative video analyzed by the Ethoflow software of
Osmia bicornis males exposed to distilled water (control).
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Abstract

Bumble bees (Bombus spp., Hymenoptera, Apidae) play a crucial
role in pollinating greenhouse tomato crops. However, tomato
production is constantly threatened by different invasive pests that
often lead to the increased use of pesticides, with negative
consequences for pollinators. The cotton mealybug Phenacoccus
solenopsis has recently been reported in Mediterranean tomatoes and
its chemical control raises concerns also regarding bumble bees. In
the laboratory, we evaluated the acute toxicity and sublethal effects
in B. terrestris workers exposed to the diet contaminated with four
insecticides  (acetamiprid,  pyriproxyfen,  sulfoxaflor, and
thiamethoxam), potentially used to control P. solenopsis. Sulfoxaflor
and thiamethoxam significantly reduced the survival of B. terrestris,
while acetamiprid and pyriproxyfen altered its feeding behaviour,
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and the bumble bees were unable to detect the contaminated solution.
Moreover, neurotoxic symptoms were observed in bumble bees
exposed to acetamiprid and alterations of the midgut were detected in
bumble bees exposed to both acetamiprid and pyriproxyfen. These
results show that insecticides with low levels of toxicity to bumble
bees (e.g. acetamiprid and pyriproxyfen), can cause sublethal effects
on them, increasing concern about the use of these substances. Our
findings provide valuable insights as regards optimizing bumble bee
pollination services with chemical pest control within the context of
Integrated Pest and Pollinator Management.

Keywords: pollinators, bumble bees, IPPM, insecticide exposure,
ecotoxicology, midgut histology

6.1 Introduction

Integrated pest and pollinator management (IPPM) is a key
approach in modern agriculture to control pests and preserve
pollinator diversity and abundance, increasing environmental and
economic benefits (Biddinger and Rajotte 2015; Lundin et al. 2021).
The IPPM approach must address the challenge regarding the use of
pesticides that are potentially toxic to non-target organisms, while
ensuring control of target organisms. However, biotic factors such as
the introduction of new invasive species can cause a substantial
increase in the use of pesticides in agriculture (Heimpel et al. 2013;
Jones 2020), making the use of practices that favour beneficial
insects more complex. Globalization and climate change have
increasingly facilitated the spread of invasive species in recent
decades (Catania 2023; Crowl et al. 2008; Gugliuzzo et al. 2021;
Zeng et al. 2020). The introduction of invasive species, such as
phytophagous insects, in addition to causing an increase in the use of
synthetic products in the field or in the greenhouses (Gugliuzzo et al.
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2021; Heimpel et al. 2013), can adversely affect the environment and
cause economic losses (Bella et al. 2022; Charles and Duke 2007).

Phenacoccus solenopsis Tinsley (Hemiptera:
Pseudococcidae) is an extremely polyphagous invasive pest native to
North America that has spread widely to Asia and the Mediterranean
basin in recent decades (Fand and Suroshe 2015; Ricupero et al.
2021; Spodek et al. 2018). This mealybug can cause direct damage to
stems and leaves by sucking sap and indirect damage by producing
honeydew and waxy material where sooty mould can develop (EFSA
2021). Several biocontrol agents have been observed feeding on this
pest, among them, Hymenoptera Encyrtidae are the dominant group
of parasitoids, and Coleoptera Coccinellidae the dominant group of
predators (Tong et al. 2019a). However, chemical control may be the
most effective tool against P. solenopsis, and a wide range of
synthetic pesticides is extensively applied for its control (Dhawan et
al. 2009). Recently, this pest has been found in greenhouse tomato
(Solanum lycopersicum L., Solanaceae) crops and in ornamental
plants in urban environments in Southern Italy (Sicily) (Ricupero et
al. 2021). The identification of new tomato pests and diseases and
their management is critical for Mediterranean countries (Panno et al.
2021; Tropea Garzia et al. 2012), as their tomato production feeds
the supply chain throughout Europe (FAOSTAT 2024). For these
reasons, studies are underway to evaluate the most effective control
methods for P. solenopsis in greenhouses, including chemical
control.

Pollination is essential for the production of a high quality
tomato (Cooley and Vallejo-Marin 2021; Picken 1984). While
tomato crops in the open field can be pollinated by a variety of
insects and by wind, managed insects, generally bumble bees
(Bombus spp., Hymenoptera, Apidae), are required in greenhouse
crops to improve tomato pollination (Osterman et al. 2021; Toni et
al. 2020). These pollinators can increase yields and improve
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production quality, and within the European context, the number of
commercialized colonies of Bombus terrestris L. has increased in
recent decades (Osterman et al. 2021). Buzz pollination provided by
bumble bees is critically important for tomato flowers to release
pollen grains, thereby increasing fruit yield and fruit quality (Cooley
and Vallejo-Marin 2021). However, as for other bees, the use of
pesticides is a threat and a cause of decline for bumble bee
populations worldwide (Catania et al. 2023; Goulson 2010; Lima et
al. 2022; Potts et al. 2010). In greenhouses, bumble bee hives are
closed or temporarily removed during treatments, so they may be
exposed to chemicals during foraging activity by contact with
sprayed plants and/or by ingesting contaminated resources (Calvo-
Agudo et al. 2022; Gradish et al. 2010).

In a previous work, we assessed the baseline toxicity of
different chemicals authorized in tomato cultivation to P. solenopsis
(Ricupero et al. 2024), and we selected the four most effective ones.
In this work, the lethal and sublethal effects of acetamiprid,
pyriproxyfen, sulfoxaflor, and thiamethoxam, were evaluated on B.
terrestris, an important pollinator of the tomato in greenhouses. First,
survival bioassays were conducted to assess the acute toxicity of
these insecticides after ingestion. Then, the products that did not
reduce survival significantly were evaluated through anti-feeding
evaluations, choice tests, and histological analysis of the midgut.
Therefore, our objectives were: 1) to identify, among effective
compounds against P. solenopsis, the most selective insecticides for
bumble bees; 2) to investigate lethal and sublethal effects of these
products on bumble bees from a behavioural and physiological point
of view.

6.2 Materials and methods

6.2.1 Bumblebees and testing conditions
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Bombus terrestris colonies were purchased from Koppert
Biological Systems (the Netherlands) and transferred to an
experimental room with red light conditions at 22 + 2 °C and 65%
RH. As bumble bees are unable to see red colours, we performed the
experiments in a dark room illuminated with a red light, to reduce
bumble bees stress, and to avoid biases caused by observer effects.
Bumble bees were kept under these conditions for at least three days
before the beginning of the bioassays. The bioassays were carried out
from November 2022 to June 2023 at the Department of Agriculture,
Food and Environment of the University of Catania (Italy). The
histological analyses were performed from September to December
2023 at the Department of General Biology of the Universidade
Federal de Vicosa (UFV), Vicosa, MG, Brazil. Prior to the
experiments, adult worker bumble bees were collected from the
colonies and weighed, excluding very small (approx. <0.13 g) and
very large (>0.36 g) individuals, because there is great variability in
their size (Sgolastra et al. 2017). Newly emerged bumble bees,
characterised by greyish fur, were also excluded from the tests
(OECD 2017a). To enable the bumble bees to be weighed and
handled, they were cold-anaesthetised with the use of ice.

6.2.2 Insecticides

Workers of B. terrestris were orally exposed to four routinely
used insecticides for the control of tomato pests in greenhouses,
previously tested in target toxicity bioassays on the mealybug P.
solenopsis (Ricupero et al. 2024). Epik® SL (acetamiprid, Sipcam,
ltaly, a.i.. 4.67%), Juvinal GOLD® (pyriproxyfen, Sumitomo
Chemical, Italy, a.i.. 10.9%), Closer® (sulfoxaflor, Corteva
Agriscience, Italy, a.i.: 11.9%), and Actara® 25 WG (thiamethoxam,
Syngenta, Italy, a.i.: 25%) were tested on the bumble bees at the
LCi and LCy obtained for P. solenopsis (Tab 6.1). Furthermore,
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Rogor® (dimethoate, L 40 ST, Cheminova Agroltalia, Italy, a.i.:
37.7%) was used as positive control (OECD 2017a,b). Per each
insecticide, the two tested nominal concentrations, LCio and LCg
(Tab. 6.1), were prepared from insecticide stock solutions through
serial dilutions with honey-distilled water solution (50% v/v). As the
percentage of active ingredient is specified on the label for each
insecticide tested, we chose to use nominal concentrations, prepared
by precision micropipettes, diluting the insecticide in liquid
solutions. Subsequently, nominal concentrations of the insecticides
were administered immediately to the bumble bees within an hour of
preparation until the end of the four-hour exposure time, avoiding
any degradation process. The degradation of neonicotinoids,
organophosphates, pyriproxyfen, or sulfoxaflor in aqueous solutions
generally takes several days (DTso of acetamiprid: 34 days,
pyriproxyfen: 16.2-20.8 days, sulfoxaflor: 1.4 days, thiamethoxam
2.7 days, dimethoate: 18-169 days) (Bonmatin et al. 2015; Druzina
and Stegu 2007; Gauthier and Mabury 2021; Sullivan and Goh
2008). The dilution approach to obtain nominal concentrations is
routinely used in ecotoxicological bioassays with beneficial
arthropods including bees (Cakici et al. 2023; Jacob et al. 2019;
Ribas et al. 2024) and insect natural enemies (Dai et al. 2020;
Ricupero et al. 2020), as it is considered a more conservative
approach to analytical concentration measurements.

The values of LCy and LCg were chosen based on their
relevance for the potential control strategy of P. solenopsis in
greenhouses. These concentrations represent thresholds used to
simulate the high and low exposure scenarios that may occur during
the application of insecticide in protected environments such as
greenhouses. Although bumble bees are likely to be exposed to dilute
concentrations of insecticides through residues in pollen and nectar
(in the case of crops other than tomato), LCi and LCg values
provide a useful approximation for potential worst-case exposures in
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the IPPM context and allow us to assess the relative toxicity of
different insecticides.

Table 6.1. Trade Name, percentage of active ingredient (% a.i.) and
nominal concentrations of insecticides tested on Bombus terrestris.

Tested
Insecticide Trade Name % a.i. | concentrations
(mg/L)*
L. . LCio: 2.45
acetamiprid Epik® SL 4.67
LCgoZ 161.6
) ) LCy0: 0.023
pyriproxyfen Juvinal GOLD® 10.9
LCgoZ 211.4
LCyo: 0.04404
sulfoxaflor Closer® 11.9
LC902 45.6
LC10: 0.0005
thiamethoxam Actara® 25 WG 25
LCgoZ 120
dimethoate Rogor®, L 40 ST 37.7 4000

*: lethal concentrations (LCioand LCg) calculated for P. solenopsis.

6.2.3 Survival bioassays

Survival bioassays were performed following the OECD
(2017a) guidelines for ingestion tests, with some modifications. Prior
to insecticide exposure, the bumble bees were starved for 4 hours and
transferred to individual Nicot cages. Insecticides at different
concentrations were administered to bumble bees by ingestion from a
single 3 mL syringe containing 1 mL of the tested solution. Each
bumble bee was thus exposed to insecticide ingestion for 4 hours,
and then syringes containing uncontaminated honey-water solution
(50% v/v) were added ad libitum. Bumble bee consumption of
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contaminated diet was measured by weighing syringes on a precision
balance (model AG104, Mettler Toledo, USA) before and after
exposure. Nicot cages from each treatment were placed side by side
on a tray to enable bumble bee workers to perceive their presence
and exclude confinement side effects. Mortality was assessed at 4,
24, 48 and 72 hours after insecticide exposure. Individuals unable to
walk and showing a weak response to stimulation with a soft
paintbrush were recorded as moribund. Each experimental arena
included 10 bumble bees and the experiment was replicated three
times per each tested insecticide-concentration combination.

6.2.4 Feeding bioassays

To evaluate potential anti-feeding and repellent effects,
feeding bioassays were conducted only with acetamiprid and
pyriproxyfen because they caused the lowest mortality on B.
terrestris in survival bioassays. Negative (uncontaminated honey-
water solution) and positive (dimethoate) controls were also included
in these tests. Feeding bioassays followed the protocol described in
Barbosa et al. (2015) and Bernardes et al. (2017) with slight
modifications. The bioassays were conducted in red light conditions
with 22 + 2 °C and 65% RH. Workers were collected from colonies
and starved individually for 4 hours in centrifuge tubes (Falcon® 50
mL) with perforated caps.

Individual bumble bee workers were placed in plastic tubes
with a 5 puL drop of contaminated honey-water solution (50% v/v)
placed at the bottom of the tubes. Five tubes, each containing a single
bumble bee, were placed horizontally on a stand, providing a light at
the bottom to attract the bumble bees to approach the drop. The
bumble bees were exposed for 5 minutes, and the number of those
feeding from the contaminated drop was recorded. Then, the bumble
bees were transferred to clean plastic tubes with 5 pL of
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uncontaminated diet for another period of 5 mins. Bumble bees that
fed on both the contaminated and uncontaminated diet were
considered "indifferent”. Anti-feeding effects were recorded when
the bumble bees fed on the insecticide contaminated drop and then
rejected the uncontaminated drop. Bumble bees that did not feed on
the contaminated drop and then fed on the uncontaminated drop were
considered repelled. Bumble bees that rejected both drops were
excluded from the dataset (Bernardes et al. 2017; Barbosa et al.
2015). The five tubes tested at the same time were considered as a
replicate, and eight replicates were tested for each concentration,
with a total of 40 bees for each insecticide concentration
(treatments). Bumble bees from the last four replicates that fed on the
contaminated diet were placed in individual Nicot cages with 3 mL
syringes. This was to assess uncontaminated diet consumption and
potential anti-feeding effects up to 48 h after ingestion of the 5 puL
contaminated drop. Having observed the appearance of symptoms
such as spasms, ataxia, slow or no movements, a few minutes after
the ingestion of the 5 uL. drop contaminated with acetamiprid at the
higher concentration, further observations were made to assess the
evolution of these symptoms and the rate of recovery over time (at 5
minutes, and 1, 2, 16, 20, 24, 48 hours after exposure).

6.2.5 Choice test

Feeding choice tests were performed to assess whether the
bumble bees could avoid the concentrations of acetamiprid and
pyriproxyfen in the honey-water solutions and choose to forage on
the uncontaminated solutions. These bioassays followed the method
described in Tiedeken et al. (2014) and Kessler et al. (2015), with
some modifications. Individual bumble bees were cold-anaesthetised,
weighed and transferred to individual 650 ml plastic boxes (150
x150 x70 mm), with a perforated lid with mesh to allow ventilation.
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Two 3 mL syringes were inserted in the plastic boxes horizontally,
one containing uncontaminated honey-water solution (50% v/v) and
one containing contaminated solution with acetamiprid or
pyriproxyfen at the two different tested concentrations, and the
control (Tab. 6.1). The bumble bees had access to both syringes for
24 hours. The syringes were weighed before insertion into the cages
and after the 24-hour exposure in order to calculate the consumption
of both diets. During the bioassays, the bumble bees were maintained
in red light conditions with 22 + 2 °C and 65% RH. Four replications
of 10 bumble bees were carried out for each treatment and
concentration (n = 40 per concentration, n = 200 total).

6.2.6 Midgut morphology

At the end of the survival bioassays (72 hours after
exposure), forager bumble bees exposed to the LCio: (n = 5), and
LCy (n = 5) of acetamiprid or pyriproxyfen, and the control (n = 5)
were cold-anesthetized on ice. Bumble bees treated with dimethoate
could not be analysed considering the high mortality at the end of the
survival bioassays. Using an insulin syringe, 2.5% glutaraldehyde
(GTA) in PBS was injected between the tergites of the abdomen until
it swelled. The abdomens were separated from the thorax and stored
in 2 mL microtubes containing GTA, and stored at 4°C. The samples
were then transported to the Department of General Biology of the
UFV, where histological analyses were conducted. The midguts were
dissected and kept in PBS at 4°C. The anterior portions of the organs
were dehydrated in an ascending series of ethanol (75%, 80%, 90%,
95%, and 100%), then embedded in Leica® historesin (Leica
Biosystems Nussloch GmbH, Heidelberg, Germany) and sectioned at
5 um thick with a glass knife on a microtome (Leica Reichert-Jung
2050 SuperCut). The sections were stained with toluidine blue (1%
toluidine blue and 2% borax in distilled water), and photographed
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with an Olympus BX53 light microscope connected to a DP 73
digital camera (Olympus Optical Co., Tokyo, Japan), to analyse the
epithelium of the midgut (measurements per section = 3, sections per
treatment = 5, total sections = 25).

