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Abstract: 
 
The relentless human imprint on Earth has led to catastrophic failure in ecosystems, including the 

introduction and spread of hazardous pollutants in nature. Trace metals are of concern due to 

their towering and meaningful presence in the environment provided by human activities, in 

addition to posing a significant threat to living organisms due to their toxicity. Trace metal 

pollution affects many life groups including pollinators, for which the toxicity of trace metals and 

their impacts are still elusive. In particular, the sublethal effects caused by trace metals on the 

physiological systems and the behaviours of bees remain understudied. In this study, we aimed to 

address these knowledge gaps by testing the sublethal effects of two prevalent metal pollutants, 

namely copper (Cu) and cadmium (Cd), on buff-tailed bumblebee workers, as a model pollinator. 

Our study first assessed their ability to detect various concentrations of these metals in sucrose 

solutions. We found that bumblebees were unable to detect solutions laced with trace metals. 

Environmental concentrations of Cu and Cd, as well as a lethal concentration of Cd, were not 

rejected. By contrast, the lethal, field-unrealistic concentration of Cu was avoided. These results 

suggest that these metals are readily ingested in natural conditions. Moreover, our study assessed 

the impacts of environmentally relevant concentrations of Cd and Cu on bumblebees’ walking 

behaviour, flying behaviour, oocyte size and lipidic content. We found that the behaviour and 

physiology of bumblebee workers were not affected by these field-realistic concentrations. Basic 

behaviours such as walking and flying abilities of bumblebees were not altered, nor were 

abdominal lipidic content or terminal oocyte size. Finally, we assessed the effects of Cd and Cu on 

the midgut epithelium of bumblebees. Exposure to environmental concentrations did not lead to 

melanisation in the midgut epithelium, yet the exposure to higher concentrations induced a strong 

melanisation response, highlighting sublethal effects at higher concentrations. Overall, exposure 

to environmental concentrations did not lead to any changes in behavioural abilities of 

bumblebees, nor they impacted their physiology. Compared to other studies, the environmental 

concentrations we used were lower, and the duration of exposure was shorter, which could explain 

some discrepancies with the literature. We recommend for future studies to use higher 

concentrations to better reflect the worst-case scenarios of the field, with multiple sources of 

exposition, and over longer periods of time.  
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Résumé en français :  
 
L’empreinte de l’homme sur la biosphe re a mene  a  un e tat catastrophique des e cosyste mes, 

notamment occasionne  par l'introduction de polluants en grande quantite  dans l’environnement. 

Les me taux traces font partie de ces polluants et sont pre occupants par leur pre sence en grande 

quantite  dans l’environnement, due aux activite s humaines, et constituent une menace importante 

pour la biodiversite  en raison de leur toxicite . Ces me taux traces affectent de nombreuses formes 

de vie, y compris les pollinisateurs, pour lesquels la toxicite  et l'impact de ces me taux traces sont 

encore difficiles a  cerner. Notamment, les effets sur la physiologie et le comportement des abeilles 

sont encore assez flous et font toujours l’objet d’intenses discussions.  Nous avons cherche  a  

re pondre a  cette proble matique en investiguant les effets suble taux de deux me taux 

pre ponde rants dans la nature, a  savoir le cuivre (Cu) et le cadmium (Cd), sur des ouvrie res de 

bourdons, utilise es comme pollinisateur mode le. Notre e tude a tout d’abord confirme  que les 

bourdons e taient incapables de de tecter des me taux traces pre sents dans leur source de 

nourriture et consommait des solutions de sucrose contenant des doses environnementales de Cu 

et de Cd ainsi que des doses le tales de Cd. Seule la dose le tale mais non-environnementale de Cu 

a e te  e vite e, ce qui sugge re que les bourdons inge rent ces deux me taux dans des conditions 

naturelles. Ne anmoins, nos re sultats re ve lent e galement que ces me mes concentrations 

environnementales n’affectent ni le comportement ni la physiologie des bourdons. Des 

comportements de base tels que la marche et le vol des bourdons n'ont pas e te  affecte s par ces 

concentrations, pas plus que le contenu lipidique et la taille des ovocytes des bourdons. Enfin, 

l'exposition a  des doses environnementales n'a pas entraî ne  de me lanisation dans l’e pithe lium du 

tube digestif des bourdons. Cependant, l'exposition a  des concentrations plus e leve es a conduit a  

des de ga ts importants dans le tube digestif, mettant en e vidence d'e ventuels effets a  des 

concentrations plus e leve es. L'exposition a  concentrations environnementales de Cd et Cu n’ont 

entraî ne  aucune modification des capacite s cognitive des bourdons et n'ont eu aucun impact sur 

leur physiologie. Cependant, en comparaison a  d'autres e tudes, nos concentrations e taient assez 

faibles, et la dure e d'exposition plus courte. Nous recommandons pour les e tudes futures d’utiliser 

des concentrations plus e leve es afin de mieux refle ter la re alite  du terrain avec des sources 

d'exposition multiples, sur des pe riodes plus longues.  

 

Mots-clés : Me taux traces, Pollinisateur, Bombus terrestris, Cadmium, Cuivre, Anthropoce ne  
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Chapter 1: Introduction 
 

Over the past 50 years, the unstoppable loss of biodiversity across the world, mainly due to 

landscape transformation, climate change and environmental pollution, has led to dramatic 

changes in Earth’s ecosystems. This regrettable observation comes as a result of the increase in 

human activities, driving up the demand for resource and energy production, with its associated 

massive industrialisation and exploitation of natural resources (Dî az et al., 2019; IPBES, 2019; 

Lewis & Maslin, 2015). The human imprint on the biosphere has expanded to such a rate that the 

‘Anthropocene’ epoch – meaning that humans have influenced and modified their environment so 

much that it can be seen at the geological time scale – has been suggested (Lewis & Maslin, 2015; 

Malhi, 2017). A major consequence of these human activities has been the increasing 

concentration of pollutants in the environment (i.e. inorganic ions, metallic compounds, 

nanoparticles, industrial waste, inorganic gas, radioactive isotopes)  (Briffa et al., 2020; Walker et 

al., 2012). Exposure to these xenobiotics represents a major threat to ecosystems and biodiversity. 

Among pollutants, trace metals have gained attention in these last years (Monchanin et al., 2021). 

Trace metals are known to naturally occur in the environment (Bradl, 2005) but a large quantity 

of trace metals with anthropogenic origin has been introduced in excess across all habitats (Briffa 

et al., 2020; El-Kady & Abdel-Wahhab, 2018; Tchounwou et al., 2012). Trace metal pollution 

represents a real danger for many organisms as well as for many ecosystem functions. There are 

carcinogenic, neurotoxic and cause severe damages on cells (Bower et al., 2005; Briffa et al., 2020; 

He et al., 2005). In 2011/12, trace metals and oil minerals were the main pollutants in European 

soils, contributing around 60% to soil contamination (Panagos et al., 2013). Even if trace metal 

emissions have decreased these last years in Europe (EEA, 2023), their non-biodegradable 

properties and bioaccumulation in organisms makes them very persistent and they continue to 

cause damage years after they were emitted (Bradl, 2005; Tchounwou et al., 2012).  

 

1.1 Trace metals  
 

1.1.1 Definition and origins 
 

Trace metals are often related to as heavy metals, a term that has been used for decades in the 

literature and in the common language, both by scientists and the general public. However, this 

term has poor scientific support and is now considered imprecise, meaningless and inappropriate 

(Alloway, 2012; Duffus, 2001; Pourret, 2018). Indeed, despite the numerous articles about the 

origins and effects of ‘heavy metals’ on ecosystems, there are still a lot of misconceptions about 

what ‘heavy metals’ really are without any clear definitions. This lack of standard definition caused 
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a lot of misunderstanding, so there is a need to ban this term from the literature (Pourret, 2018) 

and the use of specific terms like ‘trace metals’ may be more appropriate (Alloway, 2012; Pourret, 

2018). Trace metals are defined as metallic trace elements that naturally occur (so non-synthetic) 

in the Earth’s crust (Alloway, 2012; Bradl, 2005) and are spread in the litho-, atmo-, hydro- and 

biosphere (Alloway, 2012; Tchounwou et al., 2012). These elements are present at low 

concentrations (trace amounts), <1000 mg kg−1 in rocks and soil and <100 mg kg-1 (depending on 

the organisms studied) in dry matter of living organisms (Alloway, 2012; Sabljic, 2009). They 

contrast with macro-elements like Si, Al, Na, C, P, S, Mg, Ca and K, that are present in ways higher 

concentrations (Berdanier et al., 2008; Yaroshevsky, 2006) (Fig.1).  

 

 

 

Figure 1 : Periodic table highlighting trace metal elements: Periodic table showing which elements are considered 
as trace metal according to the definition (Alloway, 2012; Bradl, 2005). Trace metals are in green with the non-essential 
(i.e. non-essential for biological functions) ones hatched. The elements groups of lanthanides and actinides (asterisk) 
are not included. Adapted from Gekière et al. (2023) and Maret et al. (2016). 

 

Sources of trace metals have both natural and anthropogenic origins (Alloway, 2012; Bradl, 2005; 

El-Kady & Abdel-Wahhab, 2018; He et al., 2005; Tchounwou et al., 2012) (Fig. 2). Rocks from the 

Earth’s crust are the main natural sources of trace metals (Bradl, 2005; Yaroshevsky, 2006). These 

trace metals are released and transported from rocks to environmental compartments through 

geochemical processes like volcanism, tectonic plate movement, soil formation, erosion, rock 

weathering, or fire forest (Alloway, 2012; Bradl, 2005; El-Kady & Abdel-Wahhab, 2018; He et al., 

2005; Sabljic, 2009; Tchounwou et al., 2012). Trace metals are therefore naturally present in the 

environment and some are even essential (in small amount) for the sustainability of ecosystems 

and organisms’ health (Maret, 2016; Sabljic, 2009). However, hazardous concentrations of trace 

metals are found in many locations (i.e. industrial, agricultural and urban zones) due to past or 

present human activities in these areas (Giglio et al., 2017; Qu et al., 2018; Zaric  et al., 2016).  
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Figure 2: Summary of the transfer of trace metals in the environment: Representation of anthropogenic sources of 
trace metals and their spread in the different spheres of the environment, as well as organisms impacted by trace metal 
pollution. 

 

The anthropogenic sources are mainly metal-based industries and agricultural activities (Fig. 2; 

Tab. 1) (Bradl, 2005; He et al., 2005; Nagajyoti et al., 2010; Tchounwou et al., 2012). Mining or 

smelting release large amount of trace metals by producing considerable quantities of mine 

tailings and wastes (i.e. wastewater and dust) (Bradl, 2005; Luo et al., 2023; Tchounwou et al., 

2012). Metals are used as raw materials for everyday life products (Mohsen et al., 2022 ; Masindi 

& Muedi, 2018) like electronic devices (Lim & Schoenung, 2010; Maragkos et al., 2013), batteries 

(Melchor-Martî nez et al., 2021), nanotechnology (Dabour et al., 2019 ; Rastogi et al., 2017), 

chemical products (Bernardes et al., 2022; Hooven et al., 2019), and pigments or colorants (Khan 

et al., 2021; Mertoglu-Elmas, 2017; Turner & Lewis, 2018). The overuse of these products and the 

lack of regulations for the proper storage and management of their waste led to their accumulation 

in open environments (Lim & Schoenung, 2010; Melchor-Martî nez et al., 2021). The combustion 

of fossil fuel like coal, petrol and gasoline are also a non-negligeable source of trace metals (Bradl, 

2005). Fossil fuel contains trace metals as residues or additives which are released in atmosphere 

during combustion through fly ash and nanoparticles (Bradl, 2005; Briffa et al., 2020; Groysman, 

2014). Agriculture is another major anthropogenic source of trace metals through the use of 

agrochemical products such as pesticides or fertilisers (Fig.2) (Bradl, 2005; El-Kady & Abdel-



 4 

Wahhab, 2018; He et al., 2005; Q. Zhang & Wang, 2020). It is now a common practice that fertilizers 

contain essential trace elements for correcting deficiencies in soil and boosting plant growth (He 

et al., 2005). Trace metals can be directly used as insecticides or fungicides like copper sulfate 

(CuSO4) or copper hydroxide (Cu(OH)₂) (Bernardes et al., 2022; Richardson, 1997). Trace metals 

are also found in non-metal-based pesticides as co-formulants like most of Glyphosate-based 

herbicides which contain worrying levels of trace metals (Defarge et al., 2018). Other organic 

materials such as farm manures, biosolids or composts also contain high concentrations of trace 

metals (Bradl, 2005; He et al., 2005).  

 

1.1.2 Persistence in the environment and bioaccumulation 
 

As metals harbour volatile (e.g. nanoparticles), solid and aqueous forms (e.g. ions), they spread 

easily in the lithosphere, hydrosphere and atmosphere, and are readily bioavailable and absorbed 

by living organisms (Bradl, 2005; Briffa et al., 2020; Tchounwou et al., 2012) (Fig.2). Trace metals 

are non-biodegradable compounds (Bradl, 2005; Tchounwou et al., 2012), and they have a 

tendency to accumulate in different compartments of the environment (e.g. water) and living 

organisms (bioaccumulation) like plants, marine organisms or terrestrial invertebrates (Akbar et 

al., 2023; Burden et al., 2019; Jakimska et al., 2011; Zwolak et al., 2019). Trace metals, through 

accumulation in biological materials,  irremediably end up in food chains, increasing the risk of 

human health exposure to trace metals (Briffa et al., 2020; El-Kady & Abdel-Wahhab, 2018). Food 

contaminants are meat from farm animals (e.g. cattle; Waegeneers et al., 2009), plant foods (Briffa 

et al., 2020), animal sub-products (e.g. eggs, honey; Goretti et al., 2020; Kabeer et al., 2021; Zergui 

et al., 2023). Hence, metals are still present in the environment decades after their original 

emission (Alva 1992; Bradl, 2005; Tchounwou et al., 2012). In addition to bioaccumulation, other 

biochemical properties are important for trace metals mobility and assimilation like soil nature, 

pH, geochemical phenomena and organic matter (Akbar et al., 2023; Nnaji et al., 2023; Wang & 

Chen, 2009). The distance from the emission zones, the presence of other pollutants and climate 

parameters also play a role (Breidenbach et al., 2023; Elzwayie et al., 2017). Many remediation 

methods exist to remove excess of metals in the environment (C. Li et al., 2019; To th et al., 2016; 

Vareda et al., 2019). For soil, remediation methods using chemicals or biomolecules are commonly 

used (Vandenbossche et al., 2015; Wuana & Okieimen, 2011) but recently decontamination of 

polluted soils via bioaccumulator species such as metallophytes plants (i.e. phytoremediation) or 

microorganisms have been increasingly used (Nnaji et al., 2023). 
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Table 1 : Anthropogenic sources of trace metals: Table displaying anthropogenic sources of principal trace metal 
pollutants. Based on Alloway (2012), Bernhard et al. (2005), Bradl (2005), Briffa et al. (2020), Vithanage et al. (2022). 