Different sets of sections were used to analyse the size of the
area of the nuclei of digestive cells and the area of the nest of
undifferentiated cells of the midgut. The sections were incubated for
30 min with DAPI (diamidino-2-fenilindole; Biotium, Inc., Hayward,
CA, EUA; 1:500) for DNA staining (cell nuclei), then washed three
times and mounted in a 50% sucrose solution. The sections were then
analysed, and photographed under an Olympus BX60 fluorescence
microscopy coupled to an Olympus XM10 digital camera (Olympus
Optical Co., Tokyo, Japan) (measurements of cell nuclei area per
section = 20, measurements of nest area per section = 3, sections per
treatment = 5, total sections = 25).

ImageJ software (Abramoff, Magalh&es, and Ram 2004) was
used to analyse the photos and measure the epithelium height, the
cell nuclei area, and the area of the nest of undifferentiated cells.

6.2.7 Statistical analysis

The Kaplan-Meier method was applied to analyse the survival
of the bumble bees exposed to the insecticides in the survival
bioassays. The differences of the curves of each treatment were
analysed by the log-rank test (p = 0.05; IBM SPSS Statistics v. 27),
and then pairwise comparison was carried out on the treatments
using the Bonferroni method (p < 0.05; R software v. 4.1.2) (R Core
Team 2024). To compare the mean consumption of uncontaminated
food within 48 hours after feeding bioassays, and the mean of the
epithelium height, cell nuclei area, and area of the nest cells, one-
way ANOVA was carried out with Tukey’s post hoc test (p < 0.05;
IBM SPSS Statistics v. 27). The effect of the factors “insecticide”,
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“concentration” and their interaction “insecticide” x “concentration”
on food consumption during the four hours of exposure in the
survival bioassays was analysed using a Generalized Linear Model
(GLM) (R software v. 4.1.2). Means were separated by a Tukey’s
post hoc test. Differences between the concentrations of each
insecticides (LCio and LCgy) were analysed by two sample t-tests.
GLMs with a quasibinomial distribution were used to analyse the
results of the feeding bioassays (R software v. 4.1.2). The response
variable was the proportion of bees per replicate and the explanatory
variables were the treatments (insecticide type and concentration)
and the behaviour (“indifferent”, “anti-feeding”, and “repellence”).
The random effect of colony was taken into account to control for
potential colony-specific variation in all described analyses.
Generalized linear mixed models (GLMM) were used to analyse the
results of the choice test (R software v. 4.1.2). The response variable
was the difference in the amount of contaminated and non-
contaminated food ingested by the same bee. The explanatory
variable was the treatment (insecticide type and concentration) and
the random variable was the bee colony.

6.3 Results

6.3.1 Survival bioassays response

Survival analysis indicated significant differences between the
insecticides tested (log-rank test: y* = 315.957, d.f. = 9, p < 0.001)
(Fig. 6.1). The survival curves of pyriproxyfen at both
concentrations, and of sulfoxaflor and thiamethoxam at LCio were
identical and overlapping with that of the control, with a 0%
mortality at the end of the experiment (100% survival at 72 hours).
Acetamiprid at the higher concentration reduced the survival of
bumble bees (80% survival at 72 hours), while the survival curve of
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the same insecticide at LCyo was similar to that of the control (96.7%
survival at 72 hours). Sulfoxaflor and thiamethoxam were the most
lethal insecticides at the highest concentrations tested, showing no
significant difference between them. In particular, sulfoxaflor at LCg
caused 100% mortality after 4 hours of exposure, being more toxic
than dimethoate used as a positive control. Similarly to sulfoxaflor,
thiamethoxam at LCgo caused 90% mortality after 4 hours and at the
end of the experiment it reduced the survival of bumble bees more
than dimethoate (thiamethoxam LCg 3.3% survival, dimethoate 10%
survival at 72 hours). Given the presence of several censored data
items (bumble bees surviving 72 hours), median lethal times (LTso)
could not be estimated for any treatment.
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Figure 6.1 Kaplan-Meier survival curves of Bombus terrestris workers after
ingestion of acetamiprid, pyriproxyfen, sulfoxaflor, and thiamethoxam in
lethal concentrations for the target insect Phenacoccus solenopsis (LC1o and
LCy), dimethoate and control. Same letters to the right of the legend
indicate no significant difference according to the Bonferroni method (p <
0.05).
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Consumption of contaminated diet by bumble bees during
the exposure differed significantly between “insecticide” (F o, 331 =
41.520, p < 0.001), and “concentration” (F 1,315 = 72.824, p < 0.001),
with significant interaction between the two factors (“insecticide” %
“concentration”) (F s 331 = 11.683, p < 0.001) (Figure 6.2).
Significant differences were found in the consumption of the
insecticides within LCyo (F 5,166 = 20.842, p < 0.001) and within LCgy
(F 5, 163 = 40.158, p < 0.001) (Fig. 6.2). The lowest consumption of
the contaminated diet occurred with dimethoate or thiamethoxam
LCq, whereas the highest consumption was observed with the
control group and the LCy of sulfoxaflor and thiamethoxam. All the
treatments, except sulfoxaflor and thiamethoxam at LCio, reduced
diet ingestion compared to the control.
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Figure 6.2 Mean consumption (g) of contaminated diet during the four
hours of exposure in the survival bioassays with Bombus terrestris workers.
Bumble bees were exposed to acetamiprid, pyriproxyfen, sulfoxaflor, and
thiamethoxam in lethal concentrations for the target insect Phenacoccus
solenopsis (LCio and LCq), dimethoate and control. The same capital letter
indicates that means were not significantly different among the insecticides
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within the same concentrations (LCio + dimethoate + control, and LCg +
dimethoate + control) according to Tukey’s test (p < 0.05). The same
lowercase letter indicates that means were not significantly different
between the concentrations (LCio and LCg) within the same insecticide
using the t-test (p < 0.05).

6.3.2 Feeding bhioassays

A significant difference was found among treatments in the
percentage of indifferent bumble bees (specimens that fed on both
the contaminated and uncontaminated solutions) (F s, 42 = 19.876, p <
0.001), of anti-feeding (F 5,42 = 51.072, p < 0.001), and of repellence
behaviour (F s 42 = 8.2731, p < 0.001) (Tab. 6.2). In particular, an
anti-feeding effect was detected with the LCq of acetamiprid (Tab.
6.2), and a repellence effect with dimethoate (Tab. 6.2).

Bumble bees from the last four replicates that fed on the
contaminated substance were placed in individual Nicot cages to
evaluate the anti-feeding effects up to 48 hours after exposure. Here,
several neuronal symptoms were observed, such as spasms, ataxia,
slow or no movements, caused by the LCqy of acetamiprid (Fig. 6.3).
Five minutes after exposure, 88.89% of the bumble bees (n = 16)
presented these symptoms. While 31.25% of the symptomatic
bumble bees died (n = 5), the remainder (68.75%, n = 11) recovered
within 20 hours of exposure.

Anti-feeding caused by both concentrations of the two
agrochemicals tested was observed within 24 hours of exposure, with
a reduction in consumption of the uncontaminated solutions (F 4, &> =
6.079, p < 0.001) (Fig. 6.4). However, there was no significant
difference in consumption 24 to 48 hours after exposure (F 4, 70 =
2.463, p = 0.053) (Fig. 6.4).

Table 6.2 Percentage of Bombus terrestris workers who showed indifferent
(A), anti-feeding (B) and repellence (C) behaviours in the feeding
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bioassays. Bumble bees were exposed to acetamiprid, and pyriproxyfen in
lethal concentrations for the target insect Phenacoccus solenopsis (LC1o and
LCaq0), positive (dimethoate) and negative control. The same letter indicates
that means were not significantly different according to contrast analysis (p
< 0.05). Tested bumble bees per each concentration n = 40 (total n = 240).
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Figure 6.3 Proportion of Bombus terrestris workers without symptoms
(spasms, ataxia, slow or no movements), with symptoms, and dead after the
ingestion of 5 uL of acetamiprid at the LCgo concentration for the target
insect Phenacoccus solenopsis, during the diet deterrence assays (h =18).
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Figure 6.4 Mean consumption (g) of uncontaminated diet by Bombus
terrestris workers within 24 (A) and 48 hours (B) after exposure in the
feeding bioassays to contaminated droplets of acetamiprid, and
pyriproxyfen in lethal concentrations for the target insect Phenacoccus
solenopsis (LCio and LCg), and control. The same letter indicates that
means were not significantly different according to Tukey’s test (p < 0.05).

6.3.3 Choice test

Results of the choice test showed no significant difference in
the ingestion of contaminated and non-contaminated diet, indicating
that the bumble bees did not avoid or prefer the contaminated
solutions (x>= 6.8456, d.f. = 4, p = 0.1443).

6.3.3 Midgut morphology

A visual inspection showed that the epithelia of the midgut
were intact in all analysed bumble bees (Fig. S6.1 and S6.2).
Histological analysis showed significant differences in the mean
height of the midgut epithelium between treatments (F 4,70 = 4.359, p
= 0.003, Figure 6.5A). A reduction of the epithelium height was
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detected with pyriproxyfen at LCg. Acetamiprid and pyriproxyfen
reduced the nuclei area of the midgut digestive cells, with the
greatest reduction caused by the LCgo concentration of both products
(F 4, 405 = 44.579, p < 0.001, Figure 6.5B). Moreover, an increase in
the area of the nest of undifferentiated cells was detected with
pyriproxyfen at LCuo (F 4,70 = 5.602, p = 0.001, Figure 6.5C).
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Figure 6.5 Histological analysis of the midgut of Bombus terrestris workers
exposed to acetamiprid, and pyriproxyfen in lethal concentrations for the
target insect Phenacoccus solenopsis (LCi and LCg) and control. A: mean
height of epithelium; B: mean of cell nuclei area; C: mean of nest area of
undifferentiated cells.

6.4 Discussion

The introduction of new invasive pest species represents a
further challenge within the context of sustainable agriculture and in
terms of control for the IPPM approach, as it can generally lead to an
increase in pesticide use (Heimpel et al. 2013; Jones 2020). The
results of our study show the lethal and sublethal effects on B.
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terrestris workers caused by the ingestion of the most effective
insecticides  (acetamiprid,  pyriproxyfen,  sulfoxaflor, and
thiamethoxam) tested for the control of the invasive phytophagous
mealybug P. solenopsis in greenhouse-grown tomatoes. Previous
studies have shown that concentrations of sulfoxaflor and
thiamethoxam different from those tested here are particularly toxic
to bumble bees, causing lethal (Baines et al. 2017; Cabezas and
Farinos 2022; Mundy-Heisz, Prosser, and Raine 2022; Zhang et al.
2022) and sublethal effects (Laycok et al. 2014; Siviter et al. 2018).
In our study, sulfoxaflor and thiamethoxam reduced bumble
bee survival at concentrations potentially used to control P.
solenopsis (LCgo of both products), causing high mortality four hours
after the beginning of exposure. Although sulfoximines and
neonicotinoids are distinct chemical groups, they share a similar
mechanism of action and act as agonists of insect nicotinic
acetylcholine receptors (NAChRs) (Zhu et al. 2011), resulting in
potentially high toxicity to non-target organisms such as bees. The
concentrations tested in our study refer to those that could potentially
be used to control the invasive pest P. solenopsis, which would be
approximately 8.8 and 9120 times higher than the sulfoxaflor
residues estimated in floral nectar (5 ppb) (US EPA 2016), and 10
times lower to over 20,000 times higher than the thiamethoxam
realistic field residues (5 ppb) (Sandrock et al. 2014). However, these
products are known to cause severe sublethal effects on bumble bees
at the concentrations corresponding to the realistic field residues
(Baines et al. 2017; Siviter 2018). Conversely, in our study
acetamiprid and pyriproxyfen did not reduce bumble bee survival. In
fact, as is well reported in the literature, neonicotinoids with a
cyanoamidin structure (such as acetamiprid) are less harmful to bees
(Decourtye and Devillers 2010; Iwasa et al. 2004; Varga-Szilay and
Téth 2022). In contrast, as a juvenile hormone analogue (JHA),
pyriproxyfen is an insect growth regulator (IGR) insecticide that
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interferes with pre-imaginal development (Devillers 2009; Dhadialla
et al. 2005), thus causing low or no mortality in adult bees (Devillers
and Devillers 2020).

Despite the lack of lethal effects caused by acetamiprid and
pyriproxyfen on bumble bees, consumption of the contaminated diet
was different from that of the uncontaminated diet, suggesting anti-
feeding or repellence caused by the tested insecticides. In fact, our
results of the feeding bioassays show immediate anti-feeding effects
caused by acetamiprid, although this is mostly to be explained by the
appearance, after a few minutes from ingestion, of neurotoxic
symptoms that led to impediment in movement and thus inability to
feed. Acute early-onset neurological symptoms caused by
neonicotinoids have been previously observed in honey bees
(Suchail, Guez, and Belzunces 2001), and subsequently in the North
American bumble bee B. impatiens after acetamiprid ingestion
(Baines et al. 2017). Acetamiprid binds to nAChRs and causes
excessive nerve stimulation in the neurons, causing these types of
symptoms in bees (Varga-Szilay and Toth 2022). Our study
highlights a wider range of early-onset symptoms from those
described by Baines et al. (2017) following oral exposure of
acetamiprid. In fact, it was reported by the authors that acetamiprid
caused “slow to no movements” (Baines et al. 2017), while it was
observed in our study that these insecticides caused spasms and
ataxia with irregular and uncoordinated movements, in some cases
with bumble bees that started to turn on one another. Although the
majority of the bumble bees with symptoms had a total recovery, in a
real field scenario or in semi-field conditions (e.g. greenhouses), the
occurrence of these kinds of symptoms can facilitate predation or
even death caused by other stressors.

In our study it was also shown that acetamiprid and
pyriproxyfen caused anti-feeding effects on bumble bees within 24
hours of exposure. Previous results have shown that delayed-onset
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symptoms (5-7 days after exposure) caused by the ingestion of
acetamiprid impaired the daily activity and food consumption of B.
impatiens (Baines et al. 2017). In the case of our study, at the higher
concentration of acetamiprid, the reduction in diet ingestion was
caused by the early-onset symptoms that disappeared 20 hours after
exposure, rendering the bumble bees unable to feed. The bumble
bees treated with pyriproxyfen and the lower concentration of
acetamiprid did not show any symptoms, although their diet
ingestion was also reduced. To the best of our knowledge, no prior
studies have demonstrated the occurrence of anti-feeding effects on
bees caused by pyriproxyfen, as observed in other insect species
(Martinez, Plata-Rueda, and Serrao 2021; Nasr, Badaway, and Rabea
2010). Anti-feeding effects caused by other IGRs are well-known,
and the bioinsecticide azadirachtin caused anti-feeding effects on
adult bee species such as Apis cerana cerana (Zhao et al. 2022), or
Partamona helleri (Bernardes et al. 2017). Moreover, in our study
we tested commercial formulations and not the active substances.
Therefore, the anti-feeding effect could be caused or amplified by the
presence of co-formulants. Indeed, it is known that co-formulants
can cause different effects on honey bees (Mullin 2015; Mullin et al.
2015; Straw et al. 2022). Future studies should investigate the effects
of co-formulants on bumble bees and on their feeding behaviour.
Physiological stress caused by intoxication from insecticide ingestion
could be one of the causes of reduced diet intake (Bernardes et al.
2017; Tong, Nieh, and Tosi 2019). This can lead to nutritional stress
that can reduce foraging and food supply, increase the mortality of
individuals, and have consequences at the level of the colony.
Moreover, the results of our choice tests show that bumble
bees do not avoid contaminated food sources. Previous studies have
shown that bumble bees did not avoid toxins in nectar, whether
natural toxins (Tiedeken et al. 2014), or nectar-relevant
concentrations of neonicotinoid insecticides (Kessler et al. 2015).
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Instead, another study shows that bumble bees acquire preference for
neonicotinoid-contaminated food over time, due to chronic exposure
(10 days) to these toxins (Arce et al. 2018). Together with the data
obtained in the anti-feeding bioassays, we show that acetamiprid and
pyriproxyfen at the concentrations tested are not repellent to bumble
bees. Consequently, in addition to direct damage to foraging
workers, they can carry the contaminated nectar to the colony,
exposing the brood and the entire colony to risk.