Sources Be Cd Co Cr Cu Hg Mn Mo Ni Pb Sn V Zn 

Batteries ○ ● ○ ○ ○ ● ● ○ ● ● ○ ○ ● 

Agrochemical 
products ○ ● ○ ● ● ● ● ○ ○ ● ● ○ ● 

Paints and 
pigments ○ ● ● ● ● ○ ● ○ ● ○ ○ ● ● 

Alloys and metal 
works 

● ● ● ● ● ● ● ○ ● ● ● ● ● 

Fossil fuel ○ ● ○ ○ ● ● ● ○ ○ ● ○ ○ ○ 

Steel works ○ ○ ○ ● ○ ○ ● ● ● ● ● ● ● 

Industrial waste ● ● ○ ○ ● ● ○ ● ● ● ● ○ ● 

Ceramics ○ ● ● ● ● ○ ○ ○ ○ ○ ○ ○ ○ 

Catalysts ○ ○ ○ ○ ○ ● ● ● ● ○ ● ○ ○ 

Electronic 
components 

● ● ○ ● ● ● ○ ○ ● ● ○ ○ ● 

Chemical 
reaction ○ ● ● ○ ● ○ ○ ● ● ● ○ ● ● 

Use as 
treatments ○ ● ● ● ○ ○ ● ● ○ ○ ○ ○ ● 

Use or present in 
other products ● ● ● ● ● ● ● ● ● ● ● ● ● 
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1.1.3 Impacts on living organisms 
 

The absorption of trace metals by living organisms is not necessarily problematic. On the contrary, 

many metals, like Zn, Mg, Cu, Co and Mo, are in fact essential in many biological processes (Fig. 1) 

(Maret, 2016). They are important constituents of several key enzymes, proteins and hormones. 

For instance, in the human proteome, one protein in ten is a zinc metalloprotein (Andreini et al., 

2009). Thus they play a myriad of fundamental roles in development, metabolism, detoxification 

systems, neural systems, DNA synthesis and stabilisation (Andresen et al., 2018; Briffa et al., 2020; 

Crichton, 2020; Maret, 2016; Wright & Baccarelli, 2007). Essential trace metals play major roles 

not only in humans but also in other animals as well as in plants and bacteria (Andresen et al., 

2018; Crichton, 2020; Nagajyoti et al., 2010). The lack of these elements can lead to deficiency 

(Briffa et al., 2020). For instance, deficiency in Zn affects the immune system, wound healing, the 

senses of taste and smell, and impairs DNA synthesis (Fraga, 2005). Essential trace metals are 

necessary for life but concentration matters, as high concentrations can be hazardous (Briffa et al., 

2020). Notably, in humans excess of Mn lead to manganism, a neurodegenerative disease 

(Rybakowska et al., 2012). In addition, some trace metals have no established biological functions 

and are considered as non-essential like Cd, Pb, As and Hg (Fig.1), and are toxic even at low 

concentrations (Briffa et al., 2020; Crichton, 2020; Maret, 2016). Toxic effects of trace metals 

(essential and non-essential) on biological systems have been reported as alteration of organelles 

and cellular components, enzyme and protein degradation (loss of functions), cellular damage and 

nuclear protein damage leading to carcinogenesis, genotoxicity, neurotoxicity and severe 

damage/disease in a large range of organs and physiological systems (Fig. 3) (Andresen et al., 

2018; Briffa et al., 2020; Crichton, 2020; Fraga, 2005; Maret, 2016; Wright & Baccarelli, 2007). 

These problems are partly caused by the production of reactive oxygen species (ROS) through 

Fenton-like reactions or the impairment of antioxidant activities (Ba nfalvi, 2011; Pizzino et al., 

2017). These generations of ROS give rise to oxidative stress damaging cells (e.g. lipid 

peroxidation and membrane disruption) as well as altering protein and DNA conformation 

(Ba nfalvi, 2011; Pizzino et al., 2017; Renu et al., 2021). In addition, metals can directly interfere 

with protein conformation, (e.g. binding to cysteine residues or replace other metals in protein 

binding sites), which leads to protein misfolding, loss of function and aggregation (Luka cs et al., 

2021; Tama s et al., 2014; Witkowska et al., 2021). Metals also promote epigenetic alterations such 

as DNA methylation and histone modification leading to DNA disruption (Ijomone et al., 2020).  

 

Trace metals affect many groups of life, from bacteria to complex metazoans, becoming a driver of 

populations and communities (Fig. 2). A high level of metals in the habitat causes drastic changes 

in bacterial communities with a decrease in total diversity (Beattie et al., 2018), bacteria 
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presenting metal resistance systems being overrepresented in contaminated areas at the expense 

of other bacteria (Besaury et al., 2013; Gillan, 2016). Besides, plant community composition and 

richness radically change under the influence of contaminated soil by trace metals and exerted a 

selective pressure leading to the domination of  metallotolerant plants (Woch et al., 2016). Trace 

metals are potentially big drivers in invertebrate community structure. For instance, a loss of 

abundance, richness and diversity in terrestrial and marine invertebrates communities can be 

observed along a gradient of trace metals (Babin-Fenske & Anand, 2011; Costas et al., 2018; Moron  

et al., 2012).   

 

 

Figure 3 : Impacts of trace metal exposure on biological systems: Based on Briffa et al. (2020).  

 

1.2 Routes of exposure 
 

Pollination represents an undeniably essential ecosystem service for human wellness and 

economy (Bugin et al., 2022; Winfree et al., 2011), and negative effects on pollinators induced by 

metal exposure could therefore have worrying consequences for human societies and ecosystems. 

Pollination is mainly provided by hymenopterans, especially bees (Bugin et al., 2022; Khalifa et al., 

2021). Unfortunately, bees are declining worldwide (Goulson et al., 2008; Hallmann et al., 2017; 

Leather, 2018). There are many factors behind this decline (e.g. habitat loss, pathogens and 

parasites, agrochemicals) (Wood et al., 2020). One of these potential declining factors could be 

trace metal exposure, as bees are more exposed to metal pollution due to their foraging activities 
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(van der Steen et al., 2012). Plants accumulate trace elements in their tissues including in their 

floral organs and more specifically in floral resources such as nectar and pollen, with 

concentrations varying among tissues and plant species (Nnaji et al., 2023; Subramanian et al., 

2022; Xun et al., 2017, 2018). It represents a paramount threat for species depending on these 

floral resources for their survival and reproduction, such as pollinators (Xun et al., 2017, 2018). 

This is even more true since some plants hyperaccumulate metals and sequester them in their 

tissues at levels several orders of magnitudes higher than in soils (i.e. metallophytes) (Alford et 

al., 2010). For instance, metallophytes plants such as Odontarrhena lesbiaca, Raphanus sativus or 

Helianthus annuus are commonly used by bees for foraging and nesting (Hladun et al., 2015; Lange 

et al., 2016; Pietrelli et al., 2022; Stefanatou et al., 2020), exposing bees to hazardous 

concentrations of trace metals. Additionally, the increasing use of metallophytes plants for 

phytoremediation in polluted soils (Nnaji et al., 2023) may represent an emerging threat for bees.  

 

Bees are not only exposed through their foraging resources, but also through polluted water and 

airborne fine particles (Giglio et al., 2017; van der Steen et al., 2012). The life-history of the bee 

(i.e. solitary or social) also influences its exposure to trace metals. Solitary bees can use 

contaminated elements for nesting, such as leaf-cutting bees (Megachilidae), which use leaf 

fragments to divide their nest into brood cells (Pitts-Singer & Cane, 2011). Besides, ground-

nesting bees, which nest in soil, are in direct contact with xenobiotics present in the soil (Willis 

Chan et al., 2019). In social bees, foragers bring back xenobiotics to the colony (Johnson, 2015), 

exposing nestmates and larvae (Di et al., 2020). Bees bioaccumulate trace metals in their tissues 

(Goretti et al., 2023). Trace metals are also present in bee products like honey, wax and propolis, 

and can bioaccumulate in them (Goretti et al., 2020; Hladun et al., 2016). These routes of exposure 

(direct and indirect), from multiple sources in various compartments, make the level of trace 

metals accumulated in bees and their products a useful biological indicator for detecting and 

monitoring environmental metal pollution (Giglio et al., 2017; Goretti et al., 2020; van der Steen 

et al., 2012).  

 

1.3 Response to trace metal exposure  
 

1.3.1 Detection, avoidance and detoxification pathways 
 

Floral resources contain a wide range of nutrients and metabolites (amino acids, fats, sugars, 

vitamins, micronutrients) that are essential for bees’ health (Hanley et al., 2008; Somme et al., 

2015). Bees do not forage randomly on every available resource but display selective foraging on 

specific plants according to their nutritional requirements (Hanley et al., 2008; Somme et al., 
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2015). These foraging preferences are provided by a wide range of chemoreceptors composed of 

specialized hairs called sensilla (Bestea et al., 2021; de Brito Sanchez, 2011), mostly located on 

bees’ antenna, tarsi and mouthpieces (Bestea et al., 2021; de Brito Sanchez, 2011). These 

receptors enable to detect and discriminate various concentrations of a variety of essential or toxic 

substances (Bestea et al., 2021; Burden et al., 2019; de Brito Sanchez, 2011; Monchanin et al., 

2022). For instance, honeybees (Apis mellifera) have been shown to perceive and avoid the most 

common pesticide present in their diet (Kang & Jung, 2017). However, they could not discriminate 

all of them (Parkinson et al., 2023), and sometimes bees even preferred food with compounds that 

are toxic for them (Kessler et al., 2015). Using proboscis extension reflex (PER) assays, Burden et 

al. (2020) showed that honeybees can detect and avoid metal compounds in their diet, but 

responses were organ-, metal- and concentration-specific. Copper was rejected following antennal 

stimulation but was consumed following proboscis stimulation. Lead was rejected only after 

proboscis simulation and Cd was not detected either by antennal or proboscis stimulation (Burden 

et al., 2019). Monchanin et al. (2022) showed with PER and electrophysiological analyses that As, 

Pb and Zn were rejected but only at high concentrations, while low, yet harmful and field-realistic 

concentrations, were not avoided (Monchanin et al., 2022). In presence of xenobiotics, bees 

change their feeding/foraging behaviour (Scheiner et al., 2004), and such behavioural plasticity 

can be observed on bees foraging on plants containing trace metals (Xun et al., 2018).  

 

Recently, Borsuk et al (2021) demonstrated the capacity of honeybees to remove metals from their 

food resources. By analysing the residues of metals in different honeybees’ body part and 

products, they observed lower concentrations in bees’ products and a large excreted amount in 

faeces, showing the individual capacity of bees to excrete metals (Borsuk et al., 2021). When bees 

are exposed to xenobiotics such as pesticides and phytochemicals, many detoxification 

mechanisms take place, and one may presume close detoxification pathways for trace metals. 

Detoxification of organic xenobiotics occurs in three-step: (i) functionalisation (phase I), the 

addition of a reactive group to form a reactive site on the toxic compound, mainly performed by 

cytochrome P450 enzymes (CYP450), (ii) conjugation (phase II), the reactive sites will be 

conjugated to a endogenous hydrophilic compound resulting in a harmless molecule, more easily 

excreted, (iii) excretion (phase III), elimination of xenobiotics from the body in faeces by removing 

from the cells conjugated compounds through transporter enzymes as ATP-binding cassettes 

(Berenbaum & Johnson, 2015; Esteves et al., 2021; Gong & Diao, 2017; Hodges & Minich, 2015). It 

remains blurry whether trace metals are detoxified in this way, although the expression of 

detoxification gene in bees increases in polluted areas (Gizaw et al., 2020). Because exposure to 

metals leads to ROS production, a wide range of antioxidant enzymes are present to deal with 

oxidative stress, such as catalases and superoxide dismutases (Bernardes et al., 2022; Gizaw et al., 
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2020; Nikolic  et al., 2016). Besides, ROS-scavenging molecules or chaperone proteins have been 

found to be overregulated after metal exposure (Nikolic  et al., 2016; Nogueira et al., 2018). The 

above-mentioned mechanisms are not restricted to metal detoxification and are probably only 

used for the detoxification of sub-product after metal exposure like ROS (Esteves et al., 2021; Jan 

et al., 2015; Pizzino et al., 2017; Renu et al., 2021). Other processes seem to be tightly linked with 

metal homeostasis. Metal-binding proteins, also known as metallothioneins, seems to be the main 

mechanisms to detoxify metal ions. These proteins have low molecular weight (6–10 kDa) and a 

high cysteine content, giving rise to a structure with a high affinity for metal ions (Carpene  et al., 

2007; Ruttkay-Nedecky et al., 2013). Some genes of metallothioneins have recently been 

identified in the honeybee genome (Purac  et al., 2019). Last but not least, it has been suggested 

that the bee gut symbionts could play a role in metals detoxification through their absorption and 

excretion (Astolfi et al., 2022), as already demonstrated in humans (Arun et al., 2021; Chen et al., 

2022).  

 

1.3.2 Impacts on behaviour and physiology  
 

Neural systems, due to their complex structure and characteristics, are vulnerable to xenobiotics 

which exhibit neurotoxicity with high sublethal cognitive effects (Arau jo et al., 2023; Belzunces et 

al., 2012; Cabirol & Haase, 2019; Caito & Aschner, 2015). Most insecticides are designed with 

neurotoxins as main active substances (e.g. neonicotinoids) (Arau jo et al., 2023; Belzunces et al., 

2012), affecting the nervous system of target organisms by acting on neurotransmission pathway 

(e.g. neural receptors, ionic channels, cell signalling) as agonist/antagonist (Belzunces et al., 2012; 

Cabirol & Haase, 2019), neural metabolism modifications (Belzunces et al., 2012) or through 

damage on brain cells (Arau jo et al., 2023). For instance, neonicotinoids which are agonist of 

nicotinic acetylcholine receptors, causing disturbance in brain structure by alterations of Kenyon 

cells, the intrinsic neurons of the mushroom body which is fundamental to memory, guidance, 

learning and neuronal metabolism of insects (Catae et al., 2018; Strausfeld et al., 2000; Wilson et 

al., 2013). Metals are well established as neurotoxicants, inducing neuronal deficits in many 

organisms (Caito & Aschner, 2015; Wright & Baccarelli, 2007). Their accumulation in the nervous 

system increases oxidative damage to nerve cells and also leads to protein aggregation (Caito & 

Aschner, 2015; Molina-Holgado et al., 2007; Wright & Baccarelli, 2007). Furthermore, metals ions 

alter the neurometabolism of bees (i.e. synthesis and activity of neurotransmitters, synaptic 

enzymes and neuroreceptors) (Z. Li et al., 2022; Milivojevic  et al., 2015; Søvik et al., 2015). 

Exposure to metals cause neurodegenerative diseases, alterations of cognitive functions and 

neurodevelopment impairments (Lawler, 1996; Molina-Holgado et al., 2007; Wright & Baccarelli, 

2007). Metals affect cognitive performance of bees through changes in behaviour, locomotion, 
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memory or taste perception (Bernardes et al., 2022; Burden et al., 2016; Z. Li et al., 2022; 

Monchanin et al., 2024). For instance, mobility functions such as flight and walking activity has 

been reported to be affected by trace metals exposure (Bernardes et al., 2022; Botina et al., 2023; 

S. Gao et al., 2024; Rodrigues et al., 2016). The reduction of cognitive abilities is probably linked 

to neurodevelopment issues (Z. Li et al., 2022). Recently, Monchanin et al., (2024) demonstrated 

that bees close to trace metals source developed smaller heads (i.e. smaller brain) resulting in 

cognitive function decline (Monchanin et al., 2024). However, in the case of mobility function 

impairments  as observed in walking and flying, others factors might be involved as impairments 

in metabolism, thermoregulation or muscle function (Crall et al., 2018; Knoll & Cappai, 2024).  