In all likelihood, the observed food deterrence could also be
related to the alterations in the midgut caused by the two insecticides.
Recent studies have already shown that the ingestion of
agrochemicals can cause disorganization of the midgut epithelium in
honey bees (Lopes et al. 2018) and stingless bees (Araujo et al. 2019,
2021; Farder-Gomes et. 2021). At the same time, agrochemical
ingestion induced oxidative stress, autophagy, and apoptosis in the
midgut of bees (Aradjo et al. 2019; Farder-Gomes et. 2021; Lopes et
al. 2018). However, as far as we know, there are no previous studies
in the literature that have investigated the effects of acetamiprid or
pyriproxyfen on the midgut of bees. A mono-layered epithelium lines
the gut of bees, and has three different types of cells: digestive,
regenerative (undifferentiated), and endocrine cells (Chapman 1998;
Lopes et al. 2018; Martins et al. 2006). Reduction in the height of the
midgut epithelium, induced by the ingestion of pesticides, such as
pyriproxyfen in our study, may impair nutrient digestion and
absorption processes in bumble bees. The midgut, which is directly
implicated in nutrient absorption (Chapman 1998), plays a crucial
role for bees’ health, and this thinning could potentially have adverse
effects on the overall survival of the bees (Araujo et al. 2019). At the
same time, the ingestion of the insecticides caused an alteration of
the internal parameters of the midgut cells, with a reduction in the
area of the cell nuclei, consistent with the reduction in the height of
the midgut epithelium. Although the physiological implications
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caused by a reduction in the area of cell nuclei need to be studied, an
overall reduction in cell size may cause alterations in the digestion
and absorption of nutrients. On the contrary, the increase in the
surface of the nest of undifferentiated cells is a clear indication of
ongoing physiological stress, as these cells are deputed to regenerate
and renew the midgut epithelium (Martins et al. 2006).

Moreover, even in the case of acetamiprid and pyriproxyfen,
the insecticide residues found in pollen or nectar might be different
from those we tested. Our study aimed to simulate a scenario of low
(LC10) and high (LCg) exposure after insecticide treatment in
greenhouses, however, bumble bees are likely to be exposed to more
dilute concentrations than those we tested. As for pyriproxyfen, a
previous study found an average residual concentration of 1686.82
ug/kg in pollen and 1875.37 pg/kg in nectar of rapeseed flower (Wen
et al. 2021), respectively 73 and 81 times higher than the LCy we
tested and 125 and 112 times lower than the LCq. The same study
found average acetamiprid residues of 4.36 ug/kg in pollen and 7.81
ug/kg in nectar (Wen et al. 2021), 560 and 313 times higher than the
LCio we tested. Although our study provides important information
on the toxicity of insecticides that can be used in greenhouses, it
would be advisable to test these insecticides in future studies at
concentrations found in the field at realistic levels, in order to assess
toxicity at the individual and colony level and possible impacts on
the pollination service performed by bumble bees. However, to our
knowledge, there are no studies that have assessed pesticide residues
in tomato flowers in greenhouses, making this an important area for
future research.

In scenarios where chemical control is necessary in
greenhouses against the mealybug P. solenopsis, our findings suggest
that sulfoxaflor and thiamethoxam pose significant toxicity risks to
bumble bees. Therefore, these two insecticides appear to be the least
suitable options for sustainable pest management and for maintaining

239



6. Insecticides used for cotton mealybug pose threat to bumble bees

the pollination services. Previous studies have shown that these two
insecticides can impact the pollination service provided by bumble
bees, reducing the rate of floral visits, pollen collection, and causing
the production of fruits with fewer seeds in the case of thiamethoxam
(Stanley et al. 2015), and reducing the rate of floral visits in the case
of sulfoxaflor (Tamburini et al. 2021). On the other hand, while
acetamiprid and pyriproxyfen did not cause lethal effects,
acetamiprid may have an impact on bumble bee behaviour (feeding
behaviour, neuronal symptoms), and pyriproxyfen may have an
impact on physiological processes (midgut alterations). Considering
the need to balance effective pest control with the preservation of
pollination services, acetamiprid and pyriproxyfen may be more
appropriate options for IPPM in greenhouses, despite their sublethal
effects. In addition, the results of this study could provide guidance
in trying to minimize the risk caused by these products. Although we
focused on individual laboratory evaluations, these results increase
the concerns for pollinators related to the use of these insecticides,
and they highlight that further studies at a level of the colony, or in
semi-field conditions, are needed. The results here obtained are
crucial within the context of IPPM strategies, and contribute to the
choice of more sustainable management aimed at protecting
pollinating insects.

6.5 Conclusions

Our study demonstrates that bumble bees did not avoid the
ingestion of diets contaminated with insecticides potentially
applicable for the control of a phytophagous invasive species in
greenhouses, enhancing their probability of exposure when they are
used for managed pollination. The insecticides used decreased
bumble bees’ survival or caused several sublethal effects at
concentrations usable in greenhouses. While sulfoxaflor and
thiamethoxam caused high mortality, acetamiprid and pyriproxyfen
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showed anti-feeding effects and midgut alterations. Our results
demonstrate that even products with low mortality levels in bumble
bees (such as acetamiprid and pyriproxyfen), can cause serious harm
to individuals due to sublethal effects, with potentially severe
consequences at the level of the colony. Nevertheless, acetamiprid
and pyriproxyfen may be the most appropriate insecticides for the
control of P. solenopsis and sustainable IPPM program in
greenhouses.
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SUPPLEMENTARY MATERIALS

Supplementary figures.

LCyo LCoo

Pyriproxyfen Acetamiprid

Control

Figure S6.1 Histological sections stained with toluidine blue of the Bombus
terrestris midgut exposed orally to LCio and LCgyo of acetamiprid and
pyriproxyfen, and the control. Tested bumble bees per each concentration n
= 5 (total n = 25). E: midgut epithelium, D: digestive cells, L: lumen, N:
nest of undifferentiated cells, m: Malpighian tubes, n: cell nuclei, M: muscle
fibre, B: brush border.
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Figure S2. Histological sections stained with DAPI of the Bombus
terrestris midgut exposed orally to LCio and LCgy of acetamiprid and
pyriproxyfen, and the control. Tested bumble bees per each concentration n
= 5 (total n = 25). E: midgut epithelium, L: lumen, N: nest of
undifferentiated cells, m: Malpighian tubes, n: cell nuclei, M: muscle fibre.
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7 Wild bees in modern Italian almond plantings,
richness and comparison between integrated and
organic management

This chapter shows preliminary results of a field study
conducted during the years 2022-2024
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Abstract

The almond tree is an expanding crop whose production depends on
entomophilous pollination. In southern Italy this crop is expanding
with new varieties grown in modern high-density plantings. The
abundance and richness of wild bees can improve pollination service
and increase yields. However, the decline of wild pollinators, caused
mainly by agricultural intensification and pesticide use, can pose a
crucial threat to agricultural production, including almond
production. In this paper, we assessed the richness of wild bees in
two modern almond groves (Tuono, Supernova, Ferragnes varieties)
cultivated in Sicily (Italy), one under integrated management and one
under organic management. We conducted a three-year (2022-2024)
sampling of wild bees using different methodologies (transects,
traps) in order to: i) obtain an overview of bee pollinators related to
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modern almond tree plantings; ii) compare species richness and
composition between integrated and organic management; iii)
compare the different methodologies applied; and iv) identify
possible key wild pollinators of these almond tree varieties. Results
highlighted similar wild bee populations in the two investigated sites,
mainly represented by the genera Andrena, Eucera, and
Lasioglossum mainly collected from wild flowers and pan traps. The
largest number of specimens and species were collected via transects.
However, pan traps collected 50% of the species and ten species
collected solely by this method, allowing for a comprehensive
overview of the bee population. Although the abundance of wild
bees was higher in the organic site, the species richness was higher in
the integrated one. Low presence of wild bees on almond flowers
suggests that the honeybee is the main pollinator of these almond
varieties.

Keywords: agro-ecosystems, pollinators, almond, integrated,
organic.

7.1 Introduction

Animal pollination is a key ecosystem service that concerns
about 87% of the world's wild flowering plants (Ollerton, Winfree,
and Tarrant 2011) and about three quarters of cultivated crops (Klein
et al. 2007; Kremen 2018). Pollination is indeed essential for the
maintenance of ecosystems and crucial from an economic
perspective (Porto et al. 2020). Among the main group of pollinators,
bees (Hymenoptera, Apoidea) are the most effective (Osterman et al.
2021), and their diversity and abundance can greatly increase the
agriculture production (Garibaldi et al. 2013; Porto et al. 2020).
Historically, the role of main pollinator has been attributed to the
western honeybee Apis mellifera L., however, it is now known that a
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certain biodiversity of wild pollinators, including wild bees, can
greatly enhance the pollination of several crops (Garibaldi et al.
2013). The global decline of pollinating insects caused by a range of
anthropogenic factors (Biesmeijer et al. 2006; Goulson et al. 2015;
Potts et al. 2015; Sanchez-Bayo and Wyckhuys 2019) threatens this
important ecosystem service and agricultural production. Bees, in
particular, are threatened by several factors such as the
intensification of agriculture, habitat fragmentation and the extensive
use of pesticides (Goulson et al. 2015; Nieto et al. 2014).

The almond tree (Prunus dulcis D.A.Webb, Rosaceae) is a
widely cultivated crop worldwide, which is experiencing a positive
growth trend due to the healthy and nutritional characteristics of its
nuts (Alomar et al. 2018; Sottile, Massaglia, and Peano 2020). This
crop is self-incompatible and highly dependent on the action of
pollinators for the nut set (Brittain et al. 2014), and suffers from their
eventual loss (Garibaldi et al. 2013). The decline of pollinators in
agroecosystems could be linked to several factors (Nieto et al. 2014),
and in addition, the flowering period of almond trees occurs early,
from January to March depending on the variety, at a time when
most wild bee species are beginning to emerge. Among insects, A.
mellifera is the best pollinator of the almond tree and practically one
of the few species of crucial economic importance for its pollination
(Mc Gregor 1976). In fact, almond groves generally is pollinated by
honey bees (Delaplane and Mayer 2000), although they do not
always guarantee a high production being a high generalist species
(Alomar et al. 2018; Bosch et al. 2021). For this reason, several
studies have evaluated the use of other bee-managed species, such as
solitary bees of the genus Osmia Panzer (Bosch et al. 2021), or
Bombus terrestris L. (Dag, Zipori, and Pleser 2006; Thomson and
Goodell 2001). Furthermore, it is known that maintaining or
increasing the diversity of wild pollinating insects, generally due to
the presence of wild flowers and the preservation of surrounding
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natural habitats, can positively influence the almond production
(Klein et al. 2012; Norfolk, Eichhorn, and Gilbert 2016). In this
regard, studies have assessed the diversity of wild pollinators within
the almond tree agroecosystem in Europe (Alomar et al. 2018;
Mazzeo et al. 2004; Moleas 1978; Ortiz-sdnchez and Tinaut 1993;
Rodrigo Gomez et al. 2021), Israel (Mandelik and Roll 2009), Egypt
(Norfolk et al. 2016), Australia (Saunders, Luck, and Mayfield
2013), and North America (Brittain, Kremen, and Klein 2013; Klein
etal. 2012).

Italy is the third European country in terms of almond
cultivation area with 53,890 hectares and the second in terms of
production with 74,590 tonnes per year (FAO 2022). The expansion
of this crop is even more evident in southern ltaly, especially in
Sicily, where two different models of almond cultivation coexist, one
traditional and one modern (Sottile et al. 2020). In fact, in addition to
the older varieties such as Pizzuta d'Avola and Fascionello cultivated
in traditional way, more productive varieties such as Ferragnes (self-
unfertile), Supernova or Tuono (self-fertile) are increasingly
developing in the Sicilian modern high-density fertigated plantings
(Sottile et al. 2020).

In this work, using two sampling methodologies, we studied
the richness of wild bees in two modern almond groves in Sicily
(Italy), one under integrated management and one under organic
management, both characterised by the same modern varieties. They
were investigated during the flowering period over three years,
collecting bees also from the flowers of wild plants present in the
agro-ecosystems. The objectives of this research were: i) to obtain an
overview of bee pollinators linked to the agroecosystems of modern
almond tree varieties; ii) to compare species richness and
composition between integrated and organic management; iii) to
compare the different methodologies applied (transects and pan
traps); iv) to identify possible key wild pollinators of these almond
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tree varieties. Since A. mellifera is the main pollinator species of
these almond varieties, and its presence and abundance are closely
linked to beekeeping activities (widely developed in the survey area),
this research focused only on non-Apis bee species.

7.2 Material and methods

7.2.1 Sampling methodology

Samplings of wild bees were conducted for three years from
2022 to 2024 in southern Italy (Sicily), in the intensively farmed area
of the Catania Plain, in two almond groves, one under integrated
management (37°29'05.7"N 14°52'02.1"E) and one under organic
management (37°26'27.6"N 14°54'12.9"E). Both the almond groves
are modern plantings with the late-flowering varieties Tuono,
Supernova, and Ferragnes. Because it is known how landscape
characteristics and botanical composition can influence pollinator
communities in agroecosystems (Alomar et al. 2018; Clair et al.
2022), we chose two sites about 5.5 km apart with similar
characteristics. In fact, the two sites are characterized by a similar
floristic component (having in common 14 species of wild plants)
and weed management, similar soil characteristics (silty clay), and
the presence in both sites of a honey bee apiary. Both sites were
characterised by the predominant presence of plants of the families
Asteraceae, Brassicaceae, Boraginaceae and Fabaceae, while the
most abundant species were represented by Diplotaxis erucoides (L.)
DC. (Brassicaceae), Calendula arvensis (Vaill.) L. (Asteraceae),
Erodium moschatum (L.) L'Hér. (Geraniaceae), and Oxalis pes-
caprae L. (Oxalidaceae). Further details on the almond groves and
information about the used treatments are reported in Table 7.1.
Sampling was carried out during the almond flowering period in
March, with three pollinator sampling methodologies: transects, pan
traps adopting standard protocols (Leclercq et al. 2022; Westphal et
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al. 2008), with some modifications. For each grove, two samplings
per year (or per flowering period) were carried out. Transects were
set up (200x2 m) along the rows of almond and collections were
made at two different times of the day with 90-minute sessions, in
the morning at 9:30-11:00 and in the afternoon at 14:30-16:00. While
walking along the transect, all spontaneous botanical species were
registered, and floral visitors were also collected apart the honey
bees since its abundant presence in the groves was linked to
beekeeping activity. This methodology allowed to recognize which
species are mainly related to wild plants or almond plants, and also
obtain an assessment of the diversity present in these agro-
ecosystems. Three triplets of pan traps (blue, white, and yellow)
were placed at least 30 m from each other inside the groves, and
filled halfway with water and odourless soap. For these traps, 500 ml
plastic bowls were painted with a primer (Arexons® white primer),
and then with fluorescent blue, yellow (Arexons® paint) or white
sprays-paints (Macota® paint). Pan traps were placed at 9:00 and
removed at 16:30.

The specimens were identified at species level and deposited
in the collection of the Department of Agriculture, Food, and
Environment, of the University of Catania. Species identification was
carried out by Thomas J. Wood for specimens of the family
Andrenidae, Simone Flaminio for the family Halictidae, Vittorio
Nobile for the family Megachilidae and Roberto Catania for the
family Apidae.

Table 7.1 Investigated almond grove sites with their management,
coordinates, area (ha), varieties and treatments.

Management  Coordinates  Area  Soil Varieties Treatments
(ha)
Integrated 37°29'05.7"N . Silty  Tuono, Trifloxystrobin,
14°52'02.1"E clay  Supernova, tebuconazolo
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and (fungicides),
Ferragnes flonicamid
(insecticide)

Tuono, Copper
. 37°26'27.6"N Silty  Supernova, (fungicide),
Organic 14°54'12.9"E clay and zeolite

Ferragnes (insecticide)

7.2.2 Statistical analysis

The diversity indices Shannon (H), Dominance (D), Margalef,
and Equitability (J) were calculated for each site for each sampling
year (2022-2024) using the software Past (v. 4.15) (Hammer et al.
2001). Shannon (H), dominance (D), and Margalef indices were used
to characterize species diversity in the communities at the two sites,
taking into account species richness and evenness. Equitability (J)
index measures the uniformity in the distribution of individuals
among species in a community by assessing the even distribution of
individuals among the species present.

Venn diagrams (InteractiVenn) (Heberle et al. 2015) were
used to visualize the differences in the species composition obtained
by transects and pan traps methods per each year. In visualizing
Venn diagrams, we separated species collected within transects on
almond blossoms from those captured on wild plant flowers to
highlight the potential attractiveness of almond blossoms to wild
bees.

Sankey diagrams (SankeyMATIC - sankeymatic.com) were
used to visualize the interaction networks between bee genera and
the botanical choice (including the pan traps) in the two investigated
sites.

7.3 Results
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7.3.1 Richness of bees in the two sites

A total of 493 specimens belonging to 44 species and four
families of bees (Andrenidae, Halictidae, Megachilidae, and Apidae)
were collected in the two almond groves during the three years of
surveys (Tab. 7.2). Specifically, 212 specimens belonging to 33
species were collected in the integrated almond grove, while 281
specimens belonging to 29 species were collected in the organic
almond grove (Tab. 7.2). Andrenidae was the most represented
family with 269 specimens (55% of total specimens) belonging to 13
species, all of the genus Andrena (30% of the total species). Of these,
102 specimens belonging to 12 species were collected in the
integrated almond grove and 167 specimens belonging to 11 species
in the organic almond grove. In terms of number of species, the
Apidae family was the most diverse with 17 species (39%) belonging
to the genera Nomada, Ammobates, Eucera, Anthophora and
Bombus, and the second represented family in terms of abundance
with 116 specimens (23%). About Apidae family, 50 specimens
belonging to 11 species and 4 genera (Anthophora, Bombus, Eucera,
Nomada) were collected in the integrated grove, while 66 specimens
belonging to 10 species and 5 genera (Ammobates, Anthophora,
Bombus, Eucera, Nomada) were collected in the organic grove. The
family Apidae is followed by Halictidae and Megachilidae (both 7
species, 16% of the total), represented by 94 (19%) and 14 (3%)
specimens respectively. About Halictidae, a total of 49 specimens
belonging to 4 species and one genus (Lasioglossum) were collected
in the integrated grove, and 45 specimens belonging to 7 species and
2 genera (Lasioglossum, Seladonia) were collected in the organic
grove. Finally, about Megachilidae family, 11 specimens belonging
to 7 species and 3 genera (Megachile, Osmia, Rhodanthidium) were
collected in the integrated site, and 3 specimens belonging to 3
species and 2 genera (Megachile, Osmia) were collected in the

264



7. Wild bees in modern Italian almond plantings

organic site. The species Eucera oraniensis (81 specimens), Andrena
aerinifrons (65 specimens) and Lasioglossum malachurum (64
specimens) were the most abundant (Tab. 7.2). Ground-nesting bees
represent the vast majority of the total specimens (92%), followed by
above-ground or cavity-nesting species (6%), and cleptoparasite
species (2%).

Table 7.2 Overall abundance of bee species collected in organic and
integrated almond groves using the two sampling methods (transects and
Pan traps) during the three years of surveys (2022-2024). Specimens
collected on almond tree flowers were separated from those collected on
wild species flowers along the transect.
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N. of specimens
Species Integrated Organic
Almond |Wild plants| Pantraps | Almond |Wildplants| Pan traps

Family Andrenidae

Andrena aerinifrons — 10 - 49

Andrena bicolorata — — 20

PR |o

Andrena binominata —

NN
|

Andrena distinguenda —

Andrena flavipes —

Andrena florentina —

6
7
2
Andrena ferrugineicrus — 2 — — 2 —
3
7
1

Andrena impunctata - - - 17 20

Andrena nigroolivacea — 14 — 12 4

Andrena pusilla - -

Andrena schmiedeknechti — 2 - - - —

Andrena stabiana - 24 8 - 6 4

Andrena ventricosa - — — 3 - —

Family Halictidae

Seladonia sp. - - - - - 2

1
[

Lasioglossum glabriusculum - - - -

Lasioglossum malachurum - 2 31 -

[{o} o)}
N
[$)

Lasioglossum villosulum — 14 - -

Lasioglossum sp. 2 - - 2 _

Lasioglossum sp. 3 - - - - - 1

Lasioglossum perclavipes - - - 1 - -

Family Megachilidae

Osmia aurulenta - - 2 - - 1

Osmia latreillei 1 — — — 1 —

Osmia melanogaster - -

1
Osmia sp. - — 1 — — -
Rhodanthidium siculum - 1

1
Megachile parietina - 2 - - - -
Megachile sicula - 2

Family Apidae

Nomada discrepans - - 1 - - -

Nomada distinguenda - - - - 1

Nomada duplex - - 1 - - -

Nomada sp. 1 - - - - 1 2

Nomada sp. 2 — 1 — — - —

Nomada sp. 3 — — — —

=
I

Nomada sp. 4 — - — —

Nomada sp. 5 - 1 - - - -

Ammobates muticus - - - -

=N
|

Eucera grisea - - - -

Eucera nigrescens - 1 - _

Eucera numida - 2 - - 1 _
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Eucera oraniensis - 14 15 - 12 40
Anthophora plumipes - 2 - — 1 —
Anthophora ventilabris - 1 - - - -
Bombus ruderatus 1 - — - - -
Bombus terrestris 8 2 — 3 — -
Total specimens 10 123 79 7 163 111
Total species 3 24 16 3 22 15

The Shannon (H), Margalef, and Equitability (J) indices were
slightly higher for the integrated site during all the three investigated
years (Tab. 7.3). At the same time, Dominance (D) index were
higher in the organic site, where there was greater dominance of few
species (Tab. 7.3).

Table 7.3 Diversity indices (Shannon (H), Dominance (D), Margalef, and
Equitability (J)) calculated for the two sites for each year of surveys. In bold
are the highest values of each index when comparing sites by year.
2022 2023 2024

INT ORG INT ORG INT ORG
Shannon (H) 2.059 1.879 2.593 2.297 2.696 2.391
Dominance (D) 0.2182 0.2981  0.1026  0.1548 0.09688 0.1138
Margalef 3.58 3.423 4.223 3.672 4.667 3.325
Equitability (J)  0.7425 = 0.6777 0.8972  0.8107 0.8721  0.844

7.3.1 Differences in the samplings methods

Transect sampling provided the 61% of the total specimens
collected (303 specimens, 33 species), specifically, 3% from almond
flowers (17 specimens, 5 species), and 58% from wild plant flowers
(286 specimens, 31 species). Pan traps provided the 39% of the total
specimens (190 specimens, 22 species). The Venn diagrams show
that there is no shared species in common with all the methodologies
used in all sampling years, while netting on the wild plants provided
the largest number of unique species over the three years (Fig. 7.1A-
D).
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Figure 7.1 Venn diagrams showing the bee assemblage structure for the
different sampling methods (blue, white and yellow pan traps and net
catching on almond and wild plants) during the three years of surveys (A:
2022, B: 2023, C: 2024, D: 2022-2024). The number of unique or shared
species between each sampling method is displayed. The total number of
species for the period 2022-2024 is N = 44,

7.3.3 Interaction networks

The interaction networks between bee genera and plant
species in the two almond groves were similar, with bees of the
genus Andrena being the most abundant at both sites (Fig. 7.2). In
the integrated site, Andrena species were mainly related to plants in
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the Brassicaceae family (37 interactions), followed by Asteraceae
(27 interactions), Pan traps (24 interactions), and Oxalidaceae (7
interactions), while 7 specimens were collected in flight. In the
organic site, the bees of genus Andrena were related primarily to
Brassicaceae (93), Pan traps (38), Asteraceae (22), and Rosaceae (3),
while 11 specimens were collected in flight. In the integrated site,
species of the genus Lasioglossum were the second most abundant,
mainly collected on Pan traps (33), followed by Asteraceae (12),
Brassicaceae (3) and Oxalidaceae (1). The second most abundant
genus in the organic site was Eucera, collected mainly by Pan traps
(40), followed by Brassicaceae (3), Oxalidaceae (2), Asteraceae (1),
and Fabaceae (1), while 7 specimens were collected in flight. The
genus Eucera in the integrated site was the third most abundant,
collected mainly by Pan traps (15), followed by Oxalidaceae (5),
Boraginaceae (2), Brassicaceae (1), while 9 specimens were
collected in flight. Regarding the organic site, the third most
abundant was the genus Lasioglossum collected mainly by Pan traps
(27), followed by Asteraceae (12), Brassicaceae, Fabaceae, Rosaceae
(each family with 1 interaction), while 1 specimen was collected in
flight.

A - INTEGRATED AGROECOSYSTEM B - ORGANIC AGROECOSYSTEM

I Crepis foetida: 17 Aebiiasss = M Calendula arvensis: 14

// i fight: 21
Diplotaxis erucoides: 41 - Brassica nigra: 1
Andrena: 102 I in night: 20 Diplotaxis erucoides: 83
Andrena: 167
Bl Oxalis pes-caprae: 14
G — Raphanus raphanistrum: 2 s Prunus dulcis: 7
Anthophora: 3 == - W Reichardia picroides: 8 / e = Rapistrum rugosum: 4
Bombus: 11 v s 2
ombus: 11 Il -, B Sonchus oleraceus: 14 Anthophora: 1 ’1,4/ I Sonchus oleraceus: 21
” Bombus: 3 =75 e
v* - Pan traps: 1 7
Eucera: 32 Ml Bive Pan traps: 12 lv.'m(e Pan traps: 36

B White Pan traps: 13 Eucera: 54

Lasioglossum: 49 I

> Yellow Pan traps: 58
Yellow Pan traps: 54 Lasioglossum: 43 t &/\\ SN
— Sulla coronaria: 3

Megachile: 4 =
— Oxalis pes-caprae: 2

Megachile: 1

Notviada: 4 e = Echium vul Nomada: 6 w

um vulgare: 6 jomada: -

Osmia: 5 e B Priunus dulcis: 10 Osmia: 2 = - M Biue Pan traps: 17

Rhodanthidum: 1 : Seladonia: 2 — Medicago polymorpha: 1
Rhodanthidium: 1 Glebionis coronaria: 1 — Reichardia picroides: 3

Figure 7.2 Interaction network showing the genera and the number of bee
specimens collected on the different wild plants visited, almond flowers and
pan traps. In bold the number of specimens collected on the almond flowers
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(Prunus  dulcis). Diagram  produced using  SankeyMATIC
(sankeymatic.com).

7.4 Discussions

The number of wild bee species collected on the flowers of the
almond varieties was low compared to previous studies on other
varieties in other geographical areas (Alomar et al. 2018; Klein et al.
2012; Ortiz-sdnchez and Tinaut 1993) or in Sicily (Mazzeo et al.
2004). In particular, during the three years of samplings we found
only five species of bees, excluding the honeybees (Osmia latreillei,
Bombus ruderatus and B. terrestris in the integrated site, Andrena
ventricosa, Lasioglossum perclavipes, and B. terrestris in the organic
site). The wild bee species collected in Sicily on almond flowers by
Mazzeo et al. (2004) were 22, ranged from 1 to 18 species during the
four years of investigations (2000-2003), with the number of
specimens ranged from 18 to 301. These differences in the number of
species collected and their abundance on almond blossoms between
our study and the previous one by Mazzeo et al. (2004) can be
attributed to several reasons. Firstly, geographical and environmental
reasons. Although the distance between the sites investigated in our
study and the one investigated in the previous one is only about 20-
24 km, the two areas differ in elevation, floristic composition, and
management. In fact, the almond grove investigated by Mazzeo et al.
(2004) was located on Mount Etna at 1100 m a.s.l. near the protected
area of Etna Park, while the sites investigated in our study were
located in the Catania Plain at 24-65 m a.s.l. in an area characterised
by intensive agriculture. Therefore, the Etna area is characterised by
a rich floristic composition (Poli Marchese 1991), less fragmentation
of habitats and less anthropic disturbance, including pesticide use,
than the Catania Plain area (Bella et al. 2023; Turrisi et al. 2021). In
addition, during the almond blossom on Mount Etna, in the period
from January to March, there was still a scarce presence of wild
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flowering plants due to the elevation gradient, specifically in the
study by Mazzeo et al. (2004) only three main wild species blooms
were identified, so the wild bees frequented the almond blossoms the
most. Honeybee apiaries were not present within the almond grove
investigated by Mazzeo et al. (2004). This may be an additional
factor leading to a difference in the composition of species that
frequent almond flowers, as high densities of honeybees can affect
wild bee populations through a competition for floral resources
(Mallinger, Gaines-Day, and Gratton 2017) or spillover of pathogens
(Tiritelli et al. 2024).

Moreover, it is known at least for honeybees, that when
almond tree blooms depart late during the season (as in the case of
the late varieties we investigated) they tend to visit the almond tree
less, preferring the surrounding wild plants (Eisikowitch and Lupo
1989; London-Shafir, Shafir, and Eisikowitch 2003). This can be
explained by the presence in almond blossoms of secondary
metabolites such as amygdalin, which are tolerated by bees to a
certain extent (London-Shafir et al. 2003). Bumblebees are not
deterred by amygdalin concentrations found in almond blossoms
(Tiedeken et al. 2014), but this should be investigated for other bee
species, e.g. solitary species. Although honeybees were abundant on
almond blossoms, this aspect probably affected solitary bees and
their preferences. Another reason that may explain a lower
occurrence of species and specimens on almond blossoms may be
related to the almond varieties investigated. The amygdalin content
in Tuono and Supernova varieties, although varying over the years, is
higher than that of other varieties (Yildirim et al. 2014).

In contrast, an interesting abundance and richness of wild bees
was found within the two almond groves, collected on the wild
flowers (or from pan traps). This can be traced to a certain presence
and abundance of wild plants within the two sites investigated,
particularly of the Brassicaceae and Asteraceae families. Bees of the
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genera Andrena, Bombus, Eucera and Osmia are recognized as
effective pollinators of tree crops (Bosch et al. 2021; Eeraerts et al.
2020; Thomson and Goodell 2001), but their presence were mainly
related to wild plants and sporadic on almond flowers as discussed
previously. In fact, among these genera, only Bombus was mainly
collected on almond blossoms, while Andrena and Osmia were
collected sporadically and discontinuously throughout the year, and
Eucera was never observed on almond trees. Although bees of the
genus Osmia are excellent pollinators preferring tree plants, used,
managed and released in the field in other regions for pollinating tree
crops including almond (Bosch et al. 2021), we did not find a
substantial wild population of any of the species found at the two
sites investigated. The low abundance of Osmia is accompanied in
both sites by a low abundance of other cavity-nesting bee species,
probably due to a lack of suitable sites for their nesting.

Analysis of diversity indices shows that the integrated
management site promotes greater species richness and eveness and
reduces species dominance more than the organic managed site.
Although organic management of agroecosystems may have a
beneficial role on species richness, especially in annual crops or
pastures (Bengtsson, Ahnstrom, and Weibull 2005), several studies
on perennial crops found that this management did not benefit
species richness (Brittain et al. 2010; Brugisser, Entling, and Bacher
2010; Hulsmans et al. 2024; Kehinde and Samways 2012). The
results of our study corroborate the evidence of the latter. While we
observed higher abundance of wild bees in the organic almond
grove, at the same time we found higher species richness in the
integrated grove.

Pan traps are one of the most efficient sampling methods for
pollinators, with low level of sampler bias (Hutchinson et al. 2022;
Westphal et al. 2008), yet in our study this method provided 39% of
the total number of specimens and 50% of the total species, with a
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similar trend during the three years. The trend of collection of
species by pan traps was also similar between the two sites
investigated, with no differences between integrated and organic
management. Recent studies have shown that pan traps are not
suitable for assessing pollinator abundance (Portman, Bruninga-
Socholar, and Cariveau 2020), but are better suited to assess their
richness and species community composition (Kuhlman et al. 2021).
In addition, a low level of abundance of insects collected with traps
may be an indicator of a certain wildflower abundance in the
surroundings (Kuhlman et al. 2021). Although the traps collected a
small number of specimens, in our study they provided ten unique
species (six in the integrated site, five in the biological site) that were
not found in the transects. The integration of the two methodologies
thus provides a more comprehensive overview of the diversity of
wild pollinators in agroecosystems.

7.5 Conclusions

Although modern almond trees in southern Italy are grown at
high density in intensive agricultural settings, our study identified the
presence of two discrete wild bee communities at the two sites
investigated, represented mainly by species of the genus Andrena.
The combination of the methodologies, active (transects) and passive
(pan traps), allowed for a more complete overview of the species
richness present. As already known from previous studies on
perennial crops, our study found that organic management provides
no benefit to species richness, although the abundance of wild bees
had increased. In the end, considering the sporadic presence of wild
bees (bumblebees and solitary bees) on almond blossoms we
hypothesize that probably the honeybee is the main pollinator for the
studied varieties found in modern almond plantings. However, the
role of wild species in pollinating this crop and increasing the yield
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and quality of nuts would need to be studied more thoroughly
through larger-scale studies.
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SUPPLEMENTARY MATERIALS

Supplementary tables.