 

The digestive tract is a critical organ because of its role in nutrient absorption and as it is the first 

site of contact with xenobiotics (Dabour et al., 2019; Motta et al., 2023; Nation Sr, 2022). The 

midgut, between the foregut and the hindgut, is the most important section of the digestive tract 

as it hosts most of the digestion and detoxification processes (Motta et al., 2023; Oliveira et al., 

2019; Vanderplanck et al., 2020). The midgut is lined by a laminar structure composed of chitin 

and proteins, also known as the peritrophic membrane, that protects cells against mechanical 

damage, pathogens and xenobiotics while allowing the absorption of nutrients (Nation Sr, 2022; 

Vanderplanck et al., 2020). Trace metals accumulate in midgut tissues (Bednarska et al., 2016; 

Dabour et al., 2019) and have been shown to cause severe histological and cytological damages on 

midgut epithelium and peritrophic matrix of honeybees (Dabour et al., 2019) and stingless bees 

(Bernardes et al., 2021). To deal with injuries and the entrance of foreign bodies, cells of the gut 

epithelium rapidly mobilise innate immune responses, including melanisation, to face pathogens 

(Larsen et al., 2019; Nakhleh et al., 2017; Nation Sr, 2022; Zeng et al., 2022). Melanisation is a 

localised blackening reaction which allows to seal off cuticular breaches at wound sites and 

prevent the spread of a large number of pathogens, damaged tissues and xenobiotics by 

sequestering them in melanotic nodules for elimination (Allam & Espinosa, 2015; Larsen et al., 

2019; Nation Sr, 2022; Pham & Schneider, 2008). Melanisation is initiated by cells of the gut 

epithelium through secretion of pattern recognition proteins leading to activation of 

(pro)phenoloxidase, a key enzyme in the pathway leading to melanin biosynthesis (Larsen et al., 

2019; Nakhleh et al., 2017; Nation Sr, 2022).  

 

The fat bodies are the second most important tissues for detoxification in bees (L. Gao et al., 2022). 

Fat bodies are localised across the whole bees’ body, primarily under the body surface and around 

organs (Skowronek et al., 2021). In bees, fat body cells are organised in layers consisting of a mix 

of different cell types (Skowronek et al., 2021). Fat body tissues are multifunctional and are the 

centre of many metabolic pathways, including hormone, detoxification enzyme and antimicrobial 
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peptide synthesis (i.e. immunity) as well as lipid and carbohydrate mobilisation (Nation Sr, 2022; 

Skowronek et al., 2021; Vanderplanck et al., 2021). Due to the multifunctional role of fat bodies, 

modification in lipidic content can be used to monitor bee health and used as proxy for bee 

immunocompetence (Vanderplanck et al., 2021). However, this proxy should be interpreted with 

caution, as non-published data showed that lipidic content may not be a suitable proxy to assess 

immunocompetence (Gekie re et al. In prep). The relations between metals and fat bodies remain 

overlooked (especially in bees), although metals accumulation in insect’s fat bodies has been 

demonstrated (J. Zhang et al., 2020), including in bees (Polykretis et al., 2016). Trace metals found 

in the digestive tract are transported to the fat body tissues through haemolymph, where they are 

immobilised/metabolised and finally chelated to be excreted with faeces (Borsuk et al., 2021). 

Moreover, fat metabolism can be impacted by metals has recently shown by Loskutov et al. (2023), 

where exposition to trace metals induced change in the fatty acid profile of black soldier fly 

influencing their total lipid content (Loskutov et al., 2023).  

 

Fat bodies are also related to reproduction (i.e. sexual maturation), especially to ovarian 

development. Fat body cells produces Vitellogenin, an egg yolk protein precursor essential for 

oogenesis and egg development (Amdam et al., 2012; Nation Sr, 2022; Skowronek et al., 2021). 

Female bees have two ovaries, located dorsally to the alimentary tract and each consisting of four 

ovarioles containing numerous oocytes (Laycock et al., 2012; Nation Sr, 2022; Siviter et al., 2020). 

Exposure to pesticide can disrupt ovarian development. For instance, thiamethoxam, 

imidacloprid, and azadirachtin has been found to reduce terminal oocyte length in bumblebees 

(Barbosa et al., 2015; Baron et al., 2017; Laycock et al., 2012). Impact of trace metals on bee’s 

reproductive fitness has been reported through a reduced number of brood cells in mason bees 

(Moron  et al., 2014) as well as through a reduced number of larvae in bumblebees (Scott et al., 

2022; Sivakoff et al., 2020). However, potential impact on the female reproductive system and on 

oocyte production remains unknown.  
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Chapter 2: Objectives 
 
The lack of knowledge about the toxicity of trace metals on bees and their ability to deal with these 

xenobiotics have led us to further investigate the potential sublethal impacts of trace metals on 

these pollinators. To this end, we investigated the sublethal effects of trace metals on the 

behaviour and physiology of buff-tailed bumblebee workers (Bombus terrestris L.), as model 

pollinator, using copper (Cu) and cadmium (Cd), as model metals. We also investigated their ability 

to detect these metals in sucrose solutions.  

 

The study was divided in three major sections (Fig. 4): (i) assessing the capacity of bumblebees to 

detect trace metals in their diet through a free-moving proboscis extension reflex (free-moving 

PER) assay, (ii) highlighting potential impairments in basic but essential behaviours such as 

walking and flying abilities, (iii) investigating the impacts on physiological systems through 

measure of oocyte size, abdominal lipidic content and gut damages through melanisation 

response upon trace metal exposure. Our different assays were conducted using various metal 

concentrations. Environmental concentrations of copper and cadmium were retrieved from the 

PoshBee consortium (Durkalec et al., 2024). Concentrations related to lethal dose of both metals 

(i.e. LD10, LD50) were based on another study of ours (Gekie re et al., Submitted in Environmental 

Toxicology and Pharmacology). We hypothesised that bumblebees would not demonstrate 

avoidance responses to environmental concentrations of metals and would only avoid lethal, non-

realistic concentrations. For behaviour and physiology parameters, we expected to observe 

sublethal effects upon exposure to environmental concentrations of both metals.   

 



 14 

 
Figure 4: Schema of the bumblebee’s organs investigated among different experiments: The different internal and 
external organs of bumblebee examined during the study are shown. The proboscis and the antennae for the detection, 
the brain for behaviour impairments, the midgut (encircled) for melanisation, the fat bodies for abdominal lipidic 
content and ovaries for oocyte size. Referred sections are indicated. 
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Chapter 3: Materials and methods 
 
 

3.1 Pollinator model and trace metals  
 

3.1.1 Bombus terrestris (L., 1758) 
 

Bioassays were performed on the pollinator model Bombus terrestris (L., 1758), using workers 

only. Bumblebees (Hymenoptera: Apidae: Bombus spp.) are eusocial bees (i.e. social organisation 

providing division of labour through different castes in the colony) divided in several castes (i.e. 

queen, workers and males) (Cameron et al., 2007; Goulson, 2010). These crucial pollinators have 

a cosmopolitan distribution across the world, although they are missing in some Australian and 

African regions (Goulson, 2010; Michener, 2000; Rasmont et al., 2021). Most bumblebees, 

including B. terrestris, are generalist pollinators (i.e. polylectic) and thus provide unmatched 

ecosystem services through pollination (Goulson, 2010; Michener, 2000; Rasmont et al., 2021). B. 

terrestris was selected as model due to its commercial availability and easy rearing (Velthuis & 

Doorn, 2006). Bees have been repeatedly utilised in ecotoxicological studies as biological models 

to assess the toxic effects and to biomonitor many environmental pollutants (Breidenbach et al., 

2023; Johnson, 2015; Rothman et al., 2020), including in our lab (Gekie re et al., 2022). 

Furthermore, bees have been shown to bioaccumulate metals (Breidenbach et al., 2023; Giglio et 

al., 2017; Goretti et al., 2020) and hence have to cope with high doses of metals. All colonies were 

obtained from the commercial supplier Biobest buba (standard hive; Westerlo, Belgium), ensuring 

good bumblebee’s health and absence of pathogens in the hive. Colonies were fed from a feeding 

station filled with sugar solutions (Biogluc®, Biobest). In addition, pollen candy (Salix sp.) mixed 

with bottle water (50% w/w) was given for protein and nutrient intake. Colonies were placed in 

a rearing room in the dark at constant temperature (25 °C ± 2 °C) and relative humidity (60% ± 

5%), located on Nimy Campus at University of Mons (Belgium) throughout the experiments.  

 

3.1.2 Copper and cadmium  
 

We used two prevalent environmental metallic pollutants, namely copper (Cu) and cadmium (Cd) 

(Comber et al., 2023; Nagajyoti et al., 2010), respectively described as essential and non-essential 

metals (Maret, 2016). Cadmium exposure is known to cause carcinogenesis, neurotoxicity and 

genotoxicity through oxidative stress, epigenetic alterations or by replacing other metals (e.g. Zn, 

Ca) in proteins, altering their conformation (Benbrahim-Tallaa et al., 2007; Crichton, 2020; Genchi 

et al., 2020; Tchounwou et al., 2012). Copper, even if it is essential, causes genetic disorder, 

oxidative damage, neurodegenerative disease (i.e. Wilson’s disease) and cytotoxicity at high 



 16 

concentrations (Crichton, 2020; Gaetke & Chow, 2003; Tchounwou et al., 2008). In bees, Cd and 

Cu have been reported to cause cellular damage, alter colony health and immunity (Dabour et al., 

2019; Hladun et al., 2016; Nikolic  et al., 2016; Polykretis et al., 2016).  

 

Field-realistic concentrations used in these experiments were based on concentrations found in 

the environment by the PoshBee project (www.poshbee.eu). They collected data on pollutants 

present in the beebread and pollen stores of different domesticated bee species (i.e. Bombus 

terrestris, Apis mellifera, Osmia bicornis), including the concentration of many metals (mg/kg) in 

128 sites across Europe (Durkalec et al., 2024). We used these data to determine the mean values 

present for Cu and Cd for each species, then for all species together (Tab. 2). We considered these 

mean values (i.e. all species) as environmental concentrations in this work. The LD50 of Cd and Cu 

on B. terrestris used has been determined in the lab (Gekie re et al. Submitted in Environmental 

Toxicology and Pharmacology) (see 3.4.1; Tab. 3). 

 

Table 2: Environmental concentrations of metals (mg/kg) found in the PoshBee project: Metal concentrations 
(mg/kg) found in the PoshBee project (Durkalec et al., 2024) in beebread/pollen stores of three bee species (i.e. Bombus 
terrestris, Apis mellifera, Osmia bicornis). The median and the maximum concentrations which have been found are 
shown. We calculated the mean values for each species and then for all species together. We used these mean values 
(i.e. all species) as environmental concentrations.  

Bee sp. Metal N Median Mean Max 

Apis mellifera Cd 123 0.0499 0.0721 0.486 

Apis mellifera Cu 123 7.4 8.14 48.8 

Bombus terrestris Cd 97 0.0329 0.0623 0.465 

Bombus terrestris Cu 97 7.67 9.24 47.8 

Osmia bicornis Cd 86 0.049 0.0727 0.343 

Osmia bicornis Cu 86 8.73 8.85 19.1 

All sp. Cd 306 0.0422 0.0691 0.486 

All sp. Cu 306 7.69 8.63 48.8 
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3.2 Detection of trace metals  
 

Bees can detect a variety of substances, including xenobiotics, in their food (Bestea et al., 2021). 

In presence of xenobiotics, bees can change their feeding behaviour to avoid these toxins (Scheiner 

et al., 2004), but whether they have the capacity to taste and avoid metals is poorly understood. 

Here we tested the capacity of bumblebees to detect trace metals contained in sugar solutions 

using a free-moving PER assay adapted from Ma et al. (2016) and Sculfort et al. (2021).  

 

Three concentrations (i.e. two field-realistic concentrations and the median lethal concentration 

LC50) per metals as well as positive and negative controls were tested (i.e., eight treatments). 

Solutions were prepared with copper chloride (CuCl2; Sigma-Aldrich, CAS 7447-39-4) and 

cadmium chloride (CdCl2; Sigma-Aldrich, CAS 10108-64-2), which were dissolved in a 17% 

sucrose solution (w/w, 0.5 M). Tested concentrations for Cd were 0.07, 0.7 and 100 mg.L-1 (i.e., 

0.38, 3.82 and 545.49 µM), and tested concentrations for Cu were 0.9, 9 and 900 mg.L-1 (i.e., 6.69, 

66.94 and 6693.94 µM). Negative control was the same 0.5 M sucrose solution while the positive 

control was a sodium chloride solution (0.5 M sucrose solution + 15% NaCl w/w), as high 

concentration of NaCl in sucrose solution is known to act as a repellent in bees (Bestea et al., 2021; 

Lau & Nieh, 2016). Three bumblebee colonies were used. On a daily basis, eight workers were 

retrieved from each colony, each worker being allocated to one treatment (i.e. total of three 

workers per treatment per day), so twenty-four workers were tested every day. The experiment 

was conducted until a minimum of 20 workers per treatment tasted the test solutions (see below), 

for a total of minimum 160 workers tested.  

 

Upon  retrieval from the colony, workers were placed individually in Nicot® cage in the rearing 

room with no food for a starvation period of 2-4 hours, to increase motivation for food intake (Ma 

et al., 2016). Due to the number of bumblebees to test per day (twenty-four) and to avoid the risk 

of too much time elapsing between the first and the last tested bumblebees, the bumblebees were 

starved in two waves (i.e. 12 in the morning and 12 in the early afternoon.) After the starvation 

period, workers were transferred to a modified 15-mL centrifuge tube with a 4-mm hole drilled 

at the tip, so that the bees were free to move within the tube. The tube was placed in a white 

polystyrene holder/box to avoid every visual stimulus that can could interfere with the 

experiment (Fig. 5). The system was overhung by a digital microscope Dino-Lite (30 frames.sec−1 

and a 25× magnification rate) placed 5 cm above the tube tip (Fig. 5). This microscope was 

connected to a computer and the video was processed with the software DinoXcope (MacOS, 

Version 2.4.1) to record the feeding session. A capillary tube of 100 µL was filled with the test 

solution. The capillary was connected to a pumping system composed of a modified syringe and a 
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tip. This system allows to fill the capillary and ensures a permanent droplet of solutions at the end 

of the capillary throughout the recording period. The length of the liquid inside the capillary was 

initially measured and the quantity of the solution in the capillary was calculated (9.1 cm = 100 

µL). The capillary was placed in front of the tube in the polystyrene support (Fig. 5). Once the 

experimental support ready (Fig. 5), bees were left three minutes for a habituation period. Then, 

a droplet of 10 µL of sucrose 0.5 M was presented to workers to facilitate the proboscis extension 

(Ma et al., 2016). If the droplet was not consumed after three minutes, the worker was discarded 

(i.e. not motivated to eat). After droplet consumption, the capillary containing the test solution 

was immediately presented to the worker and the 2-min recording started right after the first 

proboscis contact with the solution. If there was no proboscis contact with the capillary three 

minutes after droplet consumption, the bee was discarded. At the end of the 2-min assay, the 

capillary was removed, and the amount of solution left inside the capillary was measured to 

calculate the amount of solution consumed. Each bumblebee was weighed just after the 

experiment and the volume of consumed solution was standardised by the mass of the workers. 

Videos were manually examined with FilmForth V2.3.18 at 0.5x speed (all videos were analysed 

by the same experimenter to avoid bias). The duration of the first proboscis contact, the total 

number of feeding bouts and the cumulative duration of feeding were recorded.  