Integrated Organic
Botanical families Botanical species 2022 2023 2024 2022 2023 2024
Asparagaceae Bellevalia romana 0 0 0 0 1 0
Asteraceae Calendula arvensis
Asteraceae Crepis foetida
Asteraceae Galactites tomentosus
Asteraceae Glebionis coronaria
Asteraceae Reichardia picroides
Asteraceae Sonchus oleraceus

Boraginaceae

Borago officinalis

Boraginaceae

Cerinthe major

Boraginaceae

Echium vulgare

Brassicaceae

Brassica nigra

Brassicaceae

Diplotaxis erucoides

Brassicaceae

Lepidium draba

Brassicaceae

Raphanus raphanistrum

Brassicaceae

Rapistrum rugosum

Brassicaceae

Sinapis arvensis

Caryophyllaceae

Cerastium glomeratum

Caryophyllaceae

Stellaria media

Convolvulaceae

Convolvulus arvensis

Cucurbitaceae

Ecballium elaterium

Euphorbiaceae

Euphorbia helioscopia

rlo|kr|k|r|r|r|lo|r|o|r|o|lo|o|r|olo|o|r|o|r|r|r|r|o|r k||~ |o]|+

o|lo|r|r|r|r|r|lo|r|o|r|r|r|lo|lo|o|o|o|o|o|r|r|r|o|r k| |r|o|+~ |-

rlr|lo|r|lo|r|o|k|r|r|lo|r|r|lo|o|lo|r|r|o|o|r|r|lo|lo|o|r|o|r ||k ]|+

RIFPIOFR|IO|IFR|IC|O(FR|O|O|R|F|(F|IO|O|0C|O(0 |0 |FR|O|0|0(FR|FR|O(O|F |-

~N|O|Oo|Oo|r|(O|0O|O|O|FR|(O|0O|O|0C|O(FR|F|O|O|F|(O|FR|O|0O|O|O|0|(O|O|O|O |-

~N|O|O|O|FR|(O|0|O|R|F|O|0O|O|0O |00 |0|O|0 |0 |F|O|0O|O|(O |0 |O|O|O |-

Fabaceae Lotus ornithopodioides
Fabaceae Lotus tetragonolobus
Fabaceae Medicago polymorpha
Fabaceae Sulla coronaria
Fabaceae Vicia sativa
Geraniaceae Erodium moschatum
Malvaceae Malva multiflora
Oxalidaceae Oxalis pes-caprae
Papaveraceae Fumaria officinalis
Plantaginaceae Veronica polita
Primulaceae Lysimachia arvensis
Total species per site per year| 19 18 19 14
Total species per site 24 22

Table S7.1 Families and species of plants found along transects at the two
sites (integrated and organic) during the three years of the survey (2022-
2024), with the total number of species per site per year and total species

per site (overall over the three years). 1= present; 0= absent.

275



7. Wild bees in modern Italian almond plantings

7.6 References

Alomar, David, Miguel A. Gonzalez-Estévez, Anna Traveset, and
Amparo Lézaro. 2018. “The Intertwined Effects of Natural
Vegetation, Local Flower Community, and Pollinator Diversity
on the Production of Almond Trees.” Agriculture, Ecosystems
and  Environment  264(September  2017):34-43.  doi:
10.1016/j.agee.2018.05.004.

Bella, Salvatore, Roberto Catania, Pierluigi La Greca, Vittorio
Nobile, Giuseppe Fabrizio Turrisi, and Vera D’Urso. 2023.
“Ecological Connectivity of Bee Communities in Fragmented
Areas of Volcano Etna (Sicily, ltaly) at Different Degrees of
Anthropogenic  Disturbance  (Hymenoptera,  Apoidea,
Anthophila).” Journal of Entomological and Acarological
Research 55(1). doi: 10.4081/jear.2023.11360.

Bengtsson, Janne, Johan Ahnstrom, and Anne-Christin Weibull.
2005. “The Effects of Organic Agriculture on Biodiversity and
Abundance: A Meta-Analysis.” Journal of Applied Ecology
42(2):261-69.

Biesmeijer, J. C., S. P. M. Roberts, M. Reemer, R. Ohlemdiller, M.
Edwards, T. Peeters, A. P. Schaffers, S. G. Potts, R. Kleukers,
C. D. Thomas, J. Settele, and W. E. Kunin. 2006. “Parallel
Declines in Pollinators and Insect-Pollinated Plants in Britain
and the Netherlands.” Science 313(5785):351-54. doi:
10.1126/science.1127863.

Bosch, Jordi, Sergio Osorio-Canadas, Fabio Sgolastra, and Narcis
Vicens. 2021. “Use of a Managed Solitary Bee to Pollinate
Almonds: Population Sustainability and Increased Fruit Set.”
Insects 12(1):1-11. doi: 10.3390/insects12010056.

Brittain, Claire, Riccardo Bommarco, Marco Vighi, Josef Settele,
and Simon G. Potts. 2010. “Organic Farming in Isolated
Landscapes Does Not Benefit Flower-Visiting Insects and

276



7. Wild bees in modern Italian almond plantings

Pollination.” Biological Conservation 143(8):1860-67. doi:
10.1016/j.biocon.2010.04.029.

Brittain, Claire, Claire Kremen, Andrea Garber, and Alexandra
Maria Klein. 2014. “Pollination and Plant Resources Change
the Nutritional Quality of Almonds for Human Health.” PL0S
ONE 9(2). doi: 10.1371/journal.pone.0090082.

Brittain, Claire, Claire Kremen, and Alexandra Maria Klein. 2013.
“Biodiversity Buffers Pollination from Changes in
Environmental  Conditions.” Global Change Biology
19(2):540-47. doi: 10.1111/gch.12043.

Brugisser, Odile, Martin H. Entling, and Sven Bacher. 2010. “Effects
of Vineyard Management on Biodiversity at Three Trophic
Levels.” Biological Conservation 143(6):1521-28.

St. Clair, Ashley L., Ge Zhang, Adam G. Dolezal, Matthew E.
O’Neal, and Amy L. Toth. 2022. “Agroecosystem Landscape
Diversity Shapes Wild Bee Communities Independent of
Managed Honey Bee Presence.” Agriculture, Ecosystems and
Environment 327(March 2021):107826. doi:
10.1016/j.agee.2021.107826.

Dag, A., L. Zipori, and Y. Pleser. 2006. “Using Bumblebees to
Improve Almond Pollination by the Honeybee.” Journal of
Apicultural Research 47(3):215-16. doi:
10.3896/ibra.1.45.4.08.

Delaplane, Keith, and Daniel Mayer. 2000. Crop Pollination by
Bees. New York: CABI Publishing.

Eeraerts, Maxime, Ruben Vanderhaegen, Guy Smagghe, and Ivan
Meeus. 2020. “Pollination Efficiency and Foraging Behaviour
of Honey Bees and Non-Apis Bees to Sweet Cherry.”
Agricultural and Forest Entomology 22(1):75-82.

Eisikowitch, Dan, and A. Lupo. 1989. “Wild Flowers as Competitors
for Pollinators in Almond Orchards.” Alon Hanotea 12:1307—
1312.

277



7. Wild bees in modern Italian almond plantings

FAO. 2022. “Food and Agriculture Organization of the United
Nations, Statistical Databases.” FAO.Org.

Garibaldi, Lucas A., Ingolf Steffan-Dewenter, Rachael Winfree,
Marcelo A. Aizen, Riccardo Bommarco, Saul A. Cunningham,
Claire Kremen, Luisa G. Carvalheiro, Lawrence D. Harder,
Ohad Afik, Ignasi Bartomeus, Faye Benjamin, Virginie Boreux,
Daniel Cariveau, Natacha P. Chacoff, Jan H. Dudenhoffer,
Breno M. Freitas, Jaboury Ghazoul, Sarah Greenleaf, Juliana
Hipdlito, Andrea Holzschuh, Brad Howlett, Rufus Isaacs,
Steven K. Javorek, Christina M. Kennedy, Kristin M.
Krewenka, Smitha Krishnan, Yael Mandelik, Margaret M.
Mayfield, Iris Motzke, Theodore Munyuli, Brian A. Nault,
Mark Otieno, Jessica Petersen, Gideon Pisanty, Simon G. Potts,
Romina Rader, Taylor H. Ricketts, Maj Rundlof, Colleen L.
Seymour, Christof Schiiepp, Hajnalka Szentgyoérgyi, Hisatomo
Taki, Teja Tscharntke, Carlos H. Vergara, Blandina F. Viana,
Thomas C. Wanger, Catrin Westphal, Neal Williams, and
Alexandra M. Klein. 2013. “Wild Pollinators Enhance Fruit Set
of Crops Regardless of Honey Bee Abundance.” Science
340(6127):1608-11. doi: 10.1126/science.1230200.

Goulson, Dave, Elizabeth Nicholls, Cristina Botias, and Ellen L.
Rotheray. 2015. “Bee Declines Driven by Combined Stress
from Parasites, Pesticides, and Lack of Flowers.” Science
347(6229). doi: 10.1126/science.1255957.

Heberle, Henry, Gabriela Vaz Meirelles, Felipe R. da Silva,
Guilherme Telles, and Rosane Minghim. 2015. “InteractiVenn:
A Web-Based Tool for the Analysis of Sets through Venn
Diagrams.” BMC Bioinformatics 16(169).

Hulsmans, E., R. Daelemans, V. Cuypers, E. Van Der Straeten, M.
Vanderlinden, T. De Blanck, W. Vertommen, M. Boeraeve, W.
Proesmans, and O. Honnay. 2024. “Cascading Effects of
Management and Landscape on Insect Pollinators, Pollination

278



7. Wild bees in modern Italian almond plantings

Services and Yield in Apple Orchards.” Agriculture,
Ecosystems & Environment 352(108509).

Hutchinson, Louise A., Tom H. Oliver, Tom D. Breeze, Rory S.
O’Connor, Simon G. Potts, Stuart P. M. Roberts, and Michael
P. D. Garratt. 2022. “Inventorying and Monitoring Crop
Pollinating Bees: Evaluating the Effectiveness of Common
Sampling Methods.” Insect Conservation and Diversity
15(3):299-311. doi: 10.1111/icad.12557.

Kehinde, Temitope, and Michael J. Samways. 2012. “Endemic
Pollinator Response to Organic vs. Conventional Farming and
Landscape Context in the Cape Floristic Region Biodiversity
Hotspot.” Agriculture, Ecosystems & Environment 146(1):162—
67.

Klein, Alexandra Maria, Claire Brittain, Stephen D. Hendrix, Robbin
Thorp, Neal Williams, and Claire Kremen. 2012. “Wild
Pollination Services to California Almond Rely on Semi-
Natural Habitat.” Journal of Applied Ecology 49(3):723-32.
doi: 10.1111/j.1365-2664.2012.02144.x.

Klein, Alexandra Maria, Bernard E. Vaissiére, James H. Cane, Ingolf
Steffan-Dewenter, Saul A. Cunningham, Claire Kremen, and
Teja Tscharntke. 2007. “Importance of Pollinators in Changing
Landscapes for World Crops.” Proceedings of the Royal
Society B: Biological Sciences 274(1608):303-13. doi:
10.1098/rsph.2006.3721.

Kremen, Claire. 2018. “The Value of Pollinator Species Diversity
Most Crop-Visiting Species Are Needed to Ensure High Levels
of Crop Pollination.” Science 359(6377):741-42. doi:
10.1126/science.aar7614.

Kuhlman, Marirose P., Skyler Burrows, Daniel L. Mummey, Philip
W. Ramsey, and Philip G. Hahn. 2021. “Relative Bee
Abundance Varies by Collection Method and Flowering
Richness: Implications for Understanding Patterns in Bee

279



7. Wild bees in modern Italian almond plantings

Community Data.” Ecological Solutions and Evidence 2(2).
doi: 10.1002/2688-8319.12071.

Leclercg, N., L. Marshall, T. Weekers, A. Anselmo, D. Benda, D.
Bevk, P. Bogusch, D. Cejas, B. Drepper, M. Galloni, M.
Gérard, G. Ghisbain, L. Hutchinson, B. Martinet, D. Michez, J.
M. Molenberg, P. Nikolic, S. Roberts, G. Smagghe, J. Straka,
P. Vandamme, T. J. Wood, and N. J. Vereecken. 2022. “A
Comparative Analysis of Crop Pollinator Survey Methods
along a Large-Scale Climatic Gradient.” Agriculture,
Ecosystems  and Environment  329(January). doi:
10.1016/j.agee.2022.107871.

London-Shafir, Idit, Sharoni Shafir, and D. Eisikowitch. 2003.
“Amygdalin in Almond Nectar and Pollen - Facts and Possible
Roles.” Plant Systematics and Evolution 238(1-4):87-95. doi:
10.1007/s00606-003-0272-y.

Mallinger, Rachel E., Hannah R. Gaines-Day, and Claudio Gratton.
2017. Do Managed Bees Have Negative Effects on Wild Bees?:
A Systematic Review of the Literature. Vol. 12.

Mandelik, Yael, and Uri Roll. 2009. “Diversity Patterns of Wild
Bees in Almond Orchards and Their Surrounding Landscape.”
Israel Journal of Plant Sciences 57(3):185-91. doi:
10.1560/1JPS.57.3.185.

Mazzeo, Gaetana, Santi Longo, Vincenzo Palmeri, Alice Seminara,
Salvatore Bella, and Lucia Zappald. 2004. “Anthophilous
Insects in Fruit Orchards on Mount Etna (Italy).” Redia
87:247-51.

Mc Gregor, Samuel Emmet. 1976. Insect Pollination of Cultivated
Crop Plants. USDA Agrie.

Moleas, Tommaso. 1978. “Osservazioni Sugli Insetti Impollinatori
Del Mandorlo in Terra Di Bari.” Annali Della Facolta Di
Agraria 30:609-627.

Nieto, A., S. P. M. Roberts, J. Kemp, P. Rasmont, M. Kuhlmann, M.

280



7. Wild bees in modern Italian almond plantings

Garcia Criado, J. C. Biesmeijer, P. Bogusch, H. H. Dathe, P. De
la Rla, T. De Meulemeester, M. Dehon, A. Dewulf, F. J. Ortiz-
Sanchez, P. Lhomme, A. Pauly, S. G. Potts, Q. Praz, C., J.
Window, and Denis Michez. 2014. European Red List of Bees.

Norfolk, Olivia, Markus P. Eichhorn, and Francis Gilbert. 2016.
“Flowering Ground Vegetation Benefits Wild Pollinators and
Fruit Set of Almond within Arid Smallholder Orchards.” Insect
Conservation and Diversity 9(3):236-43. doi:
10.1111/icad.12162.

Ollerton, Jeff, Rachael Winfree, and Sam Tarrant. 2011. “How Many
Flowering Plants Are Pollinated by Animals?” Oikos
120(3):321-26. doi: 10.1111/j.1600-0706.2010.18644.x.

Ortiz-sanchez, F. J., and A. Tinaut. 1993. “Composicion y Variacion
Latitudinal de La Fauna de Polinizadores Potenciales Del
Almendro , Prunus Dulcis ( Mill .), En La Provincia de
Granada ( Sur de Espafa ).” Bol. San. Veg. Plagas 19:491-502.

Osterman, Julia, Marcelo A. Aizen, Jacobus C. Biesmeijer, Jordi
Bosch, Brad G. Howlett, David W. Inouye, Chuleui Jung, Dino
J. Martins, Rodrigo Medel, Anton Pauw, Colleen L. Seymour,
and Robert J. Paxton. 2021. “Global Trends in the Number and
Diversity of Managed Pollinator Species.” Agriculture,
Ecosystems and Environment 322(March):107653. doi:
10.1016/j.agee.2021.107653.

Poli Marchese, Emilia. 1991. Piante e Fiori Dell ’Etna. Palermo:
Sellerio Editore.

Portman, Zachary M., Bethanne Bruninga-Socholar, and Daniel
Cariveau. 2020. “The State of Bee Monitoring in the United
States: A Call to Refocus Away from Bowl Traps and towards
More Effective Methods.” Annals of the Entomological Society
of America 113(5):337-42.