 

 
Figure 5: Experimental design for free-moving proboscis extension reflex assays: A. Overall design of the 
experiment with the camera over the system to record the bumblebee feeding. B. Untreated bumblebee placed in a 
centrifuge tube placed in a polystyrene structure. C. Testing solutions presented to the untreated bee through the 
pumping system.  

 

All statistical analyses were performed in R 4.3.2. We compared effects among treatments using 

generalized linear mixed-effect models (GLMM) from the glmmTMB package (Brooks et al., 2017), 
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with a Gamma error structure and a log link for the duration of the first contact, the sucrose 

consumption and the cumulative duration of feeding, while a zero-truncated negative binomial 

structure with a logit link was used for the number of contacts. We considered treatment as fixed 

effect and the colony as random effect. The quality of fits of our models were examined using the 

DHARMa package (Hartig & Lohse, 2022). Custom contrast from emmeans package (Lenth et al., 

2024) was used to investigate significant differences between the control (i.e. sugar solution) and 

treatments containing metals. Visual representations were plotted using the ggplot2 (Wickham et 

al., 2024) and ggpubr packages (Kassambara, 2023).  

 

3.3 Behavioural assays 
 

Exposure to xenobiotics like pesticides has been shown to cause several troubles in locomotive 

functions and behaviours in bees (Belzunces et al., 2012). The purpose of this experiment was to 

assess if an exposure to trace metals had sublethal effects on locomotive abilities through two 

behavioural assays, namely a walking behaviour assay and a flight take-off assay. These kinds of 

experiments have already been set with pesticides (Arau jo et al., 2023; Bernardes et al., 2022; 

Botina et al., 2019; Rodrigues et al., 2016).  

 

Two field-realistic concentrations and a sublethal concentration (i.e. LC10) per metal were tested, 

all prepared from CuCl2 or CdCl2 dissolved in 50% sucrose solution (w/w, 2.92 M), which served 

as a negative control for a total of seven treatments. Tested concentrations for Cd were 0.07, 0.7 

and 2 mg.L-1 (i.e., 0.38, 3.82 and 10.91 µM), and tested concentrations for Cu were 0.9, 9 and 17 

mg.L-1 (i.e., 6.69, 66.94 and 126.44 µM). Workers came from three different colonies and were 

collectively exposed to their respective treatments in communal plastic boxes (Fig. 6A). These 

boxes consisted of three workers from the same colony. There were three boxes per treatment 

(one box per colony per treatment), in three replicates for a total of 63 plastic boxes (i.e. 189 

workers in total). Workers were fed for three days (72h) with their respective treatment via plastic 

vials placed under the plastic boxes (Fig. 6A), the food coming through capillarity.   

 

3.3.1 Walking behaviour  
 

After three days of exposure, workers were placed individually in a Petri dish (9 cm diameter, 0.8 

cm high) covered with white paper at the bottom (white) (Fig. 6B) for a two-minute 

acclimatisation period. After this period, the Petri dish was placed under a camera mounted on a 

tripod. The bumblebee activity was recorded for four minutes (~30 frames.sec−1). Videos were 

automatically analysed with the software ToxTrac (Rodriguez et al., 2018) (version 2.98, default 
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settings, object size = [5,000-20,000], object colour selection = 50), to record the total walking 

distance (mm) into the Petri dish and the mobile average speed (i.e. velocity; mm/s).  

 

Difference among treatments were assessed using a non-parametric aligned rank transform 

models from the ARTool package (Kay et al., 2021), as statistical assumptions were not met for 

(G)LMM models. We considered treatment as fixed effect and colony as random effect. Visual 

representations were obtained using ggplot2 (Wickham et al., 2024) and ggpubr packages 

(Kassambara, 2023).  

 

 
Figure 6 : Behavioural assay setup: A. Example of plastic box used for group exposure, with a plastic vial containing 
the solution placed under the box. B. Petri dish with paper place at the bottom with a treated bee inside the dish for the 
walking assay. C. Flight tower in dark with light switched on (experimental condition) for the flight take-off assay.  

 

3.3.2 Flight take-off 
 

Upon the end of the walking behaviour experiment, workers were directly brought to a flight cage 

to observe their flight take-off capacity (Botina et al., 2019). Doing so enables to reduce the 

numbers of animals tested during the experiments. Workers were placed at the base of a tower of 

105 cm of height in a dark room (Fig. 6C). This tower was composed of white wood planks, a plastic 

glass in the front to observe the bumblebee flight, a lamp at the top of the tower and mark every 

10 cm (Fig. 6C).  Bumblebees were left for a 1-min acclimatisation in the dark at the base of the 

tower. After 1 min, the lamp was turned on and worker flight activity was recorded for 2 min, as 

workers tried to reach the lamp because they were attracted by the light (i.e. phototaxis) (Arau jo 
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et al., 2023; Merling et al., 2020). During these two minutes, two metrics were recorded, namely 

the time to reach the lamp (s) and the maximum flying height, classified in five categories (ground, 

1-35 cm, 36-70 cm, 71-105 cm, lamp). 

 

As maximum flying height is an ordinal variable, difference among treatments were assessed using 

a cumulative link mixed effects models (CLMM) from the ordinal package (Christensen, 2023), 

with a logit link. We considered treatment and bee mass as fixed effect and colony as random 

effect. Visual representations were obtained using ggplot2 (Wickham et al., 2024) and ggpubr 

packages (Kassambara, 2023). The time needed to reach the lamp among treatments was not 

investigated because some treatments lacked replicates. 

 

3.4 Gut melanisation 
 

Absorption of xenobiotics, like trace metals, by oral route can cause severe damages on the gut 

physiology of many insects, including bees, often leading to an immune response (Bernardes et al., 

2022; Dabour et al., 2019; Larsen et al., 2019; Wu et al., 2009). To study the damages that metals 

cause on the digestive tract of bumblebees, midgut melanisation after acute and chronic oral 

exposure to Cu and Cd was quantified. Gut melanisation has already been used as a proxy for 

describing gut damage in a previous ecotoxicological study (Straw & Brown, 2021).  

 

3.4.1 Chronic and acute exposure 
 

For chronic exposure, workers were exposed individually for three days in Nicot® cage at the 

same doses as used in behaviour experiments (see 3.3). One hundred and forty-seven workers 

from three colonies were tested over seven treatments (i.e. 21 workers per treatment, 7 from each 

colony). After exposure, bees were stored at -70 °C until gut dissection.  

 

For acute exposure workers came from an experiment designed to determine the LD50 of copper 

and cadmium on Bombus terrestris L., carried out by A.Gekie re, L.Breuer and L.Dorio (Gekie re et 

al., Submitted in Environmental Toxicology and Pharmacology). For acute exposure, five 

concentrations per metals were tested (Tab. 3), as well as a positive control (i.e. dimethoate, 0.1 M 

diluted in a 50% sucrose solution; Pestanal®, CAS 60-51-5) and a negative control (i.e. 50% 

sucrose solution) for a total of twelve treatments. Thirty workers from five colonies (six workers 

per colony) were used per treatment and exposed individually. Bees were weighted and placed in 

Nicot® cage and were provided ad libitum with 50% sucrose solution through a tip-less 2-mL 

syringe overnight in rearing room. Afterwards, bees were starved for four hours and exposed to 
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40 µL of their respective treatments in the tip of a 2-mL syringe. Once the 40 µL were consumed, 

were provided again ad libitum with 50% sucrose solution for four days. Bees that did not 

consume their treatment within three hours were removed. The consumption of sucrose solution 

of each bee was monitored by weighting the syringe every day to calculate the food intake. After 

96 hours, surviving bees were weighted and stored at -70 °C until gut damage analysis. The bees 

dead before the end of the experiments were weighted and stored over the assay. Concentrations 

in solutions were measured after the experiment at the Mineral and Organic Chemical Analysis 

platform (MOCA; Louvain-la-Neuve, Belgium) using Inductively Coupled Plasma – Optical 

Emission Spectrometer (Agilent 5800 VDV ICP-OES) (Tab. 3).  

 

Table 3: Metal concentrations for acute exposure in the melanisation experiment: Metals concentrations used for 
acute exposure for melanisation response in the midgut. Concentrations measured at the Mineral and Organic 
Chemical Analysis platform (MOCA; Louvain-la-Neuve, Belgium). 

 Cu Cd 

Conc1 96 mg/L 714.02 µM 9 mg/L 4.909 µM 

Conc2 202 mg/L 1502.42 µM 19 mg/L 10.36 µM 

Conc3 397 mg/L 2952.77 µM 30 mg/L 16.36 µM 

Conc4 876 mg/L 6515.43 µM 68 mg/L 37.09 µM 

Conc5 1618 mg/L 0.012 M 130 mg/L 70.09 µM 

 

3.4.2 Gut analysis  
 

Bees stored in the freezer at -70 °C were placed on ice and thawed slowly, to avoid risk of tissues 

destruction. Bees were dissected as follows: their thorax as well as the tip of their abdomen (the 

last tergite) were pinned on a wax plate (Fig. 7). Then the abdomen was open with dissecting 

scissors by making a horizontal incision on the last tergite and then two lateral incisions. The 

tergites were lifted and pinned on the thorax (Fig. 7). Fifty microliters of Ringer’s solution were 

added to immerse the internal organs and avoid desiccation. The digestive tract was extracted 

from the abdomen and the midgut part was dissected out. The Malpighian tubules were discarded 

to increase visibility and the midgut was placed in 50 µL of Ringer’s solution on a clean new white 

wax plate. Pictures of midgut were taken with a numeric microscope high resolution, Keyence 
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VHX-970F (Mechelen, Belgium), always using the same parameters (Brightness -> manual = 

13,25), at 50x magnification. The midgut was always photographed on the side facing upwards – 

no effort was made to highlight gut damages. Images were further analysed using Fiji (Schindelin 

et al., 2012). The mean grey value of the midgut was used as proxy to quantify melanisation. In 

Fiji, a rectangle was drawn to cover a large area of the midgut (Edit -> Selection -> Specify), the 

mean grey value was measured over the entire rectangle (Analyze -> Set measurement -> mean 

grey scale + Analyze -> Measure). We obtained a value between 0 and 255, representing the 

brightness (0 = black, 255 = White). We converted the brightness to darkness (255 - brightness) 

to facilitate gut damage interpretation in graphs. We also ran a post-hoc experiment to make sure 

gut damages were not due to post-mortem decomposition (Appendix 1). 

 

Effects of treatments on the melanisation response were compared using generalized linear 

models (GLM) from the MASS package (Ripley et al., 2024), using a Gamma error structure with a 

log link. The same model was set for the sucrose consumption 24 h after exposure. The treatments 

and the bee mass were considered as fixed effect. The quality of fits of our models were examined 

using the DHARMa package (Hartig & Lohse, 2022). The differences between each treatment were 

further investigating through pairwise comparisons with FRD adjustment using emmeans 

package (Lenth et al., 2024). Visual representations were obtained using ggplot2 (Wickham et al., 

2024) and ggpubr packages (Kassambara, 2023).  

 

 
Figure 7: Dissection of a bumblebee’s midgut: Dissections process of an untreated bumblebee’s midgut (organ 
encircled on centre panel) until image capture under a numeric microscope (right image).   

 

3.5 Impacts of trace metals on ovarian development and 
lipidic content  

 
The purpose of this experiment was to highlight the sublethal effects of trace metals on the 

reproductive system of bumblebee workers, using as proxy the length of the terminal oocytes (Fig. 

8). Previous studies already used this proxy on bumblebee workers after exposure to pesticides 
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(Laycock et al., 2012; Shpigler et al., 2014; Siviter et al., 2020). Abdominal lipidic content was also 

measured due to their importance in metabolism pathways and immunoprotein synthesis (Nation 

Sr, 2022; Skowronek et al., 2021), making them a good proxy for immunocompetence and bee’s 

health (Vanderplanck et al., 2021) (but see Gekie re et al. in prep), as well as their involvement in 

sexual maturation (i.e. oogenesis) (Amdam et al., 2012; Skowronek et al., 2021). 

 

Two field-realistic concentrations per metal were tested and prepared from CuCl2 or CdCl2 

dissolved in 50% sucrose solution (w/w, 2.92 M). Tested concentrations for Cd were 0.07 and 0.7 

mg.L-1 (i.e., 0.38 and 3.82 µM), and tested concentrations for Cu were 0.9 and 9 mg.L-1 (i.e., 6.69 

and 66.94 µM). A negative control (i.e. 50% sucrose solution) was also implemented for a total of 

five treatments. Fifty workers were tested per treatment (5 colony and 10 workers per colony per 

treatment) for a total of 250 bees. Workers were fed individually for seven days with their 

respective treatment in Nicot® cages through a tip-less 2-mL syringe. This syringe was weighed 

every three days to monitor metal intake and replaced if necessary. Each Nicot® cage was also 

provided ad libitum with pollen candy (Salix sp.), as pollen is necessary for ovarian and lipidic 

development. In social bees, workers do not develop ovaries as the queen secrete inhibiting 

hormones. Yet, workers shown signs of ovarian development approximately seven days after being 

no longer exposed to these pheromones (Laycock et al., 2012; Siviter et al., 2020). At the end of 

the experiment, half of the workers per treatment was chilled on ice and their ovaries were 

dissected. The other half was frozen (-20 °C) to measure their lipidic content.  

 

3.5.1 Ovary dissection 
 

Ovaries were dissected and extract from the abdomen following the same dissecting method as 

explained in 3.4.2. Pictures of ovaries were taken with a numeric microscope high resolution, 

Keyence VHX-970F (Mechelen, Belgium), always using the same parameters (Brightness -> 

supercharged = 35), at 50x magnification. The length (mm) of the two greater terminal oocytes 

was directly measured with the Keyence microscope (Fig. 8). The mean length of the two greater 

terminal oocytes was calculated and used as a proxy for worker ovarian development.  

 

3.5.2 Lipidic content 
 

Lipidic content was measured following a protocol from Ellers (1996). Worker’s abdomen was 

isolated and weighted, before being placed in a 5-mL Eppendorf and dried for three days at 70 °C. 

Then, the dry abdomen was weighed. Next, 2 mL of diethyl ether ((C2H5)20 ; Merck Millipore) were 

added in Eppendorfs for 24 hours, so that the diethyl ether solubilised and extracted fat from the 
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abdomen (Thiex et al., 2003). After fat extraction, abdomens were washed twice with diethyl ether 

and dried again for seven days at 70 °C. They were finally weighed again and the lipidic content 

was defined as the abdominal mass loss during this process divided by the abdomen mass before 

extraction. 

 

We compared effects of treatments using generalized linear mixed-effect models (GLMM) from the 

glmmTMB package (Brooks et al., 2017), using a Gamma error structure with a log link for the 

terminal oocyte size and a Beta error structure with a log link for the lipidic content, as it is a 

proportion variable comprised between 0 and 1. We considered treatment and bee mass as fixed 

effects and the colony as random effect. The quality of fits of our models were examined using the 

DHARMa package (Hartig & Lohse, 2022). Visual representations were obtained using ggplot2 

(Wickham et al., 2024) and ggpubr packages (Kassambara, 2023).  

 

 
Figure 8: Measures of terminal oocyte length: Dissections of the ovary (organ encircled on the left image) and 
measures of the length of the terminal oocytes under a numeric microscope (right image). 
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Chapter 4: Results 
 

4.1 Detection of trace metals  
 
We found significant differences in the volume of consumed solution between the different 

treatments (GLMM, χ² = 43.86, df = 6, p.value < 0.001). Custom contrast showed that this 

difference was only significant between the highest concentrations of copper (i.e. Cu900, LC50) and 

the negative control (i.e. sugar solution), the Cu900 solution being significantly less consumed 

than the negative control solution (Fig. 9). As expected, no bees fed from the positive control (i.e. 

sodium chloride solution) and thus these bees are not represented in statistical analysis.  

 

 
Figure 9: Solution consumption by Bombus terrestris workers through free-moving PER assay: Total volume 
consumed in microcapillaries filled with test solutions by individual workers. Volumes were standardised by the mass 
of each worker. The asterisk indicates significant difference between the treatment and the control. P-value of the 
GLMM is reported. N ≈ 20 per treatment (in mg.L-1). 

 

The same results have been found for the duration of the first contact of the proboscis with the 

solution, with significant differences among treatments (GLMM, χ² = 88.71, df = 6, p.value < 0.001). 

Significant differences were also found for the cumulative duration of contacts (GLMM, χ² = 72.36, 

df = 6, p.value < 0.001). Through custom contrast, we saw that only the highest concentration of 

copper (i.e. Cu900, LC50) was significantly different from the control for the two parameters, with 

a reduction of the duration of contact for the Cu900 solution when compared to the control 
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solution (Fig. 10). Conversely, the number of contacts with the solution did not differ among 

treatments (GLMM, χ² = 1.42, df = 6, p.value = 0.98) (Fig. 11).  

 

 
Figure 10: Duration of contacts between the proboscis of Bombus terrestris workers and the solutions through 
free-moving PER assay: A. Duration of the first contact between the proboscis and the solutions. B. Cumulative 
duration of contacts between the proboscis and the solutions. Asterisks indicate significant difference between the 
treatment and the control. P-values of the GLMM are reported. N ≈ 20 per treatment (in mg.L-1). 

 

 
Figure 11: Number of contacts between the proboscis of Bombus terrestris workers and the solutions through 
free-moving PER assay: Total numbers of contacts between the proboscis of bees and the tested solutions. P-value of 
the GLMM is reported. N ≈ 20 per treatment (in mg.L-1). 
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4.2 Behavioural assays 
 

We found no significant difference among treatments in walking behavioural assays, namely 

regarding the total walking distance (ART, df = 6, p.value = 0.23) (Fig. 12A) or the mean velocity 

(ART, df = 6, p.value = 0.38) (Fig. 12B).  

 

 
Figure 12: Walking behaviour assays: A. Total walking distance of bumblebee workers in the Petri dish. B. Mean walking 
velocity of workers in the Petri dish. P-values from ART models are reported. N ≈ 27 per treatment (in mg.L-1).  

 
We found the same findings for the flight take off assays wherein there was no significant 

difference in flight height among treatments (CLMM, χ² = 9.85, df = 6, p = 0.13) (Fig. 13).  

 

 
Figure 13: Flying height reached by Bombus terrestris workers: Proportion of individuals according to the flying 
heights reached in the tower per treatments. P-value from CLMM is reported N ≈ 27 per treatment (in mg.L-1).  
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4.3 Gut melanisation 
 

We did not observe any melanisation in the gut of bumblebee workers following chronic exposure. 

Hence, chronic exposure for three days to field-realistic concentrations of copper (i.e. 0.9, 9 and 

17 mg.L-1) and cadmium (i.e. 0.07, 0.7 and 2 mg.L-1) did not trigger melanisation in bumblebee 

midgut. Therefore, these results were not further analysed statistically. As far as the acute 

exposure is concerned, higher concentrations induced higher melanisation responses (Fig. 14).  

 

 
Figure 14: Melanisation of a bumblebee’s midgut following acute exposure: From the lowest concentrations of Cu 
or Cd on the left to the highest (lethal concentrations) concentrations on the right.  

 

We found significant differences in midgut melanisations (i.e. ‘darkness’ of the midgut) among 

treatments, both for copper (GLM, χ² = 147.60, df = 5, p.value < 0.001) and for cadmium (GLM, χ² 

= 137.48, df = 5, p.value < 0.001). Pairwise comparisons showed that only the two highest 

concentrations of copper and cadmium cause significant damages in the midgut (Fig. 15).  

 

 



 31 

 

Figure 15: Melanisation in the midgut of Bombus terrestris workers exposed to geometric concentrations of 
copper (A) and cadmium (B): Darkness was used as proxy for melanisation and was calculated using the mean grey 
values of the midgut (darkness = 255 – mean grey value). Treatments which do not share the same letter are statistically 
different (pairwise comparisons with FDR adjustment after GLM). N ≈ 17 per treatment (in mg.L-1). 

 
Likewise, we found significant differences in sucrose consumption for the 24 hours following 

exposure, both for copper (GLM, χ² = 151.47, df = 5, p.value < 0.001) and cadmium (GLM, χ² = 

203.47, df = 5, p.value < 0.001). Pairwise comparisons showed that the sucrose consumption 

decreased as concentrations of copper (Fig. 16A) and cadmium (Fig. 16B) increased. By contrast 

to gut damages, sucrose consumption was not only reduced at high concentrations but decreased 

progressively as concentrations increased.  

 

 
Figure 16: Sucrose consumption for 24 hours after acute exposure to geometric concentrations of cadmium (A) 
and copper (B). Consumptions were standardised by the mass of each worker: Treatments which do not share the 
same letter are statistically different (pairwise comparisons with FDR adjustment after GLM). 
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4.4 Oocyte length  
 

Chronic exposures to copper and cadmium for seven days did not induce significant changes in 

the terminal oocyte length of bumblebee workers among treatments (GLMM, χ² = 2.64, df = 4, p = 

0.64). Moreover, bee body mass did not influence the terminal oocyte length (GLMM, χ² = 3.36, df 

= 1, p = 0.066) (Fig. 17).  

 

 
Figure 17: Mean length of the two terminal oocytes of Bombus terrestris workers: A. Effect of chronic exposure to 
cadmium and copper on the terminal oocyte length of Bombus terrestris workers. B. Terminal oocyte length of Bombus 
terrestris workers according to their body mass. P-values from GLMM are reported. N ≈ 25 per treatment (in mg.L-1). 

 

4.5 Lipidic content   
 

Chronic exposures to copper and cadmium for seven days did not induce significant changes in 

the abdominal lipidic content of bumblebee workers among treatments (GLMM, χ² = 2.56, df = 4, 

p = 0.82). By contrast, bee body mass was negatively correlated to the lipidic content (GLMM, χ² = 

2.44, df = 4, p < 0.001) (Fig. 18).  

 



 33 

 
Figure 18: Abdominal lipidic content of Bombus terrestris workers: A. Effect of chronic exposure to cadmium and 
copper on abdominal lipidic content of Bombus terrestris workers. B. Abdominal lipidic content of Bombus terrestris 
workers according to their body mass. P-values from GLMM are reported. N ≈ 25 per treatment (in mg.L-1). 
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Chapter 5: Discussion 
 

The ability of bees to discriminate a wide variety of molecules, nutrients or specialised metabolites 

in their food corroborates their capacity to perceive and avoid resources containing hazardous 

xenobiotics  (Bestea et al., 2021; de Brito Sanchez, 2011; Kang & Jung, 2017). However, it has been 

suggested that bees were unable to detect all xenobiotics, including some pesticides, leading to 

their consumption and subsequent death (Parkinson et al., 2023). The ability of bees to detect 

trace metals remains unclear and poorly understood. Accordingly, our study focused on the 

capacity of bumblebee workers to detect these trace metals in a sucrose solution. Our results 

reveal that bumblebees were unable to detect environmental concentrations of Cu and Cd, while 

they did not consumed the highest, field-unrealistic concentration of Cu (i.e. 900 mg.L-1/6693.94 

µM). These findings are in accordance with the previous study of Burden et al. (2019) on 

honeybees who found no rejection of sucrose solution contaminated by Cd and by Cu through PER 

assay (maximum concentrations tested in the study were 20 mg.L-1 for Cu and 10 mg.L-1 for Cd) 

(Burden et al., 2019). While our results discard the existence of pre-ingestive cues regarding metal 

detection, the occurrence of a post-ingestive process remains an open question (e.g. post-ingestion 

malaise; Ayestaran et al., 2010; Liao et al., 2017) Indeed, the duration of our PER experiment (i.e. 

2 min) was too short for metals to reach the haemolymph, meaning possible post-ingestive 

detection mechanisms could not occur (Simcock et al., 2018).  

 

This consumption of field-realistic concentrations aligns with the fact that some trace metals, such 

as Cu, are essential (Maret, 2016), and their consumption in appropriate doses is vital for proper 

biological functions. Nevertheless, bumblebees did not detect Cd, which is a non-essential metal, 

and even more concerning they did not show any rejection towards the highest, lethal 

concentration of Cd. This discrepancy between copper and cadmium might be explained by a 

concentration-dependent effects as suggested by Monchanin et al. (2022) (Monchanin et al., 

2022). Indeed, for the PER experiment, we based the highest concentrations on the median lethal 

concentrations (i.e. LC50) found in a previous experiment, in which Cd was >15x more toxic than 

Cu for bumblebee workers (Gekie re et al., submitted in Environmental Toxicology and 

Pharmacology). This is the reason why the highest concentration of Cd in the PER experiment was 

way lower than the highest concentration of Cu. 

 

Exposure to xenobiotics, especially to neurotoxic pesticides, leads to sublethal effects on bees’ 

cognitive and motor functions, which impede crucial foraging and locomotive behaviours (Arau jo 

et al., 2023; Belzunces et al., 2012; Cabirol & Haase, 2019; Caito & Aschner, 2015). Exposure to 
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trace metals in stingless bees and bumblebees has been reported to affect mobility functions such 

as flight and walking activities (Bernardes et al., 2022; Botina et al., 2023; S. Gao et al., 2024; 

Rodrigues et al., 2016). Our findings did not confirm these effects, as we found no impacts on 

walking and flight behaviours after chronic exposure to copper and cadmium. However, our 

results corroborate another study by Botina et al. (2019) on Partamona helleri exposed to Cu 

(Botina et al., 2019). Discrepancies among results may be explained by the differences among the 

experimental designs used in these studies. In our study, we exposed bumblebees to 

environmental concentrations for three days. In contrast, other studies used concentrations based 

on mortality, as Rodrigues et al. (2016) (Rodrigues et al., 2016), which exposed bees to 

concentrations 250 times higher than ours. Previous studies used longer duration of exposure, as 

Gao et al. (2024) that exposed bumblebees for 14 days. On the other hand, Botina et al. (2019) 

applied concentrations six times higher than ours (i.e. 120 mg.L-1) but the exposure times was 

three times shorter (i.e., 24h). These different outcomes between studies highlight the importance 

of taking concentrations and durations of exposure into account in ecotoxicological studies, since 

completely different conclusions could be drawn. Furthermore, our experimental design only 

allowed us to assess basic parameters, namely flight take-off and walking behaviours. In the wild, 

the behaviour of bees includes a variety of highly complex possibilities, especially during their 

foraging activities. Assessment of behavioural impairment by more advanced behavioural assays  

in the future as evaluation of foraging parameters in a free-flight room (e.g. visiting time, visiting 

rate, number of foraging trips; Ge rard, Cariou, et al., 2022; Ge rard et al., 2023) or assessment of 

cognitive skills (e.g. association learning task; Ge rard, Amiri, et al., 2022) may reveal sublethal 

effects on more complex tasks.  

 

The chronic exposure to environmental concentrations of copper and cadmium did not induce 

melanisation response in the midgut epithelium of bumblebee workers. By contrast, when we 

performed an acute exposure to higher concentrations, melanisation occurred. By measuring the 

mean grey values of epithelium as a proxy for melanisation, we revealed an increase in 

melanisation as the doses increased. Bees exposed to concentrations 200 times higher than the 

environmental ones already harboured complete black guts. Previous studies have already 

demonstrated that exposure to pesticides lead to immune response causing the melanisations in 

the midgut (Straw & Brown, 2021). In the case of exposure to trace metals, the formation of ROS 

by metal ions and the oxidative stress that it causes leads to cellular damages in gut epithelium, 

triggering an immune response and melanisation due to the entrance of foreign bodies (Ba nfalvi, 

2011; Larsen et al., 2019; Pizzino et al., 2017). Otherwise, melanisation can be induced by other 

factors than oxidative stress as in the case of Amistar® exposure, the melanisation response might 

be caused by alcohol ethoxylate present as co-formulants that disrupt the structure of the midgut 
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(Straw & Brown, 2021). In other hands, some agrochemicals, such as glyphosate, inhibit 

melanisation by inhibiting melanin production (Smith et al., 2021). These results complement 

previous studies showing that exposure to Cu and Cd caused histological damages in gut 

epithelium (Bernardes et al., 2022; Dabour et al., 2019). In addition to gut melanisation, we 

monitored the sucrose consumption (i.e., untreated syrup) of bumblebees for 24 h after exposure. 

Food intake decreased as concentrations increased, which aligns with gut melanisation. This 

reduction in sucrose consumption may be linked to gut damages that rendered food intake and 

digestion difficult for metal-exposed bees. Correspondingly, the exact cause of death in this assay 

remains elusive. However, we could propose that bees died due to energy depletion caused by a 

reduction in food intake, since caged bumblebees do not survive more than 48 hours without food 

(Pers. obs.).  

 

Exposure to xenobiotics leads to many physiological impairments, including the perturbation of 

fat metabolism or reproductive system (Christen, 2023; Laycock et al., 2012; Siviter et al., 2020). 

Fat storage in bees’ body is key to many metabolism pathways, in addition to playing a crucial role 

in the secretion of immunoproteins (Skowronek et al., 2021). The fat bodies are also involved in 

other physiological systems such as sexual maturation (Amdam et al., 2012; Skowronek et al., 

2021). We found no changes in the abdominal lipidic content of bumblebees after chronic 

exposure to Cd or Cu at field-realistic concentrations for seven days. The effect of trace metals in 

lipid metabolism remains elusive, although trace metals have been shown to affect lipid 

metabolism pathways in other arthropods (e.g. black soldier fly and greater wax moth) (Loskutov 

et al., 2023; Shin et al., 2001) and are known to accumulate in the fat bodies of insects (J. Zhang et 

al., 2020), including bees (Goretti et al., 2023). Likewise, we found that the terminal oocyte size of 

workers did not differ after chronic exposure to Cd or Cu at field realistic concentrations for seven 

days, which was unexpected given previous reports with pesticides (Barbosa et al., 2015; Baron 

et al., 2017; Laycock et al., 2012). Despite these results, trace metals have been reported to impact 

the reproductive fitness of bees. For instance, lower rate of brood cells in mason bees (Moron  et 

al., 2014) and larvae (Scott et al., 2022; Sivakoff et al., 2020) in bumblebee colonies were found 

after trace metal exposure. However, an absence of effect of metals on lipidic content and oocyte 

size does not necessarily imply that metals have not effect on the bees’ reproductive fitness.  

Indeed, impairment of reproductive fitness can be caused by other factors, as reproduction entails 

many parameters at different levels (e.g. mating behaviour, queen, male gametes, larval 

development). Despite our results, potential effects of trace metals on oocytes remain plausible, 

since the duration of exposure was relatively short compared to other studies with pesticides 

which used duration of exposure two times longer (i.e. 14 days; Laycock et al., 2012). Moreover, 

we only investigate the morphology of the oocytes, without taking in considerations the molecular 
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responses of the reproductive system. For instance, indirect exposure to insect growth regulators 

pesticides leads to reproductive impairments caused by altered expression of ovarian proteins in 

honeybee queens (Fine et al., 2023). Finally, our assay was conducted on workers who are not 

involved in colony reproduction/fitness, as worker ovaries are atrophied in a queen-right colony. 