Porto, Rafaella Guimardes, Rita Fernandes de Almeida, Oswaldo
Cruz-Neto, Marcelo Tabarelli, Blandina Felipe Viana, Carlos

281



7. Wild bees in modern Italian almond plantings

A. Peres, and Ariadna Valentina Lopes. 2020. “Pollination
Ecosystem Services: A Comprehensive Review of Economic
Values, Research Funding and Policy Actions.” Food Security
12(6):1425-42. doi: 10.1007/s12571-020-01043-w.

Potts, Simon G., J. C. Biesmeijer, R. Bommarco, T. D. Breeze, Luisa
G. Carvalheiro, Franzén M., Gonzélez-Varo, and O. Schweiger.
2015. Status and Trends of European Pollinators.

Rodrigo Gomez, Sara, Concepcion Ornosa, Jaime Garcia Gila, Javier
Blasco-Aréstegui, Jesus Selfa, Miguel Guara, and Carlo
Polidori. 2021. “Bees and Crops in Spain: An Update for
Melon, Watermelon and Almond.” Annales de La Societe
Entomologique de France 57(1):12-28. doi:
10.1080/00379271.2020.1847191.

Sanchez-Bayo, Francisco, and Kris A. G. Wyckhuys. 20109.
“Worldwide Decline of the Entomofauna: A Review of Its
Drivers.” Biological Conservation 232(September 2018):8-27.
doi: 10.1016/j.biocon.2019.01.020.

Saunders, Manu E., Gary Luck, and Margaret M. Mayfield. 2013.
“Almond Orchards with Living Ground Cover Host More Wild
Insect Pollinators.” Journal of Insect Conservation 17:1011-25.

Sottile, Francesco, Stefano Massaglia, and Cristiana Peano. 2020.
“Ecological and Economic Indicators for the Evaluation of
Almond (Prunus Dulcis 1.) Orchard Renewal in Sicily.”
Agriculture (Switzerland) 10(7):1-14. doi:
10.3390/agriculture10070301.

Thomson, James D., and Karen Goodell. 2001. “Pollen Removal and
Deposition by Honeybee and Bumblebee Visitors to Apple and
Almond Flowers.” Journal of Applied Ecology 38(5):1032—44.
doi: 10.1046/j.1365-2664.2001.00657.x.

Tiedeken, Erin Jo, Jane C. Stout, Philip C. Stevenson, and Geraldine
A. Wright. 2014. “Bumblebees Are Not Deterred by
Ecologically Relevant Concentrations of Nectar Toxins.”

282



7. Wild bees in modern Italian almond plantings

Journal of Experimental Biology 217(9):1620-25. doi:
10.1242/jeb.097543.

Tiritelli, Rossella, Simone Flaminio, Laura Zavatta, Rosa Ranalli,
Manuela Giovanetti, Donato Antonio Grasso, Stefano Leonardi,
Marta Bonforte, Chiara Benedetta Boni, Elena Cargnus,
Roberto Catania, Francesca Coppola, Marco Di Santo,
Michelina Pusceddu, Marino Quaranta, Laura Bortolotti,
Antonio Nanetti, and Giovanni Cilia. 2024. “Ecological and
Social Factors Influence Interspecific Pathogens Occurrence
among Bees.” Scientific  Reports 14(1):1-17. doi:
10.1038/s41598-024-55718-x.

Turrisi, G. F., S. Bella, R. Catania, P. La Greca, V. Nobile, and V.
D’Urso. 2021. “Bee Diversity in Fragmented Areas of Volcano
Etna (Sicily, Italy) at Different Degrees of Anthropic
Disturbance (Hymenoptera: Apoidea, Anthophila).” Journal of
Entomological and Acarological Research 53(3). doi:
10.4081/JEAR.2021.10326.

Westphal, Catrin, T. Heodora P. Etanidou, S. Imon G. P. Otts, S.
Tuart P. M. R. Oberts, H. Ajnalka S. Zentgyo, Riccardo
Bommarco, Gabriel Carré, Ellen Lamborn, Nicolas Morison,
Theodora Petanidou, Simon G. Potts, Stuart P. M. Roberts,
Hajnalka Szentgyorgyi, and Thomas Tscheulin. 2008.
“Measuring Bee Diversity in Different European Habitats and
Biogeographical Regions.” Ecological Monographs 78(4):653—
71.

Yildirim, Adnan Nurhan, Fatma Akinci-Yildirim, Mehmet Polat,
Bekir San, and Yilmaz Sesli. 2014. “Amygdalin Content in
Kernels of Several Almond Cultivars Grown in Turkey.”
HortScience 49(10):1268-70. doi:
10.21273/hortsci.49.10.1268.

283



8. Preliminary investigations on floral visitors of Mango

8 Preliminary investigations on floral visitors of
Mango (Mangifera indica L.) in integrated and
organic crops in Southern Italy

This chapter shows preliminary results of a field study
conducted during the years 2022-2024
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Abstract

Mango (Mangifera indica L., Anacardiaceae) cultivation has recently
spread to some areas of the Mediterranean basin, including Sicily
(Italy). Cross-pollination is essential to increase the yield and quality
of production of this tropical crop, and insects are the main agents.
Mango pollinators have been extensively studied in native areas and
other tropical or subtropical countries, but open field studies have
never been conducted in Europe. In this work, we assessed the
richness and abundance of floral visitors of mango cultivated in
integrated and organic managements in ltaly. Surveys were carried
out in Sicily (2022-2024), during the flowering period with different
pollinator sampling methodologies (transects, pan traps). This
preliminary article shows the results of the first year (2022) of
samplings. Honeybee was the most recorded species during the first
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year (69.4% of the total), however, an interesting diversity of
Hymenoptera was found, especially within the families Halictidae
(17 species), Apidae (8 species), Andrenidae and Vespidae (both 6
species).

Keywords: Tropical crop, Mangifera indica, pollinators, bees,
diversity, Sicily.

8.1 Introduction

Native to Southeast Asia, the mango (Mangifera indica L.,
Anacardiaceae) is widely cultivated in tropical and subtropical areas
of the world, and recently its cultivation is spreading to some
countries in the Mediterranean basin, including Italy (Lauricella et al.
2017). Mango fruits are produced as a result of self-pollination or
cross-pollination mediated by both wind and vertebrate and
invertebrate animals (Ramirez and Davenport 2016). Although the
mode of pollination can vary by cultivar, cross-pollination is the
most important to ensure fruit set of a variety of cultivars in the areas
of origin (Ramirez and Davenport 2016). In this regard, insects play
a crucial role, promoting cross-pollination and significantly
increasing fruit set (Ramirez and Davenport 2016). Both in native
areas (such as India, Bangladesh) and in areas of introduction (such
as Australia, Brazil, Malaysia, Japan, Israel) insects of the order
Diptera, Coleoptera, Lepidoptera, and Hymenoptera are recognized
as critical for mango pollination (Ramirez and Davenport 2016). In
particular, eusocial bees of the genus Apis and the tribe Meliponini
(Apidae), solitary bees, and Diptera Calliphoridae and Syrphidae are
the main mango’s pollinators in tropical areas (Ramirez and
Davenport 2016).

Mango cultivation in southern Europe, i.e., Spain and ltaly,
is of recent introduction, and to date the pollinators of this crop in the
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Mediterranean environment are unknown. The recent study by
Sanchez et al. (2022) evaluated the role of pollination by the hoverfly
Eristalinus aeneus (Scopoli) released on greenhouse-grown mangoes
in southern Spain (Granada) and assessed an increase in fruit yield
and quality with medium and high densities of syrphids. In addition,
in this study it was reported the presence of Diptera Calliphoridae,
Sarcophagidae, Syrphidae, Tachinidae and Hymenoptera Vespidae,
Sphecidae and some Apoidea including Apis mellifera, Bombus
terrestris, Osmia sp. and Xylocopa sp. visiting the flowers of mango
inside the greenhouses (Sanchez et al. 2022). However, no specific
investigation was conducted to assess the diversity of insects visiting
mango flowers in those environments and understand what their role
was in pollination.

In Sicily, mango was first imported in the 1980s, through the
introduction of the Kensington Pride variety in the province of
Catania (Lauricella et al. 2017). Subsequently, additional varieties
were imported in other coastal areas of Sicily, in areas compatible
with the development of this species, in the provinces of Palermo,
Messina and Catania. Considering the need to expand knowledge on
the pollination of cultivated mango in the Mediterranean
environment, the present study aims to (i) assess the richness and
abundance of floral visitors in this agroecosystem, (ii) identify
mango pollinators in Italy, (iii) compare the richness and abundance
under integrated and organic management, and (iv) compare different
sampling methodologies (transects, pan traps).

8.2 Material and methods

8.2.1 Sampling methodology

Studies were conducted for three years from 2022 to 2024 in
southern Italy (Sicily). Floral visitor surveys were conducted in two
Kensington Pride mangos groves, one under integrated management
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(37°47'25.7"N 15°12'37.6"E) and one under organic management
(37°46'37.1"N 15°11'59.1"E). Sampling was carried out during the
mango flowering period, which in Sicily occurs in May (it can
extend until the beginning of June), with two pollinator sampling
methodologies: transects and pan traps. Standard protocols were
adopted for the three sampling modes (Leclercq et al. 2022;
Westphal et al. 2008), with some modifications. For each grove, two
samplings per year (or per flowering period) were carried out.
Transects were set up (200x2 m) and collections were made at two
different times of the day with 90-minute sessions, in the morning at
9:30-11:00 and in the afternoon at 14:30-16:00. While walking along
the transect, all spontaneous botanical species were noted, and floral
visitors were also collected from these plants. This methodology
allowed to recognize which species are mainly related to wild plants
or mango plants, and also obtain an assessment of the diversity
present in these agro-ecosystems. Three triplets of pan traps (blue,
white, and yellow) were placed at least 30 m from each other inside
the groves, and filled halfway with water and odourless soap. For
these traps, 500 ml plastic bowls were painted with a primer
(Arexons® white primer), and then with fluorescent blue, yellow
(Arexons® paint) or white sprays-paints (Macota® paint). Pan traps
were placed at 9:00 and removed at 16:30.

The specimens were identified at species level and deposited
in the collection of the Department of Agriculture, Food, and
Environment, of the University of Catania. Species identification was
carried out by Vittorio Nobile for the family Colletidae, Thomas J.
Wood for the family Andrenidae, Simone Flaminio for the family
Halictidae, Roberto Catania for the families Apidae and Crabronidae,
Marco Selis for the family Vespidae.

8.3 Results
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Preliminary results highlighted a prevalence of honeybees that
represent the 69.4% of the pollinator specimens recorded (h= 1048
specimens). The other insects (n= 321) belonged to Diptera (n= 23),
Lepidoptera (n= 30), Coleoptera (n= 37), and Hymenoptera (n= 231)
orders. The order Hymenoptera, in addition to having the highest
abundance of specimens, showed an interesting species richness (n=
47 species) belonged to 9 different families (Tab. 8.1). Halictidae
was the most represented family with 17 species belonging to 6
genera (Nomiapis, Nomioides, Halictus, Seladonia, Lasioglossum,
Sphecodes) (Tab. 8.1). The most abundant species was Hylaeus
punctatus (Brullé) (Colletidae) (n= 53) collected mainly from the
flowers of mango.

Table 8.1 Hymenoptera species collected during the samplings in the
mango’s groves in the first year of investigations (2022).

Family Species
Scoliidae Megascolia maculata flavifrons
Leucospidae Leucospis sp.

Eumenes mediterraneus
Eumenes papillarius

) Euodynerus dentici
Vespidae .
Euodynerus disconotatus
Rhynchium oculatum

Vespula germanica

Cerceris arenaria
Cereceris sp.
Crabronidae Diodontus friesei
Lindenius sp.

Pemphredon austriaca

Colletidae Colletes sp.
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Hylaeus punctatus

Andrena cinerea
Andrena combinata
) Andrena dorsata
Andrenidae .
Andrena flavipes
Andrena pilipes

Panurgus siculus

Nomiapis bispinosa
Nomioides facilis

Halictus asperulus

Halictus langobardicus
Halictus scabiosae
Seladonia smaragdula
Seladonia subaurata
Lasioglossum brevicorne
Halictidae Lasioglossum griseolum
Lasioglossum interruptum
Lasioglossum minutissimum
Lasioglossum nitidulum
Lasioglossum pauperatum
Lasioglossum punctatissimum
Lasioglossum pygmaeum
Lasioglossum subhirtum

Sphecodes gibbus

Megachilidae Osmia sp.

Xylocopa violacea
Ceratina cucurbitina
Apidae Ceratina parvula

Nomada sp.

Eucera nigrescens
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Amegilla albigena
Bombus terrestris

Apis mellifera

Overall, 215 specimens were collected by net inside the
transects and 70 by pan traps, at the same time, 150 specimens were
found in the organic and 171 in the integrated grove (Fig. 8.1). The
vast majority (70%) of insects were collected on mango flowers and
a small percentage on the flowers of wild plants found in transects

and pan traps.

&

Coleoptera: 37
_ Diptera: 23 |J

£ . - ™ Lepidoptera: 30

Hymenoptera: 231

7,

Net: 251

Pan Traps: 70

Organic: 150 '

Integrated: 171 @

Figure 8.1 Interaction between the number of floral visitors (excluding Apis
mellifera) collected through net (within the transects) and pan traps, in

organic and integrated groves.

8.4 Discussions and conclusions
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Growing market demand for tropical fruits has led to a
greater expansion of the areas used for their cultivation, and
currently, half of the tropical fruits grown in the world are mangoes
(Gentile, Inglese, and Tagliavini 2022). The influence of climate
change has expanded the range of tropical and subtropical species to
the Mediterranean basin, enabling good fruit quality. Mango
pollination in native areas is mainly achieved by insects, so it is
crucial to understand which species of pollinators visit mango
flowers in the Mediterranean basin in order to preserve and
implement the richness and abundance of these species and ensure
good yields and fruit quality.

The preliminary results of this study provide an interesting
overview of the flower visitors related to mango cultivated in Sicily
by highlighting how Apoidea are the most numerous insects visiting
its flowers. Interestingly, the number of bees in the conventional
grove is higher than in the organic, probably due to the richness of
wild flowers in the former. In addition to bees, mango flowers have
also proved attractive to other groups of Hymenoptera such as
Scoliidae, Leucospidae, Vespidae, and Crabronidae. Although Apis
mellifera was recorded as the most abundant bee species visiting the
flowers of mango during the samplings, our preliminary results
highlighted also an interesting richness of other bee species.
Particularly relevant is in fact the richness of species within the
family Halictidae with the presence of 17 species belonging to the
genera Nomiapis, Nomioides, Halictus, Seladonia, Lasioglossum,
and Sphecodes. As these are preliminary results from the first year of
the survey, it is important to assess species richness and abundance
over the years in order to evaluate which of these visitors may play a
role in pollination of this crop.
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9 General discussion and conclusions

The activities carried out during this PhD project provided
useful and important data on the toxicity of pesticides and
biopesticides on Mediterranean and tropical bees (Hymenoptera,
Apoidea). Biopesticides, including those of botanical origin such as
essential oils (EOs), can be effectively used in agriculture for pest
control, but their use must take into account the safety of non-target
organisms. In fact, these products, although found to be less toxic
than synthetic pesticides to non-target organisms, can still cause
lethal and a multitude of sublethal effects (Chapter 2). A variety of
studies have been produced in recent years on the topic of non-target
effects of biopesticides (such as those of botanical origin) on bees
(Cappa, Baracchi, and Cervo 2022; Catania et al. 2023; Giunti et al.
2022; Lima et al. 2024), however, different research gaps have been
highlighted (Chapter 2). Among these, a major shortcoming is the
lack of a specific protocol and the absence of the use of a positive
control (synthetic pesticide whose toxicity is well known). It was
highlighted a lack of studies on certain groups of bees (bumblebees
and solitary bees); in fact, toxicological parameters are available
mainly for stingless bees and honeybees (Chapter 2). Moreover,
current studies mostly involving laboratory investigations, with very
few higher tier studies (Chapter 2). In any case, it is important to
continue to investigate the effects on pollinators of naturally
occurring molecules that can be used as viable alternatives to
chemical control in modern, sustainable agriculture.

The EO-nanoformulations tested during the research activity
proved to be generally selective for the studied bee species after
topical or residual exposure, while they reduced their survival after
oral exposure (Chapter 3, 4). Nanoformulations are designed to
overcome the limitations given by the use of EOs related to their
stability and easy degradation in the environment, improving at the
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same time the efficacy of these biopesticides (Campolo et al. 2017;
Ricupero et al. 2022). In addition to reduced survival, these EO-
based insecticides caused alterations in the feeding and locomotor
behaviour of stingless bees (Chapter 4). Anti-feeding effects have
been also observed by Bernardes et al. (2017) on stingless bees with
another botanical biopesticide, the insect growth regulator (IGR)
azadirachtin. The deterrent effects induced instead by EOs could be
caused by the toxic effects of EOs itself combined with the presence
of volatile compounds (Chiam et al. 1999; Ruberto et al. 2002) and
their ability to cause physiological stress (Tong, Nieh, and Tosi
2019) or potential alterations in the digestive system. Although in a
real field scenario, given their easy environmental degradation, it
might be unlikely to find a residual concentration of essential oils
such as to cause severe sublethal effects to bees, these aspects should
be further investigated in future research for a more rational use of
these substances. In this regard, research should also focus on
understanding what the residue levels of these substances may be and
after how long their degradation occurs (Isman 2016). Physiological
stress caused by the exposure of the EOs could be linked also to the
observed locomotor alterations. Alterations in locomotor behaviour
caused by essential oils were indeed observed during this research
activity not only on stingless bees (Chapter 4) but also on honeybees,
bumblebees, and solitary bees (Chapter 5). This branch of research
on behavioural alteration has been developing rapidly in recent years,
thanks in part to the development of the Ethoflow software that
enables an easy evaluation of a variety of behavioural parameters
(Bernardes et al. 2021).

In general, in the case of EOs, it is complicated to characterize
their activity in a single mechanism of action since they consist of a
mixture of compounds (Spinozzi et al. 2023), and their insecticidal
activity may be influenced by their chemical composition. Their use
in the field must therefore take into account their potential risk,
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though less than that of synthetic pesticides, also in relation to the
chemical composition of these molecules, the biological and
ethological characteristics of bees, and the likely ways of exposure in
the field.

Research on these topics should also focus on developing new
protocols for laboratory toxicity assessment of biopesticides on
different groups of bees according to different modes of exposure. In
a real-world scenario, bees are indeed exposed to different types of
pesticides through various modes (Sanchez-Bayo and Goka 2014;
Stanley and Preetha 2016). The results with EO-based insecticides
demonstrate how exposure mode can affect bee survival,
highlighting the importance of testing different exposure modes in
laboratory toxicity assessment (Chapter 3, 4). The development of
innovative protocols to assess acute toxicity following residual
contact exposure may in fact complement the protocols currently in
place for this exposure mode (US EPA 2012), and also for topical
(OECD 19984, 2017a) and oral exposure (OECD 1998b, 2017b). The
methodology used during this research activity was developed by
Biondi et al. (2012) to study the toxicity of pesticide on natural
enemies, used also on pests and parasitoids (Ricupero et al. 2020;
Tortorici et al. 2024), and here adapted on social bees (Chapter 3, 4).
This method lends itself well to an assessment of the toxicity of
pesticides in the laboratory for bees, which in the field come into
contact with plant surfaces during their foraging activity or for
collecting nesting material. The applicability of this method could
have interesting parallels in simulating what, for example, happens in
greenhouses. During spray treatments in greenhouses, hives
containing honeybees or bumblebees are generally closed to avoid
direct contact with pesticide, however, they may later come into
contact with residues of these products on plant surfaces. Although
interesting results have been obtained, this method can still be
implemented and improved to help develop a valid protocol. Further
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mode of implementation could involve an evaluation of residual
contact at multiple time ranges after spray treatment to assess the
true residuality of these pesticides on plant surfaces.

The great diversity of bee species is reflected in a diversity of
morphological, biological, and behavioural aspects, so pesticide
toxicity assessment cannot rely on one or a few model species.
Pesticide susceptibility results of solitary ground-nesting bees show
that they may be more susceptible than the model species indicated
by EFSA (EFSA 2013) (Chapter 5). These results thus highlight a
need to further investigate the toxic effects of pesticides on this
group of bees, increase knowledge of species sensitivity distribution,
and subsequently establish factors for extrapolating toxicity from
honeybees to other species (Arena and Sgolastra 2014; Sgolastra et
al. 2019). This line of research appears crucial for optimizing bee
conservation programs in natural and agricultural environments,
however, it seems clear that one limitation remains the use of field-
collected species (Chapter 5). Although the results obtained here are
useful, interesting, and entirely novel, like the results obtained from
previous studies on this topic (Dewaele et al. 2024; Jitte et al. 2023,;
Uhl et al. 2016), collecting wild bees in the field does not allow to
know the pre-experimental condition of the specimens. This
limitation can be overcome through laboratory identification,
selection and breeding of ground-nesting species. As suggested by
Sgolastra et al. (2019) further study of the basic biology of these
species and development of methodologies for their breeding and
maintenance in the laboratory should be a priority for future
research. Research conducted as part of this project identified several
potential good candidates as model species for ground-nesting bees
within the genus Andrena, while excluding these of the genus Eucera
(Chapter 5). These Andrena species, tested for the first time in
laboratory toxicity assessment, provided valid results, and could be
used in future agrochemical toxicity assessment. They belong to a
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genus that is particularly rich in species, behaviours, and
morphologies and widely distributed (Gusenleitner and Schwarz
2002; Wood 2023), thus proving to be an optimal model for
representing ground-nesting species in bee toxicity assessment. In
addition, the use of body size parameters can be particularly useful in
assessing differences in pesticide susceptibility among bee species.
To these, phylogenetic, biological, behavioural, genetic, and
physiological parameters can be included in future research for a
greater understanding of how susceptibility varies among different
bee species.

The evaluation of toxicity of plant protection products needs to
take more account of the evaluation of sublethal effects and not just
lethal effects. Indeed, it is known that sublethal exposure to
pesticides and biopesticides can cause severe morphological,
behavioural, physiological, and reproductive alterations (Battisti et
al. 2023; Blacquiére et al. 2012; Catania et al. 2023; Desneux,
Decourtye, and Delpuech 2007; Lima et al. 2024) with consequences
for foraging activity and pollination service (Stanley et al. 2015).
During the research activities of this project, sublethal effects after
exposure to certain pesticides (EOs, acetamiprid, pyriproxyfen),
which are generally not very toxic to bees, were highlighted (Chapter
4, 5, 6). These evidences increase concerns about the use of these
pesticide, and highlight the need to rationalize their use and employ
them in the proper way. In the case of greenhouses, bees used for
pollination may be exposed to various risks caused by pesticide
treatments, with consequences both at the individual and colony
level, with the risk of impacting the pollination service (Gradish et
al. 2010). Results here obtained for bumblebees showed several
alterations caused by sublethal exposure to low-risk insecticides that
could potentially be used to control an invasive pest (Chapter 6).
Alterations in feeding behaviour were found concomitant with an
inability of bumblebees to avoid contaminated solutions in choice
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tests. This was already known in the literature for some natural
toxins (Tiedeken et al. 2014) or insecticides (Kessler et al. 2015).
However, it has been shown how applicable concentrations in
greenhouse chemical control are not repellent to bumblebees, with
serious consequences for foraging bumblebees and colonies. In
addition, the observed morphological changes in the internal
parameters of the midgut may contribute to food deterrence, as well
as having physiological consequences would merit further study.
Alterations in the midgut can impair the digestion and absorption of
nutrients (Chapman 1998) with overall consequences for bee health
(Araujo et al. 2019). These findings highlight the importance of
including comprehensive sublethal evaluations and provide crucial
information for improving Integrated Pest and Pollinator
Management (IPPM) strategies.

In addition, the activities of this project assessed the status and
diversity of wild bees (and other floral visitors) in two different
agroecosystems in southern Italy, comparing species richness and
abundance between integrated and organic management (Chapter 7,
8). Although the results are presented here still in preliminary form,
interesting information emerges on species richness and abundance
and how they vary with pesticide management. Different general
overviews of species richness and abundance were observed between
a typical Mediterranean crop such as the almond (Chapter 7) or a
tropical crop such as the mango (Chapter 8). In the case of the
modern almond plantings, a sporadic presence of wild bees has been
observed on the flowers of the crop, while interesting communities
of bees visiting the wild plants have been found (Chapter 7). Wild
bee communities were found to have greater species richness in the
integrated management grove, while the organic grove manifested
greater abundance and dominance of a few species (Chapter 7). This
interesting aspect has already been found for other tree crops where
organic management has not contributed to an increase in species
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richness (Brittain et al. 2010; Brugisser, Entling, and Bacher 2010;
Hulsmans et al. 2024; Kehinde and Samways 2012), highlighting the
need to better understand how agricultural practices and pesticide
management can impact pollinator diversity and the ecological
service provided. Finally, data on flower visitors of mangoes
cultivated in Italy have yet to be processed in their entirety, but these
preliminary results show a high species richness visiting the flowers
of this crop, with no particular differences between pesticide
management (Chapter 8). These results represent a novel element in
the European context, where the pollinators of this crop are still
unknown. However, further investigation will be needed to gain a
better overview of which floral visitors are related to mangoes grown
in Italy, investigating what their role in pollination may be, and how
their richness and abundance may be affected by agronomic and
pesticide management.

In conclusion, the results obtained may be useful in setting up
proper use of plant protection products in agriculture, taking into
account the probable exposure routes of pollinating insects and their
susceptibility. EO-based insecticides can be effectively used in
agriculture to control pests while being selective for pollinators if
used appropriately. In addition, solitary ground-nesting bees of the
genus Andrena may be valuable model species in pesticide toxicity
assessment, and future studies should focus on knowledge of their
basic biology and breeding in the laboratory. Moreover, in order to
have a comprehensive view of the impact caused on pollinators,
plant protection product toxicity assessment needs to take into
account the evaluation of sublethal effects.
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(5136). DOI: 10.1038/s41598-024-55718-x.

Lima M.A.P., Bernardes R., Ferreira L.M.N., Catania R.,
Mazzeo G. 2024 - Non-target effects of biopesticides on
stingless bees (Apidae, Meliponini): Recent trends and
insights. Current Opinion in Environmental Science &
Health, 42: 100580. DOI: 10.1016/j.coesh.2024.100580.

Catania R., Bonforte M., Ferreira L.M.N., Martins G.F.,
Lima M.A.P., Ricupero M., Zappala L., Mazzeo G. 2024 -
Insecticides used for controlling cotton mealybug pose a
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threat to non-target bumble bees. Chemosphere, 368:
143742. DOI: 10.1016/j.chemosphere.2024.143742.

e Catania R., Bernardes R.C., Marta Bonforte, Ferreira
L.M.N., Lima M.A.P. Teper D., Zappala L., Mazzeo G.
Susceptibility of solitary bees to agrochemicals highlights
gaps in bee risk assessment. Environmental Toxicology and
Pharmacology, 104614. DOI: 10.1016/j.etap.2024.104614.

10.4.2 Conference proceedings

e Catania R. 2020 - Genetic and faunistic biodiversity of the
genus Eucera Scopoli in Sicily. Oral presentation at X
AISASP Student Meeting, Padova, February 7, 2020.

e Catania R., Bella S., Di Silvestro S., Quaranta M.,
Massimino Cocuzza G.E., Mazzeo G. 2021 - Preliminary
results on genetic and faunistic investigations of the genus
Eucera (Apidae) in Sicily. Oral presentation at XXVI
Congresso Nazionale Italiano di Entomologia, June 7 — 11,
2021.

e Mazzeo G., Longo S., Oliveri E., Bonforte M., Catania R.,
Costa C. 2022 - Assessment of Biological and behavioral
characteristics of colonies of Apis mellifera siciliana and
Apis mellifera ligustica in Sicily. Poster at First international
meeting ‘APIS SILVATICA’ The western honey bee in
nature - Pantelleria May 16-20, 2022.

e Catania R., Lima M.A.P., Zappald L., Mazzeo G. 2022 -
Effetti letali di bioinsetticidi a base di oli essenziali su Apis
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mellifera. Oral presentation at XVIII Convegno Nazionale
AISASP, Sassari, September 7-9, 2022.

Catania R. 2022 - Bee pollinators of Mediterranean crops:
risk assessments of biopesticides on wild and managed bees,
and biodiversity evaluation. Poster at 4th Joint Meeting of
Agriculture-oriented PhD Programs - Paluzza (UD), 3-7
October 2022.

Catania R., Bonforte M., Ricupero M., Zappala L., Mazzeo
G. 2023 - Lethal and sublethal effects of insecticides applied
to control Phenacoccus solenopsis on the pollinator Bombus
terrestris. Poster at XXVII Congresso Nazionale Italiano Di
Entomologia, Palermo, June 12-16, 2023.

Catania R., Bella S., Bonforte M., Mazzeo G. 2023 -
Preliminary investigations about pollinators of Mango
(Mangifera indica L.) in southern Italy. Poster at XXVII
Congresso Nazionale Italiano Di Entomologia, Palermo,
June 12-16, 2023.

Catania R., Bella S., Bonforte M., Lima Pereira M.A.,
Mazzeo G. 2023 - Preliminary investigations on floral
visitors of Mango (Mangifera indica L.) in integrated and
organic crops in Southern Italy. Poster at VII Simposio
Internacional de Entomologia, 17-22 settembre 2023 —
Vicosa, Brazil.

Catania R., Bonforte M., Negrini Ferreira L.M., Pereira
Lima M.A., Zappala L., Mazzeo G. 2023 - Impact of
acetamiprid, glyphosate, and sweet orange essential oil

316



10. Annexes: Scientific Curriculum

across Mediterranean bees. Poster at 'Encontro sobre
Abelhas’, 12-14 October — Sao Paulo, Brazil.

e Catania R. 2024 - Assessing the impact of pesticides and
biopesticides on managed and wild bees in Mediterranean
and tropical agroecosystems. Oral presentation at 6™ Joint
Meeting of Agriculture-oriented PhD Programs - Lesina
(FG), 29 September- 5 October 2024.

10.4.3 Other papers

o Bella S., Di Silvestro S., Guardo M., Allegra M., Catania
R., Sorrentino G., Strano M.C. 2020 - Organismi alieni e
gestione sostenibile del sistema agrumeto. Rivista di
Frutticoltura, vol 1, p. 48-50.

e Sorrentino G., Guardo M., Caruso M., Strano M.C., Allegra
M., Di Silvestro S., Bella S., Catania R., Russo G. 2021 -
Nuovi patogeni alieni. Certificazione volontaria da estendere
in Europa. Rivista di Frutticoltura, vol 1, p. 44-48.

e Mazzeo G, Longo S., Oliveri E., Bonforte M., Catania R.,
Costa C. 2023 - Assessment of biological and behavioral
characteristics of colonies of Apis mellifera siciliana and
Apis mellifera ligustica in Sicily. Naturalista siciliano, 47
(1): 225-227. DOI: https://doi.org/10.5281/zen0d0.8165331.

e Catania R., Bonforte M. Mazzeo G. 2024 -
L’impollinazione delle colture tropicali in ambiente
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mediterraneo: il ruolo delle api e di altri insetti antofili.
Entomata, 24, 26 Luglio 2024.

10.5 Current editorial tasks

10.5.1 Peer reviewer

¢ Biodiversity Data Journal (Pensoft)
e Osmia - Journal of Hymenopterology
e Phytoparasitica (Springer)

10.6 Attended Congresses / Workshops / Meetings

o “X AISASP Student Meeting”, Padova (Italy), February 7,
2020.

o “XXVI Italian National Congress of Entomology
(CNIE)”, 7-11 June 2021, online.

e “XVIII Convegno Nazionale AISASP”, Sassari (Italy),
September 7-9, 2022.

o “4th Joint Meeting of Agriculture-oriented PhD
Programs UniCT, UniFG and UniUD”, Paluzza, Udine
(Italy), 3-7 October 2022.

e “VII Simposio Internacional de Entomologia”, Vigosa
(Brazil), 17-22 September 2023.
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e “Encontro sobre Abelhas”, Sdo Paulo (Brazil), 12-14
October 2023.

e “6th Joint Workshop of the Agriculture-oriented PhD

Programs UniCT, UniFG and UniUD”, Lesina, Foggia 29
September — 05 October 2024.

e “Recent advantages in Integrated Pest and Pollinator
Management”, Catania 08 October 2024.