It would be interesting to investigate the effects of copper and cadmium on the queen’s ovaries.  

 

In contrast with our expectation and previous results found in the literature, we found no impacts 

of copper and cadmium exposure on bumblebee’s physiology and behaviour. However, by 

comparing our methodologies with the ones developed in other studies, the doses and the 

durations of exposure seem to be major factors underlying the discrepancies between our studies 

and the literature. Here, we utilised field-realistic concentrations based on data from the European 

Consortium PoshBee (Durkalec et al., 2024). From these data, we determined the mean values 

which has been considered as environmental concentrations, namely 9,000 ppb for Cu and 70 ppb 

for Cd, which are respectively six and five times lower than the maximum concentrations found in 

the same study (Durkalec et al., 2024). Furthermore, metal concentrations were only measured in 

colonies’ beebread and pollen stores. In fact, bees are exposed to trace metals through many routes 

(Giglio et al., 2017; van der Steen et al., 2012), and considering only one source of contamination 

to define a realistic situation may not be the most relevant scenario. This is even more true as we 

know that metals bioaccumulate (reaching hazardous concentration) in different environmental 

reservoirs (Bradl, 2005; Briffa et al., 2020; Tchounwou et al., 2012). In addition, PoshBee data were 

only collected in agricultural areas (i.e. rape fields and apple orchards), a fairly safe place 

compared to highly polluted areas such as industrial or mining zones which harbour drastic 

amounts of trace metals (Akbar et al., 2024; Qu et al., 2018). Moreover, when we used higher 

concentrations as for gut damage assessment, severe damages appear, which highlight issues in 

physiological systems after exposure to high doses of trace metals. Future experiments need to 

take these factors into account to be as close as possible to worst-case, but although realistic 

conditions. 
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Chapter 6: Conclusion & perspectives 
 

As expected, bumblebee workers did not show any ability to detect field-realistic concentrations 

of copper and cadmium in sucrose solutions. Only the highest concentration of Cu was avoided, 

suggesting that trace metal consumption readily occurs in natural environments, perhaps to 

match dietary requirements for essential trace elements (i.e. Cu). However, this interpretation 

does not align with the absence of avoidance for Cd, which is a non-essential metal. All 

concentrations of Cd, including the highest concentration (i.e., median lethal concentration), were 

not avoided, unlike Cu, suggesting that lethal concentrations of Cd can be consumed by 

bumblebees in the wild. Exposure to environmental concentrations of Cu and Cd did not lead to 

any changes in the behavioural abilities of bumblebees, namely their walking and flying abilities. 

The same observation was made for physiological parameters, with no effect of exposure to 

environmental concentrations on lipidic content, terminal oocyte length and midgut melanisation 

response. These results suggest no impacts of trace metal exposure on bumblebees’ lipid and 

reproductive metabolisms at field-realistic concentrations, contrary to our expectations. However, 

we cannot exclude the possibility that exposure to trace metals may pose a risk to bee’s health, 

because in natural conditions bees may encounter higher concentrations of metals, such as in 

polluted areas. High concentrations could lead to severe damages, as we saw through midgut 

melanisation. In the wild, bees are also exposed for longer periods, most likely throughout their 

whole lives. Future research should reconsider the durations of exposure and concentrations used 

to better reflect the natural environment and the multiple sources of exposure to which bees are 

exposed.  

 

Despite our efforts, many questions remain. New experiments can be tested to further investigate 

effects and mechanisms of trace metal toxicity such as bioaccumulation, by measuring trace metal 

levels in different tissues and products of bees. Bees are known to bioaccumulate metals and 

investigating where metals are accumulated could reveal which part of the bee is the most exposed 

or which one involved in detoxification. Analysis of bees’ proteome following exposure could be 

attempting to understand immune response and defence mechanisms in bees such as the 

production of metallothionein, which is potentially the keystone of metal detoxification in bees. 

Damages on vulnerable organs as mushroom bodies could be assessed by histology, as done by 

Dabour et al. (2019) on gut tissues. Our experimental design could be improved or used in other 

contexts to discover new facets of studied mechanisms. Repeating our assays under different 

conditions with other metals, including cocktail solutions, and investigating synergistic effects 

with other xenobiotics or pathogens/parasites is essential as bees in nature are exposed to 
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multiple hazards at the same time. We only investigated bumblebee’s workers, but other castes 

exist (i.e. males and queens) and the effects of trace metals on them need to be investigated. 

Sublethal effects on larvae also need to be investigated, as trace metals such as Cd have been 

reported to alter development (Knoll & Cappai, 2024). We could also use other wild bees in our 

experiments as their relationship and exposure to xenobiotics is potentially different. Many paths 

need to be explored to unravel danger of these pollutants. In a world where humans have reshaped 

environment for their own interest and greed, we have the responsibility to work for a better 

future for the other species we live with.  

 

 

 

 

 

 
  



 

Chapter 7: References 
 

Akbar, W. A., Rahim, H. U., Irfan, M., Sehrish, A. K., & Mudassir, M. (2023). Assessment of heavy 

metal distribution and bioaccumulation in soil and plants near coal mining areas : 

Implications for environmental pollution and health risks. Environmental Monitoring and 

Assessment, 196(1), 97. https://doi.org/10.1007/s10661-023-12258-7 

Akbar, W. A., Rahim, H. U., Irfan, M., Sehrish, A. K., & Mudassir, M. (2024). Assessment of heavy 

metal distribution and bioaccumulation in soil and plants near coal mining areas : 

Implications for environmental pollution and health risks. Environmental Monitoring and 

Assessment, 196(1), 97. https://doi.org/10.1007/s10661-023-12258-7 

Alford, E . R., Pilon-Smits, E. A. H., & Paschke, M. W. (2010). Metallophytes—A view from the 

rhizosphere. Plant and Soil, 337(1), 33-50. https://doi.org/10.1007/s11104-010-0482-3 

Allam, B., & Espinosa, E. P. (2015). 12—Mucosal immunity in mollusks. In B. H. Beck & E. Peatman 

(E ds.), Mucosal Health in Aquaculture (p. 325-370). Academic Press. 

https://doi.org/10.1016/B978-0-12-417186-2.00012-1 

Alloway, B. J. (2012). Heavy Metals in Soils : Trace Metals and Metalloids in Soils and their 

Bioavailability. Springer Science & Business Media. 

Amdam, G. V., Fennern, E., & Havukainen, H. (2012). Vitellogenin in Honey Bee Behavior and 

Lifespan. In C. G. Galizia, D. Eisenhardt, & M. Giurfa (E ds.), Honeybee Neurobiology and 

Behavior : A Tribute to Randolf Menzel (p. 17-29). Springer Netherlands. 

https://doi.org/10.1007/978-94-007-2099-2_2 

Andreini, C., Bertini, I., & Rosato, A. (2009). Metalloproteomes : A Bioinformatic Approach. 

Accounts of Chemical Research, 42(10), 1471-1479. https://doi.org/10.1021/ar900015x 

Andresen, E., Peiter, E., & Ku pper, H. (2018). Trace metal metabolism in plants. Journal of 

Experimental Botany, 69(5), 909-954. https://doi.org/10.1093/jxb/erx465 

Arau jo, R. dos S., Lopes, M. P., Viana, T. A., Bastos, D. S. S., Machado-Neves, M., Botina, L. L., & 

Martins, G. F. (2023). Bioinsecticide spinosad poses multiple harmful effects on foragers 

of Apis mellifera. Environmental Science and Pollution Research, 30(25), 66923-66935. 

https://doi.org/10.1007/s11356-023-27143-6 

Arun, K. B., Madhavan, A., Sindhu, R., Emmanual, S., Binod, P., Pugazhendhi, A., Sirohi, R., Reshmy, 

R., Awasthi, M. K., Gnansounou, E., & Pandey, A. (2021). Probiotics and gut microbiome − 

Prospects and challenges in remediating heavy metal toxicity. Journal of Hazardous 

Materials, 420, 126676. https://doi.org/10.1016/j.jhazmat.2021.126676 



 

Astolfi, M. L., Conti, M. E., Messi, M., & Marconi, E. (2022). Probiotics as a promising prophylactic 

tool to reduce levels of toxic or potentially toxic elements in bees. Chemosphere, 308, 

136261. https://doi.org/10.1016/j.chemosphere.2022.136261 

Ayestaran, A., Giurfa, M., & Sanchez, M. G. de B. (2010). Toxic but Drank : Gustatory Aversive 

Compounds Induce Post-ingestional Malaise in Harnessed Honeybees. PLOS ONE, 5(10), 

e15000. https://doi.org/10.1371/journal.pone.0015000 

Babin-Fenske, J., & Anand, M. (2011). Patterns of insect communities along a stress gradient 

following decommissioning of a Cu–Ni smelter. Environmental Pollution, 159(10), 

3036-3043. https://doi.org/10.1016/j.envpol.2011.04.011 

Ba nfalvi, G. (2011). Heavy Metals, Trace Elements and Their Cellular Effects. In G. Banfalvi (E d.), 

Cellular Effects of Heavy Metals (p. 3-28). Springer Netherlands. 

https://doi.org/10.1007/978-94-007-0428-2_1 

Barbosa, W. F., De Meyer, L., Guedes, R. N. C., & Smagghe, G. (2015). Lethal and sublethal effects of 

azadirachtin on the bumblebee Bombus terrestris (Hymenoptera : Apidae). Ecotoxicology, 

24(1), 130-142. https://doi.org/10.1007/s10646-014-1365-9 

Baron, G. L., Raine, N. E., & Brown, M. J. F. (2017). General and species-specific impacts of a 

neonicotinoid insecticide on the ovary development and feeding of wild bumblebee 

queens. Proceedings of the Royal Society B: Biological Sciences, 284(1854), 20170123. 

https://doi.org/10.1098/rspb.2017.0123 

Beattie, R. E., Henke, W., Campa, M. F., Hazen, T. C., McAliley, L. R., & Campbell, J. H. (2018). 

Variation in microbial community structure correlates with heavy-metal contamination in 

soils decades after mining ceased. Soil Biology and Biochemistry, 126, 57-63. 

https://doi.org/10.1016/j.soilbio.2018.08.011 

Bednarska, A. J., Laskowski, R., Pyza, E., Semik, D., S wiątek, Z., & Woz nicka, O. (2016). Metal 

toxicokinetics and metal-driven damage to the gut of the ground beetle Pterostichus 

oblongopunctatus. Environmental Science and Pollution Research, 23(21), 22047-22058. 

https://doi.org/10.1007/s11356-016-7412-8 

Belzunces, L. P., Tchamitchian, S., & Brunet, J.-L. (2012). Neural effects of insecticides in the honey 

bee. Apidologie, 43(3), 348-370. https://doi.org/10.1007/s13592-012-0134-0 

Benbrahim-Tallaa, L., Waterland, R. A., Dill, A. L., Webber, M. M., & Waalkes, M. P. (2007). Tumor 

Suppressor Gene Inactivation during Cadmium-Induced Malignant Transformation of 

Human Prostate Cells Correlates with Overexpression of de Novo DNA Methyltransferase. 

Environmental Health Perspectives, 115(10), 1454-1459. 



 

https://doi.org/10.1289/ehp.10207 

Berdanier, C. D., Berdanier, L. A., & Zempleni, J. (2008). Advanced Nutrition : Macronutrients, 

Micronutrients, and Metabolism. CRC Press. 

Berenbaum, M. R., & Johnson, R. M. (2015). Xenobiotic detoxification pathways in honey bees. 

Current Opinion in Insect Science, 10, 51-58. https://doi.org/10.1016/j.cois.2015.03.005 

Bernardes, R. C., Fernandes, K. M., Bastos, D. S. S., Freire, A. F. P. A., Lopes, M. P., de Oliveira, L. L., 

Tavares, M. G., dos Santos Arau jo, R., & Martins, G. F. (2022). Impact of copper sulfate on 

survival, behavior, midgut morphology, and antioxidant activity of Partamona helleri 

(Apidae : Meliponini). Environmental Science and Pollution Research, 29(4), 6294-6305. 

https://doi.org/10.1007/s11356-021-16109-1 

Besaury, L., Bodilis, J., Delgas, F., Andrade, S., De la Iglesia, R., Ouddane, B., & Quillet, L. (2013). 

Abundance and diversity of copper resistance genes cusA and copA in microbial 

communities in relation to the impact of copper on Chilean marine sediments. Marine 

Pollution Bulletin, 67(1), 16-25. https://doi.org/10.1016/j.marpolbul.2012.12.007 

Bestea, L., Re jaud, A., Sandoz, J.-C., Carcaud, J., Giurfa, M., & de Brito Sanchez, M. G. (2021). 

Peripheral taste detection in honey bees : What do taste receptors respond to? European 

Journal of Neuroscience, 54(2), 4417-4444. https://doi.org/10.1111/ejn.15265 

Borsuk, G., Sulborska, A., Stawiarz, E., Olszewski, K., Wiącek, D., Ramzi, N., Nawrocka, A., & 

Jędryczka, M. (2021). Capacity of honeybees to remove heavy metals from nectar and 

excrete the contaminants from their bodies. Apidologie, 52(6), 1098-1111. 

https://doi.org/10.1007/s13592-021-00890-6 

Botina, L. L., Barbosa, W. F., Acosta, J. P. L., Bernardes, R. C., Cortes, J. E. Q., Pylro, V. S., Mendonça, 

A. C., Barbosa, R. C., Lima, M. A. P., & Martins, G. F. (2023). The impact of early-life exposure 

to three agrochemicals on survival, behavior, and gut microbiota of stingless bees 

(Partamona helleri). Environmental Science and Pollution Research, 30(27), 70143-70158. 

https://doi.org/10.1007/s11356-023-27385-4 

Botina, L. L., Ve lez, M., Barbosa, W. F., Mendonça, A. C., Pylro, V. S., To tola, M. R., & Martins, G. F. 

(2019). Behavior and gut bacteria of Partamona helleri under sublethal exposure to a 

bioinsecticide and a leaf fertilizer. Chemosphere, 234, 187-195. 

https://doi.org/10.1016/j.chemosphere.2019.06.048 

Bower, J. J., Leonard, S. S., & Shi, X. (2005). Conference overview : Molecular mechanisms of metal 

toxicity and carcinogenesis. Molecular and Cellular Biochemistry, 279(1), 3-15. 

https://doi.org/10.1007/s11010-005-8210-7 



 

Bradl, H. (2005). Heavy Metals in the Environment : Origin, Interaction and Remediation. Elsevier. 

Breidenbach, L. R., Benner, L., Roß-Nickoll, M., Linnemann, V., & Scha ffer, A. (2023). Monitoring 

metal patterns from urban and agrarian sites using the bumblebee Bombus terrestris as a 

bioindicator. Environmental Science and Pollution Research, 30(57), 119947-119960. 

https://doi.org/10.1007/s11356-023-30504-w 

Briffa, J., Sinagra, E., & Blundell, R. (2020). Heavy metal pollution in the environment and their 

toxicological effects on humans. Heliyon, 6(9), e04691. 

https://doi.org/10.1016/j.heliyon.2020.e04691 

Brooks, M. E., Kristensen, K., Benthem, K. J. van, Magnusson, A., Berg, C. W., Nielsen, A., Skaug, H. J., 

Ma chler, M., & Bolker, B. M. (2017). Modeling zero-inflated count data with glmmTMB (p. 