10.7 Attended Seminars

e “Beekeeping in Brazil: particularities and challenges”.
Seminar of Prof. Maria Augusta Pereira Lima (Universidade
Federal de Vigosa), 2 May 2022, Department of Agriculture,
Food and Environment, University of Catania, Italy.

e “L'evoluzione della frutticoltura Tropicale e subtropicale in
ambiente mediterraneo”, 6 May 2022, Department of
Agriculture, Food and Environment, University of Catania,
Italy.

e “Phylogeny, ecology and biogeography of melittid bees” Dr.
Denis Michez (University of Mons), 26 October 2022, part
of the “Bee Biogeography and Systematics Talks” series
organized by the Packer Lab and the Centre for Bee
Ecology, Evolution, and Conservation at York University,
Toronto, Canada.
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e “Bees from North to South” Dr. Claus Rasmussen
(University of Aarhus), 30 November 2022, part of the “Bee
Biogeography and Systematics Talks” series organized by
the Packer Lab and the Centre for Bee Ecology, Evolution,
and Conservation at York University, Toronto, Canada.

e “Seminarios de Entomologia”, organised by Prof. Eugenio
Eduardo de Oliveira, June-December 2023.

e “Erasmus + Blended Intensive Programme - Summer school
‘Marcello La Greca’ on Biodiversity”. Catania (ltaly), 23-27
September 2024.

10.8 Participation to research projects

e “BeeNet - api e biodiversita nel monitoraggio
dell'ambiente” - sampling of wild bee for the national
project in the two transects present in Sicily, and studies on
the pathogen spillover on wild bees.

o “Climvit” - samplings for the national project in four

vineyards present in Sicily and preparation and
determination of the collected bee specimens.

« “AGRITECH spoke 2 WP 2.1” - samplings of flowers
(from apple trees and wild flowers) for the national project.

10.9 Attended courses
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“Managing biological data with R”, Dr. Mario Di Guardo,
22 February-4 March 2022 (40 hrs), Department of
Agriculture, Food and Environment, University of Catania,
Italy.

“English course CLA”, Dr. Giustino Alessi, 18 March-7
June 2022 (40 hrs), Centro Linguistico di Ateneo, University
of Catania, Italy.

“Corso di Analisi Statistica di Base”, Prof. Dimauro and
Prof. Cesarani, 19 - 23 September 2022 (40 hrs), Department
of Agriculture, Food and Environment, University of
Catania, Italy.

“Conhecendo o Portugués do Brasil?, Prof. Paloma
Fagundes, 12 June - 13 July 2023 (24 hrs), Universidade
Federal de Vigosa - UFV, Brazil.

“Scientific publishing in the peer review era”, Prof.
Antonio Biondi and Prof. Michele Ricupero, 23 - 27 June
2023 (8 hrs), Department of Agriculture, Food and
Environment, University of Catania, Italy (followed on
Microsoft Teams).

“CAD and GIS for sustainable agriculture”, Prof. Claudia
Arcidiacono and Prof. Provvidenza D’Urso, 4-6 July 2023
(15 hrs), Department of Agriculture, Food and Environment,
University of Catania, Italy (followed on Microsoft Teams).

321



10. Annexes: Scientific Curriculum

10.10 Teaching activities

e Seminar: “Bee pollinators (Hymenoptera, Apoidea) of
Mediterranean crops: risk assessments of biopesticides on
solitary and managed bees, and richness evaluation” for
master and PhD student of the course of Entomology
seminars at the University of Vigosa, Brazil, 29 June 2023.

e Laboratory Trainings: “Diversity, taxonomy, biology of wild
bees (Hymenoptera, Apoidea)” for bachelor student of the
course “Beekeeping and Bee production” - L-26 (2021-
2024).

e Laboratory Trainings: “Risk assessment of plant protection
products on managed and wild bees” for bachelor student of
the course “Beekeeping and Bee production” - L-26 (2021-
2024).

e Laboratory Trainings: “Introduction to wild bees” for high
school students for Percorsi per le Competenze Trasversali e
per I’Orientamento (PCTO) activities (2022-2024).

10.11 Thesis mentoring

o Davide Finocchiaro, MS thesis on “Lethal effects on Apis
mellifera of nanoformulations and commercial formulations
of Essential Oils for the control of plant pests”. Master’s
degree in Agricultural Sciences and Technologies,
Department of Agriculture, Food and Environment,
University of Catania.
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Claudio Catalano, MS thesis on “Toxicity of acetamiprid,
glyphosate and sweet orange essential oil on different bee
species”. Master’s degree in Agricultural Sciences and
Technologies, Department of Agriculture, Food and
Environment, University of Catania.

Irene Palermo, BS thesis on “Bee pollinators of crops in
Sicily”. Bachelor’s degree Agricultural Sciences and
Technologies, Department of Agriculture, Food and
Environment, University of Catania.

Gioele Migliore, MS thesis on “Diversity of pollinators in a
roof garden in urban environment”. Master’s degree in
Agricultural Sciences and Technologies, Department of
Agriculture, Food and Environment, University of Catania.
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11 Appendices

11.1 Other published article on the topic of bee conservation

e Lima M.AP., Bernardes R., Ferreira L.M.N., Catania R., Mazzeo
G. 2024 - Non-target effects of biopesticides on stingless bees
(Apidae, Meliponini): Recent trends and insights. Current Opinion
in Environmental Science & Health, 42: 100580. DOI:
10.1016/j.coesh.2024.100580.

Abstract

The international market for biopesticides has grown in recent years,
increasing the probability of pollinator exposure to these products. Even
though stingless bees are the main group of wild tropical pollinators, the
non-target effects of biopesticides have scarcely been studied in these bees.
Herein, we performed a systematic review of the literature following the
PRISMA guidelines and provided a summary of recent trends in the field.
One of our main findings was that most of the studies found significant
effects on various of the variables investigated, such as increases in
mortality,  development  modifications,  behavioral  disruptions,
morphophysiological alterations, immune and microbiome reductions, and
effects on reproduction. These findings demonstrate that the presumption
that biopesticides are safe for stingless bees is not true for many species.
However, more holistic protocols using field tests should be carried out to
provide realistic data for an appropriate risk assessment of biopesticides in
these bees.

e Tiritelli R., Flaminio S., Zavatta L., Ranalli R., Giovanetti M.,
Grasso D.A., Leonardi S., Bonforte M., Boni C.B., Cargnus E.,
Catania R., Coppola F., Di Santo M., Pusceddu M., Quaranta M.,
Bortolotti L., Nanetti A. e Cilia G. 2024 - Ecological and social
factors influence interspecific pathogens occurrence among bees.
Scientific Reports, 14 (5136). DOI: 10.1038/s41598-024-55718-x.
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Abstract

The interspecific transmission of pathogens can occur frequently in the
environment. Among wild bees, the main spillover cases are caused by
pathogens associated with Apis mellifera, whose colonies can act as
reservoirs. Due to the limited availability of data in Italy, it is challenging to
accurately assess the impact and implications of this phenomenon on the
wild bee populations. In this study, a total of 3372 bees were sampled from
11 Italian regions within the BeeNet project, evaluating the prevalence and
the abundance of the major honey bee pathogens (DWV, BQCV, ABPV,
CBPV, KBV, Nosema ceranae, Ascosphaera apis, Crithidia mellificae,
Lotmaria passim, Crithidia bombi). The 68.4% of samples were positive for
at least one pathogen. DWV, BQCV, N. ceranae and CBPV showed the
highest prevalence and abundance values, confirming them as the most
prevalent pathogens spread in the environment. For these pathogens,
Andrena, Bombus, Eucera and Seladonia showed the highest mean
prevalence and abundance values. Generally, time trends showed a
prevalence and abundance decrease from April to July. In order to predict
the risk of infection among wild bees, statistical models were developed. A
low influence of apiary density on pathogen occurrence was observed,
while meteorological conditions and agricultural management showed a
greater impact on pathogen persistence in the environment. Social and
biological traits of wild bees also contributed to defining a higher risk of
infection for bivoltine, communal, mining and oligolectic bees. Out of all
the samples tested, 40.5% were co-infected with two or more pathogens. In
some cases, individuals were simultaneously infected with up to five
different pathogens. It is essential to increase knowledge about the
transmission of pathogens among wild bees to understand dynamics, impact
and effects on pollinator populations. Implementing concrete plans for the
conservation of wild bee species is important to ensure the health of wild
and human-managed bees within a One-Health perspective.

e Cornalba M., Quaranta M., Selis M., Flaminio S., Gamba S., Mei
M., Bonifacino M., Cappellari A., Catania R., Niolu P., Tempesti
S., Biella P. 2024 - Exploring the hidden riches: Recent remarkable
faunistic records and range extensions in the bee fauna of Italy
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(Hymenoptera, Apoidea, Anthophila). Biodiversity Data Journal
12: €116014. https://doi.org/10.3897/BDJ.12.e116014.

Abstract

The area surrounding the Mediterranean basin is recognised as a major
biodiversity hotspot for bees, and Italy is amongst the European countries
with the highest bee species richness. Detailed knowledge of bee
distribution is crucial for understanding bee biology and designing tailored
conservation strategies, but is still insufficient in southern European
countries, especially in Italy. We report recent finds of 48 bee species that
yield significant novelties for the Italian bee fauna. Eight species, namely
Andrena confinis Stockhert, Anthidiellum breviusculum Pérez, Coelioxys
alatus Foerster, Lasioglossum algericolellum Strand, Megachile lapponica
Thomson, Megachile opacifrons Pérez, Megachile semicircularis auct. nec
Zanden and Trachusa integra Eversmann are reported as new for Italy. In
addition, Andrena binominata Smith, Andrena compta Lepeletier, Colletes
acutus Peérez, Lasioglossum strictifrons Vachal, Rhodanthidium siculum
Spinola and Rhodanthidium sticticum Fabricius are newly recorded from
mainland Italy, Osmia heteracantha Pérez from Sardegna and Nomada
flavopicta Kirby from Sicilia. We also report significant range extensions
for other bee species and recent records of species that had long gone
unrecorded in Italy. The combination of morphology and DNA barcoding
provided reliable identifications even for the most challenging specimens.
As several of our records come from areas neglected by bee experts in the
past, this study stands out as a key indicator of a bee faunistic richness still
awaiting discovery and hopefully it will stimulate the interest of
taxonomists and stakeholders in pursuing bee research in Italy in the near
future.

e Catania R. 2023 - The recent spread of the carpenter bee Xylocopa
pubescens (Hymenoptera, Apidae) in Europe and the first record
for the Aegean Archipelago. Sociobiology 70(1): e8678. DOI:
10.13102/sociobiology.v70i2.8678.
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Abstract

The African species Xylocopa pubescens Spinola (Hymenoptera, Apidae)
has recently stabilized in some European countries such as Cyprus, Greece,
and Spain. Wood transportation and climate change are the main hypotheses
for the spread of this non-native bee in Europe. | present the first record in
the literature from Santorini and the Aegean Archipelago, confirming the
Citizen Science data from different websites. The presence and the spread
of this species in Europe are discussed.

e BellaS., Catania R., La Greca P., Nobile V., Turrisi G.F., D’Urso
V. 2023 - Ecological connectivity of bee communities in
fragmented areas of Volcano Etna (Sicily, Italy) at different
degrees of anthropogenic disturbance (Hymenoptera, Apoidea,
Anthophila). Journal of Entomological and Acarological Research,
55:11360.

Abstract

The present study analyses the ecological connectivity of four bee
communities in fragmented areas in the foothills of Volcano Etna (Catania
province, Sicily, Italy). The surveys were carried out in four sites under
different land management regimes from 2007 to 2010. The selected areas
include two different urban parks in the city of Catania (Parco Gioeni and
Parco degli Ulivi), a Nature Reserve (Complesso Immacolatelle e Micio
Conti, San Gregorio di Catania), and an agroecosystem (a citrus orchard,
Aci Catena). The well-known bee community of a suburban park (Timpa di
Leucatia, north of Catania) was considered as a control site. The bee
communities include 163 species, belonging to the families Colletidae (10
species), Andrenidae (27 spp.), Halictidae (31 spp.), Melittidae (1 sp.),
Megachilidae (49 spp.), and Apidae (45 spp.). Comparative zoocenotic
analyses have been carried out, by calculating the main diversity indices and
different methods of multivariate analysis. The ecological connectivity was
evaluated through cartographic instruments by mapping the level of
biopermeability of the foothills of Etna, to highlight how the level of
naturality and ecological corridors could affect bee diversity. Furthermore,
the degree of environmental fragmentation was evaluated through the
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biogeographic model of islands under the linear regression species-area,
considering the examined sites as “ecological islands”. The data obtained
highlight that reliable conservation strategies should consider firstly the
maintenance of adequate ecological connectivity among environmental
patches as well a high degree of local biodiversity, especially a high
diversity of flowering plants.

e Catania R., Nobile V., Bella S. 2022 - The bees (Hymenoptera,
Apoidea) of Egadi’s Archipelago (Sicily, Italy). Biogeographia —
The Journal of Integrative Biogeography 37: a019. DOI:
10.21426/B637257470.

Abstract

In the present study, we analysed the bee fauna reported in the Egadi
Archipelago (circumsicilian islands). Field and bibliographical research
carried out have allowed us to identify 40 taxa, between species and
subspecies, belonging to five families: Colletidae (3 species), Andrenidae (9
spp.), Halictidae (4 spp.), Megachilidae (15 spp.), and Apidae (9 spp.).
Twenty-seven species are reported here for the first time for the Egadi
Archipelago, together with 13 species previously known from this
archipelago, of which five are confirmed. For each species, details on
collection data, distribution, and plants visited are given. Amongst the
species recorded, Hylaeus duckei (Alfken, 1904) (Colletidae) and Osmia
alfkenii Ducke, 1899 (Megachilidae) are new for Sicily. We include the first
‘Checklist of bees of Egadi’s Archipelago’ (40 species reported).
Furthermore, the Apidae Nomada sicula Schwarz, 1974 is reported for the
first time as a parasite of Panurgus siculus Morawitz, 1871 (Andrenidae)
and Lasioglossum parvulum (Schenck, 1853) (Halictidae) species.

e Las Casas G., Ciaccia C., lovino V., Ferlito F., Torrisi B., Lodolini
E.M., Giuffrida A., Catania R., Nicolosi E., Bella, S. 2022 -
Effects of Different Inter-Row Soil Management and Intra-Row
Living Mulch on Spontaneous Flora, Beneficial Insects and
Growth of Young Olive Trees in Southern Italy. Plants 2022, 11,
545. DOI: 10.3390/plants11040545.

328



11. Appendices

Abstract

Conservation agriculture (i.e., minimized soil disturbance and permanent
soil covering) and living mulches represent two agroecological practices
that can improve soil fertility, spontaneous flora, and beneficial insect
communities. This research studied the effect of these practices in a young
olive orchard in the Mediterranean area. Two Sicilian olive cultivars

(Nocellara del Belice’ and ‘Nocellara etnea’) were used for the field

experiment; inter-row minimum and zero tillage and four species of
aromatic plants as living mulch along the row were tested. Spontaneous
flora and beneficial insect communities, as well as tree growth, were
monitored. The inter-row management did not influence the spontaneous
flora dynamics. The species adopted for living mulch showed a very
different degree of development and soil cover; 69 insect species
(pollinators and predators) belonging to five orders (Hymenoptera,
Lepidoptera, Diptera, Neuroptera, and Coleoptera) and 17 families were
recorded. The growth of the olive trees was not affected by the conservative
strategies: In the inter-row, the growth of the spontaneous flora was limited
by the high temperatures during the summer. Among the living mulch
species, sage and lemongrass guaranteed an almost full soil cover, reducing
the need for weed management along the row, as well as increasing the
beneficial insects without influencing the young tree growth.

e Catania R., Nobile V., Bella S. 2021 - The species of Eucera
Scopoli, subgenus Tetralonia Spinola from Sardinia (Italy) with
new records and E. gennargentui sp. nov. (Hymenoptera, Apidae).
Journal of Hymenoptera Research, 88: 1-16. DOI:
10.3897/jhr.88.70819.

Abstract

In this paper, an update of the species of the genus Eucera Scopoli, 1770,
subgenus Tetralonia Spinola, 1838 from Sardinia is reported, based on data
collection as well as on recent survey carried out at Gennargentu Massif.
Seven species are recorded, four of which are newly added: Eucera
fulvescens (Giraud, 1863), E. gennargentui sp. nov. Nobile, Catania &
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Bella, E. julliani (Pérez, 1879), and E. nana (Morawitz, 1873). The new
species, Eucera (Tetralonia) gennargentui Nobile, Catania & Bella is
described from the high altitude of Gennargentu Massif. Details on
distributions, host plants, and other biological aspects are given for each
species treated. The taxonomic comparison of the taxa belonging to the
subgenus Tetralonia from Sardinia, including E. gennargentui sp. nov., are
discussed taking into account both morphological and COIl barcode
sequences. An identification key to Eucera (Tetralonia) species from
Sardinia is also provided.
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