132753). bioRxiv. https://doi.org/10.1101/132753 

Bugin, G., Lenzi, L., Ranzani, G., Barisan, L., Porrini, C., Zanella, A., & Bolzonella, C. (2022). 

Agriculture and Pollinating Insects, No Longer a Choice but a Need : EU Agriculture’s 

Dependence on Pollinators in the 2007–2019 Period. Sustainability, 14(6), Article 6. 

https://doi.org/10.3390/su14063644 

Burden, C. M., Elmore, C., Hladun, K. R., Trumble, J. T., & Smith, B. H. (2016). Acute exposure to 

selenium disrupts associative conditioning and long-term memory recall in honey bees 

(Apis mellifera). Ecotoxicology and Environmental Safety, 127, 71-79. 

https://doi.org/10.1016/j.ecoenv.2015.12.034 

Burden, C. M., Morgan, M. O., Hladun, K. R., Amdam, G. V., Trumble, J. J., & Smith, B. H. (2019). Acute 

sublethal exposure to toxic heavy metals alters honey bee (Apis mellifera) feeding 

behavior. Scientific Reports, 9(1), Article 1. https://doi.org/10.1038/s41598-019-40396-

x 

Cabirol, A., & Haase, A. (2019). The Neurophysiological Bases of the Impact of Neonicotinoid 

Pesticides on the Behaviour of Honeybees. Insects, 10(10), Article 10. 

https://doi.org/10.3390/insects10100344 

Caito, S., & Aschner, M. (2015). Chapter 11—Neurotoxicity of metals. In M. Lotti & M. L. Bleecker 

(E ds.), Handbook of Clinical Neurology (Vol. 131, p. 169-189). Elsevier. 

https://doi.org/10.1016/B978-0-444-62627-1.00011-1 

Cameron, S. A., HINES, H. M., & WILLIAMS, P. H. (2007). A comprehensive phylogeny of the bumble 

bees (Bombus). Biological Journal of the Linnean Society, 91(1), 161-188. 

https://doi.org/10.1111/j.1095-8312.2007.00784.x 

Carpene , E., Andreani, G., & Isani, G. (2007). Metallothionein functions and structural 



 

characteristics. Journal of Trace Elements in Medicine and Biology, 21, 35-39. 

https://doi.org/10.1016/j.jtemb.2007.09.011 

Catae, A. F., Roat, T. C., Pratavieira, M., Silva Menegasso, A. R. da, Palma, M. S., & Malaspina, O. 

(2018). Exposure to a sublethal concentration of imidacloprid and the side effects on 

target and nontarget organs of Apis mellifera (Hymenoptera, Apidae). Ecotoxicology, 

27(2), 109-121. https://doi.org/10.1007/s10646-017-1874-4 

Chen, R., Tu, H., & Chen, T. (2022). Potential Application of Living Microorganisms in the 

Detoxification of Heavy Metals. Foods, 11(13), 1905. 

https://doi.org/10.3390/foods11131905 

Christen, V. (2023). Different effects of pesticides on transcripts of the endocrine regulation and 

energy metabolism in honeybee foragers from different colonies. Scientific Reports, 13(1), 

1985. https://doi.org/10.1038/s41598-023-29257-w 

Christensen, R. H. B. (2023). ordinal : Regression Models for Ordinal Data (2023.12-4) [Logiciel]. 

https://cran.r-project.org/web/packages/ordinal/index.html 

Comber, S., Deviller, G., Wilson, I., Peters, A., Merrington, G., Borrelli, P., & Baken, S. (2023). Sources 

of copper into the European aquatic environment. Integrated Environmental Assessment 

and Management, 19(4), 1031-1047. https://doi.org/10.1002/ieam.4700 

Costas, N., Pardo, I., Me ndez-Ferna ndez, L., Martî nez-Madrid, M., & Rodrî guez, P. (2018). 

Sensitivity of macroinvertebrate indicator taxa to metal gradients in mining areas in 

Northern Spain. Ecological Indicators, 93, 207-218. 

https://doi.org/10.1016/j.ecolind.2018.04.059 

Crall, J. D., Switzer, C. M., Oppenheimer, R. L., Ford Versypt, A. N., Dey, B., Brown, A., Eyster, M., 

Gue rin, C., Pierce, N. E., Combes, S. A., & de Bivort, B. L. (2018). Neonicotinoid exposure 

disrupts bumblebee nest behavior, social networks, and thermoregulation. Science, 

362(6415), 683-686. https://doi.org/10.1126/science.aat1598 

Crichton, R. R. (2020). Chapter 1—An overview of the role of metals in biology. In R. R. Crichton & 

R. O. Louro (E ds.), Practical Approaches to Biological Inorganic Chemistry (Second Edition) 

(p. 1-16). Elsevier. https://doi.org/10.1016/B978-0-444-64225-7.00001-8 

Dabour, K., Al Naggar, Y., Masry, S., Naiem, E., & Giesy, J. P. (2019). Cellular alterations in midgut 

cells of honey bee workers (Apis millefera L.) exposed to sublethal concentrations of CdO 

or PbO nanoparticles or their binary mixture. Science of The Total Environment, 651, 

1356-1367. https://doi.org/10.1016/j.scitotenv.2018.09.311 

de Brito Sanchez, M. G. (2011). Taste Perception in Honey Bees. Chemical Senses, 36(8), 675-692. 



 

https://doi.org/10.1093/chemse/bjr040 

Defarge, N., Spiroux de Vendo mois, J., & Se ralini, G. E. (2018). Toxicity of formulants and heavy 

metals in glyphosate-based herbicides and other pesticides. Toxicology Reports, 5, 

156-163. https://doi.org/10.1016/j.toxrep.2017.12.025 

Di, N., Zhang, K., Hladun, K. R., Rust, M., Chen, Y.-F., Zhu, Z.-Y., Liu, T.-X., & Trumble, J. T. (2020). 

Joint effects of cadmium and copper on Apis mellifera forgers and larvae. Comparative 

Biochemistry and Physiology Part C: Toxicology & Pharmacology, 237, 108839. 

https://doi.org/10.1016/j.cbpc.2020.108839 

Dî az, S., Settele, J., Brondî zio, E. S., Ngo, H. T., Agard, J., Arneth, A., Balvanera, P., Brauman, K. A., 

Butchart, S. H. M., Chan, K. M. A., Garibaldi, L. A., Ichii, K., Liu, J., Subramanian, S. M., Midgley, 

G. F., Miloslavich, P., Molna r, Z., Obura, D., Pfaff, A., … Zayas, C. N. (2019). Pervasive human-

driven decline of life on Earth points to the need for transformative change. Science, 

366(6471), eaax3100. https://doi.org/10.1126/science.aax3100 

Duffus,  by J. H. (2001). “Heavy Metals”–A Meaningless Term. Chemistry International -- 

Newsmagazine for IUPAC, 23(6), 163-167. https://doi.org/10.1515/ci.2001.23.6.163 

Durkalec, M., Nawrocka, A., Jitaru, P., Chauzat, M.-P., Lauret, M., Albrecht, M., Costa, C., De la Rua, 

P., Klien, A.M., Ma nd, M., Potts, S., Rundlo f, M., Schweiger, O., Bottero, I., Cini, E., de Miranda, 

J.R., Di Prisco, G., Dominik, C., Hodge, S., Karise, R., Knapp, J., Knauer, A., Martinez-Lopez, V., 

Medrzycki, P., Pereira-Peixoto, H., Raimets, R., Schwarz, J., Senapathi, D., Tamburini, G., 

Brown, M.J., Stout, J.C. & Kiljanek, T. (2024) From flower to bee colony or nest across 

European fields: Toxic and other elements in honeybee beebread and bees, bumblebee 

and osmia collected pollen. In preparation. 

El-Kady, A. A., & Abdel-Wahhab, M. A. (2018). Occurrence of trace metals in foodstuffs and their 

health impact. Trends in Food Science & Technology, 75, 36-45. 

https://doi.org/10.1016/j.tifs.2018.03.001 

Elzwayie, A., Afan, H. A., Allawi, M. F., & El-Shafie, A. (2017). Heavy metal monitoring, analysis and 

prediction in lakes and rivers : State of the art. Environmental Science and Pollution 

Research, 24(13), 12104-12117. https://doi.org/10.1007/s11356-017-8715-0 

Esteves, F., Rueff, J., & Kranendonk, M. (2021). The Central Role of Cytochrome P450 in Xenobiotic 

Metabolism—A Brief Review on a Fascinating Enzyme Family. Journal of Xenobiotics, 

11(3), 94-114. https://doi.org/10.3390/jox11030007 

Fine, J. D., Foster, L. J., & McAfee, A. (2023). Indirect exposure to insect growth disruptors affects 

honey bee (Apis mellifera) reproductive behaviors and ovarian protein expression. PLOS 



 

ONE, 18(10), e0292176. https://doi.org/10.1371/journal.pone.0292176 

Fraga, C. G. (2005). Relevance, essentiality and toxicity of trace elements in human health. 

Molecular Aspects of Medicine, 26(4), 235-244. 

https://doi.org/10.1016/j.mam.2005.07.013 

Gaetke, L. M., & Chow, C. K. (2003). Copper toxicity, oxidative stress, and antioxidant nutrients. 

Toxicology, 189(1), 147-163. https://doi.org/10.1016/S0300-483X(03)00159-8 

Gao, L., Qiao, H., Wei, P., Moussian, B., & Wang, Y. (2022). Xenobiotic responses in insects. Archives 

of Insect Biochemistry and Physiology, 109(3), e21869. 

https://doi.org/10.1002/arch.21869 

Gao, S., Zheng, F., Yue, L., & Chen, B. (2024). Chronic cadmium exposure impairs flight behavior by 

dampening flight muscle carbon metabolism in bumblebees. Journal of Hazardous 

Materials, 466, 133628. https://doi.org/10.1016/j.jhazmat.2024.133628 

Gekie re, A., Semay, I., Ge rard, M., Michez, D., Gerbaux, P., & Vanderplanck, M. (2022). Poison or 

Potion : Effects of Sunflower Phenolamides on Bumble Bees and Their Gut Parasite. 

Biology, 11(4), Article 4. https://doi.org/10.3390/biology11040545 

Gekie re, A., Breuer, L., Dorio, L., Vanderplanck, M. and Michez, D. Submitted in Environmental 

Toxicology and Pharmacology 

Genchi, G., Sinicropi, M. S., Lauria, G., Carocci, A., & Catalano, A. (2020). The Effects of Cadmium 

Toxicity. International Journal of Environmental Research and Public Health, 17(11), Article 

11. https://doi.org/10.3390/ijerph17113782 

Ge rard, M., Amiri, A., Cariou, B., & Baird, E. (2022). Short-term exposure to heatwave-like 

temperatures affects learning and memory in bumblebees. Global Change Biology, 28(14), 

4251-4259. https://doi.org/10.1111/gcb.16196 

Ge rard, M., Cariou, B., Henrion, M., Descamps, C., & Baird, E. (2022). Exposure to elevated 

temperature during development affects bumblebee foraging behavior. Behavioral 

Ecology, 33(4), 816-824. https://doi.org/10.1093/beheco/arac045 

Ge rard, M., Marchand, J., Zanutto, J., & Baird, E. (2023). Resilience of bumblebee foraging behavior 

despite colony size reduction. Frontiers in Insect Science, 2. 

https://doi.org/10.3389/finsc.2022.1073380 

Giglio, A., Ammendola, A., Battistella, S., Naccarato, A., Pallavicini, A., Simeon, E., Tagarelli, A., & 

Giulianini, P. G. (2017). Apis mellifera ligustica, Spinola 1806 as bioindicator for detecting 

environmental contamination : A preliminary study of heavy metal pollution in Trieste, 

Italy. Environmental Science and Pollution Research, 24(1), 659-665. 



 

https://doi.org/10.1007/s11356-016-7862-z 

Gillan, D. C. (2016). Metal resistance systems in cultivated bacteria : Are they found in complex 

communities? Current Opinion in Biotechnology, 38, 123-130. 

https://doi.org/10.1016/j.copbio.2016.01.012 

Gizaw, G., Kim, Y., Moon, K., Choi, J. B., Kim, Y. H., & Park, J. K. (2020). Effect of environmental heavy 

metals on the expression of detoxification-related genes in honey bee Apis mellifera. 

Apidologie, 51(4), 664-674. https://doi.org/10.1007/s13592-020-00751-8 

Gong, Y., & Diao, Q. (2017). Current knowledge of detoxification mechanisms of xenobiotic in 

honey bees. Ecotoxicology, 26(1), 1-12. https://doi.org/10.1007/s10646-016-1742-7 

Goretti, E., Pallottini, M., La Porta, G., Elia, A. C., Gardi, T., Petroselli, C., Gravina, P., Bruschi, F., 

Selvaggi, R., & Cappelletti, D. (2023). Bioaccumulation of Trace Elements along the Body 

Longitudinal Axis in Honey Bees. Applied Sciences, 13(12), Article 12. 

https://doi.org/10.3390/app13126918 

Goretti, E., Pallottini, M., Rossi, R., La Porta, G., Gardi, T., Cenci Goga, B. T., Elia, A. C., Galletti, M., 

Moroni, B., Petroselli, C., Selvaggi, R., & Cappelletti, D. (2020). Heavy metal 

bioaccumulation in honey bee matrix, an indicator to assess the contamination level in 

terrestrial environments. Environmental Pollution, 256, 113388. 

https://doi.org/10.1016/j.envpol.2019.113388 

Goulson, D. (2010). Bumblebees : Behaviour, ecology, and conservation. Oxford University Press. 

https://scholar.google.com/scholar?cluster=6273526806131871534&hl=en&oi=scholar

r 

Goulson, D., Lye, G. C., & Darvill, B. (2008). Decline and Conservation of Bumble Bees. Annual 

Review of Entomology, 53(Volume 53, 2008), 191-208. 

https://doi.org/10.1146/annurev.ento.53.103106.093454 

Groysman, A. (2014). Fuel Additives. In A. Groysman (E d.), Corrosion in Systems for Storage and 

Transportation of Petroleum Products and Biofuels : Identification, Monitoring and 

Solutions (p. 23-41). Springer Netherlands. https://doi.org/10.1007/978-94-007-7884-

9_2 

Hallmann, C. A., Sorg, M., Jongejans, E., Siepel, H., Hofland, N., Schwan, H., Stenmans, W., Mu ller, A., 

Sumser, H., Ho rren, T., Goulson, D., & Kroon, H. de. (2017). More than 75 percent decline 

over 27 years in total flying insect biomass in protected areas. PLOS ONE, 12(10), 

e0185809. https://doi.org/10.1371/journal.pone.0185809 

Hanley, M. E., Franco, M., Pichon, S., Darvill, B., & Goulson, D. (2008). Breeding system, pollinator 



 

choice and variation in pollen quality in British herbaceous plants. Functional Ecology, 

22(4), 592-598. https://doi.org/10.1111/j.1365-2435.2008.01415.x 

Hartig, F., & Lohse, L. (2022). DHARMa : Residual Diagnostics for Hierarchical (Multi-Level / Mixed) 

Regression Models (0.4.6) [Logiciel]. https://cran.r-

project.org/web/packages/DHARMa/index.html 

He, Z. L., Yang, X. E., & Stoffella, P. J. (2005). Trace elements in agroecosystems and impacts on the 

environment. Journal of Trace Elements in Medicine and Biology, 19(2), 125-140. 

https://doi.org/10.1016/j.jtemb.2005.02.010 

Hladun, K. R., Di, N., Liu, T.-X., & Trumble, J. T. (2016). Metal contaminant accumulation in the hive : 

Consequences for whole-colony health and brood production in the honey bee (Apis 

mellifera L.). Environmental Toxicology and Chemistry, 35(2), 322-329. 

https://doi.org/10.1002/etc.3273 

Hladun, K. R., Parker, D. R., & Trumble, J. T. (2015). Cadmium, Copper, and Lead Accumulation and 

Bioconcentration in the Vegetative and Reproductive Organs of Raphanus sativus : 

Implications for Plant Performance and Pollination. Journal of Chemical Ecology, 41(4), 

386-395. https://doi.org/10.1007/s10886-015-0569-7 

Hodges, R. E., & Minich, D. M. (2015). Modulation of Metabolic Detoxification Pathways Using 

Foods and Food-Derived Components : A Scientific Review with Clinical Application. 

Journal of Nutrition and Metabolism, 2015, 760689. 

https://doi.org/10.1155/2015/760689 

Hooven, L. A., Chakrabarti, P., Harper, B. J., Sagili, R. R., & Harper, S. L. (2019). Potential Risk to 

Pollinators from Nanotechnology-Based Pesticides. Molecules, 24(24), Article 24. 

https://doi.org/10.3390/molecules24244458 

Ijomone, O. M., Ijomone, O. K., Iroegbu, J. D., Ifenatuoha, C. W., Olung, N. F., & Aschner, M. (2020). 

Epigenetic influence of environmentally neurotoxic metals. NeuroToxicology, 81, 51-65. 

https://doi.org/10.1016/j.neuro.2020.08.005 

IPBES. (2019). Summary for policymakers of the global assessment report on biodiversity and 

ecosystem services. Zenodo. https://doi.org/10.5281/zenodo.3553579 

Jakimska, A., Konieczka, P., Sko ra, K., & Namies nik, J. (2011). Bioaccumulation of Metals in Tissues 

of Marine Animals, Part I: the Role and Impact of Heavy Metals on Organisms. 

Jan, A. T., Azam, M., Siddiqui, K., Ali, A., Choi, I., & Haq, Q. M. R. (2015). Heavy Metals and Human 

Health : Mechanistic Insight into Toxicity and Counter Defense System of Antioxidants. 

International Journal of Molecular Sciences, 16(12), Article 12. 



 

https://doi.org/10.3390/ijms161226183 

Johnson, R. M. (2015). Honey Bee Toxicology. Annual Review of Entomology, 60(1), 415-434. 

https://doi.org/10.1146/annurev-ento-011613-162005 

Kabeer, M. S., Hameed, I., Kashif, S.-R., Khan, M., Tahir, A., Anum, F., Khan, S., & Raza, S. (2021). 

Contamination of heavy metals in poultry eggs : A study presenting relation between 

heavy metals in feed intake and eggs. Archives of Environmental & Occupational Health, 

76(4), 220-232. https://doi.org/10.1080/19338244.2020.1799182 

Kang, M., & Jung, C. (2017). Avoidance Behavior of Honey bee, Apis mellifera from Commonly used 

Fungicides, Acaricides and Insecticides in Apple Orchards. Journal of Apiculture, 32(4), 

295-302. https://doi.org/10.17519/apiculture.2017.11.32.4.295 

Kassambara, A. (2023). ggpubr : « ggplot2 » Based Publication Ready Plots (0.6.0) [Logiciel]. 

https://cran.r-project.org/web/packages/ggpubr/index.html 

Kay, M., Elkin, L. A., Higgins, J. J., & Wobbrock, J. O. (2021). ARTool : Aligned Rank Transform 

(0.11.1) [Logiciel]. https://cran.r-project.org/web/packages/ARTool/index.html 

Kessler, S. C., Tiedeken, E. J., Simcock, K. L., Derveau, S., Mitchell, J., Softley, S., Radcliffe, A., Stout, J. 

C., & Wright, G. A. (2015). Bees prefer foods containing neonicotinoid pesticides. Nature, 

521(7550), 74-76. https://doi.org/10.1038/nature14414 

Khalifa, S. A. M., Elshafiey, E. H., Shetaia, A. A., El-Wahed, A. A. A., Algethami, A. F., Musharraf, S. G., 

AlAjmi, M. F., Zhao, C., Masry, S. H. D., Abdel-Daim, M. M., Halabi, M. F., Kai, G., Al Naggar, Y., 

Bishr, M., Diab, M. A. M., & El-Seedi, H. R. (2021). Overview of Bee Pollination and Its 

Economic Value for Crop Production. Insects, 12(8), Article 8. 

https://doi.org/10.3390/insects12080688 

Khan, M. R., Ahmad, N., Ouladsmane, M., & Azam, M. (2021). Heavy Metals in Acrylic Color Paints 

Intended for the School Children Use : A Potential Threat to the Children of Early Age. 

Molecules, 26(8), Article 8. https://doi.org/10.3390/molecules26082375 

Knoll, S., & Cappai, M. G. (2024). Foraging Activity of Honey Bees (Apis mellifera L., 1758) and 

Exposure to Cadmium : A Review. Biological Trace Element Research. 

https://doi.org/10.1007/s12011-024-04118-3 

Lange, B., Pourret, O., Meerts, P., Jitaru, P., Cance s, B., Grison, C., & Faucon, M.-P. (2016). Copper 

and cobalt mobility in soil and accumulation in a metallophyte as influenced by 

experimental manipulation of soil chemical factors. Chemosphere, 146, 75-84. 

https://doi.org/10.1016/j.chemosphere.2015.11.105 

Larsen, A., Reynaldi, F. J., Guzma n-Novoa, E., Larsen, A., Reynaldi, F. J., & Guzma n-Novoa, E. (2019). 



 

Fundaments of the honey bee (Apis mellifera) immune system. Review. Revista Mexicana 

de Ciencias Pecuarias, 10(3), 705-728. https://doi.org/10.22319/rmcp.v10i3.4785 

Lau, P. W., & Nieh, J. C. (2016). Salt preferences of honey bee water foragers. Journal of 

Experimental Biology, 219(6), 790-796. https://doi.org/10.1242/jeb.132019 

Lawler, R. B. M., Mechelle Mayleben, Cindy P. (1996). Effects of Toxic Metals on Neurotransmitters. 

In Toxicology of Metals, Volume I. CRC Press. 

Laycock, I., Lenthall, K. M., Barratt, A. T., & Cresswell, J. E. (2012). Effects of imidacloprid, a 

neonicotinoid pesticide, on reproduction in worker bumble bees (Bombus terrestris). 

Ecotoxicology, 21(7), 1937-1945. https://doi.org/10.1007/s10646-012-0927-y 

Leather, S. r. (2018). “Ecological Armageddon” – more evidence for the drastic decline in insect 

numbers. Annals of Applied Biology, 172(1), 1-3. https://doi.org/10.1111/aab.12410 

Lenth, R. V., Bolker, B., Buerkner, P., Gine -Va zquez, I., Herve, M., Jung, M., Love, J., Miguez, F., Riebl, 

H., & Singmann, H. (2024). emmeans : Estimated Marginal Means, aka Least-Squares Means 

(1.10.1) [Logiciel]. https://cran.r-project.org/web/packages/emmeans/index.html 

Lewis, S. L., & Maslin, M. A. (2015). Defining the Anthropocene. Nature, 519(7542), Article 7542. 

https://doi.org/10.1038/nature14258 

Li, C., Zhou, K., Qin, W., Tian, C., Qi, M., Yan, X., & Han, W. (2019). A Review on Heavy Metals 

Contamination in Soil : Effects, Sources, and Remediation Techniques. Soil and Sediment 

Contamination: An International Journal, 28(4), 380-394. 

https://doi.org/10.1080/15320383.2019.1592108 

Li, Z., Qiu, Y., Li, J., Wan, K., Nie, H., & Su, S. (2022). Chronic Cadmium Exposure Induces Impaired 

Olfactory Learning and Altered Brain Gene Expression in Honey Bees (Apis mellifera). 

Insects, 13(11), Article 11. https://doi.org/10.3390/insects13110988 

Liao, L.-H., Wu, W.-Y., & Berenbaum, M. R. (2017). Behavioral responses of honey bees (Apis 

mellifera) to natural and synthetic xenobiotics in food. Scientific Reports, 7(1), 15924. 

https://doi.org/10.1038/s41598-017-15066-5 

Lim, S.-R., & Schoenung, J. M. (2010). Human health and ecological toxicity potentials due to heavy 

metal content in waste electronic devices with flat panel displays. Journal of Hazardous 

Materials, 177(1), 251-259. https://doi.org/10.1016/j.jhazmat.2009.12.025 

Loskutov, S., Puhalsky, Y., Sorokoumov, P., Ryabukhin, D., & Vorobyov, N. (2023). Changes in the 

level of consolidation of the fatty acid profile of Hermetia illucens larvae grown on a 

substrate contaminated with heavy metals : Slovak Journal of Food Sciences / 

Potravinarstvo. Slovak Journal of Food Sciences / Potravinarstvo, 17(1), 503-513. 



 

https://doi.org/10.5219/1852 

Luka cs, M., Csilla Pa linka s, D., Szunyog, G., & Va rnagy, K. (2021). Metal Binding Ability of Small 

Peptides Containing Cysteine Residues. ChemistryOpen, 10(4), 451-463. 

https://doi.org/10.1002/open.202000304 

Luo, X., Wu, C., Lin, Y., Li, W., Deng, M., Tan, J., & Xue, S. (2023). Soil heavy metal pollution from 

Pb/Zn smelting regions in China and the remediation potential of biomineralization. 

Journal of Environmental Sciences, 125, 662-677. 

https://doi.org/10.1016/j.jes.2022.01.029 

Ma, C., Kessler, S., Simpson, A., & Wright, G. (2016). A Novel Behavioral Assay to Investigate 

Gustatory Responses of Individual, Freely-moving Bumble Bees (Bombus terrestris). JoVE 

(Journal of Visualized Experiments), 113, e54233. https://doi.org/10.3791/54233 

Malhi, Y. (2017). The Concept of the Anthropocene. Annual Review of Environment and Resources, 

42(1), 77-104. https://doi.org/10.1146/annurev-environ-102016-060854 

Maragkos, K. G., Hahladakis, J. N., & Gidarakos, E. (2013). Qualitative and quantitative 

determination of heavy metals in waste cellular phones. Waste Management, 33(9), 

1882-1889. https://doi.org/10.1016/j.wasman.2013.05.016 

Maret, W. (2016). The Metals in the Biological Periodic System of the Elements : Concepts and 

Conjectures. International Journal of Molecular Sciences, 17(1), Article 1. 

https://doi.org/10.3390/ijms17010066 

Melchor-Martî nez, E. M., Macias-Garbett, R., Malacara-Becerra, A., Iqbal, H. M. N., Sosa-Herna ndez, 

J. E., & Parra-Saldî var, R. (2021). Environmental impact of emerging contaminants from 

battery waste : A mini review. Case Studies in Chemical and Environmental Engineering, 3, 

100104. https://doi.org/10.1016/j.cscee.2021.100104 

Merling, M., Eisenmann, S., & Bloch, G. (2020). Body size but not age influences phototaxis in 

bumble bee (Bombus terrestris, L.) workers. Apidologie, 51(5), 763-776. 

https://doi.org/10.1007/s13592-020-00759-0 

Mertoglu-Elmas, G. (2017). The Effect of Colorants on the Content of Heavy Metals in Recycled 

Corrugated Board Papers. BioResources, 12(2), Article 2. 

Michener, C. D. (2000). The Bees of the World. JHU Press. 

Milivojevic , T., Glavan, G., Boz ic , J., Sepc ic , K., Mesaric , T., & Drobne, D. (2015). Neurotoxic potential 

of ingested ZnO nanomaterials on bees. Chemosphere, 120, 547-554. 

https://doi.org/10.1016/j.chemosphere.2014.07.054 



 

Mohsen, M., Lin, C., Tu, C., Zhang, C., Xu, S., & Yang, H. (2022). Association of heavy metals with 

plastics used in aquaculture. Marine Pollution Bulletin, 174, 113312. 

https://doi.org/10.1016/j.marpolbul.2021.113312 

Molina-Holgado, F., Hider, R. C., Gaeta, A., Williams, R., & Francis, P. (2007). Metals ions and 

neurodegeneration. BioMetals, 20(3), 639-654. https://doi.org/10.1007/s10534-006-

9033-z 

Monchanin, C., Devaud, J.-M., Barron, A. B., & Lihoreau, M. (2021). Current permissible levels of 

metal pollutants harm terrestrial invertebrates. Science of The Total Environment, 779, 

146398. https://doi.org/10.1016/j.scitotenv.2021.146398 

Monchanin, C., Drujont, E., Le Roux, G., Lo sel, P. D., Barron, A. B., Devaud, J.-M., Elger, A., & Lihoreau, 

M. (2024). Environmental exposure to metallic pollution impairs honey bee brain 

development and cognition. Journal of Hazardous Materials, 465, 133218. 

https://doi.org/10.1016/j.jhazmat.2023.133218 

Monchanin, C., Gabriela de Brito Sanchez, M., Lecouvreur, L., Boidard, O., Me ry, G., Silvestre, J., Le 

Roux, G., Baque , D., Elger, A., Barron, A. B., Lihoreau, M., & Devaud, J.-M. (2022). Honey bees 

cannot sense harmful concentrations of metal pollutants in food. Chemosphere, 297, 

134089. https://doi.org/10.1016/j.chemosphere.2022.134089 

Moron , D., Grzes , I. M., Sko rka, P., Szentgyo rgyi, H., Laskowski, R., Potts, S. G., & Woyciechowski, M. 

(2012). Abundance and diversity of wild bees along gradients of heavy metal pollution. 

Journal of Applied Ecology, 49(1), 118-125. https://doi.org/10.1111/j.1365-

2664.2011.02079.x 

Moron , D., Szentgyo rgyi, H., Sko rka, P., Potts, S. G., & Woyciechowski, M. (2014). Survival, 

reproduction and population growth of the bee pollinator, Osmia rufa (Hymenoptera : 

Megachilidae), along gradients of heavy metal pollution. Insect Conservation and Diversity, 

7(2), 113-121. https://doi.org/10.1111/icad.12040 

Motta, J. V. de O., Carneiro, L. S., Martî nez, L. C., Bastos, D. S. S., Resende, M. T. C. S., Castro, B. M. C., 

Neves, M. M., Zanuncio, J. C., & Serra o, J. E. (2023). Midgut Cell Damage and Oxidative Stress 

in Partamona helleri (Hymenoptera : Apidae) Workers Caused by the Insecticide Lambda-

Cyhalothrin. Antioxidants, 12(8), Article 8. https://doi.org/10.3390/antiox12081510 

Nagajyoti, P. C., Lee, K. D., & Sreekanth, T. V. M. (2010). Heavy metals, occurrence and toxicity for 

plants : A review. Environmental Chemistry Letters, 8(3), 199-216. 

https://doi.org/10.1007/s10311-010-0297-8 

Nakhleh, J., El Moussawi, L., & Osta, M. A. (2017). Chapter Three—The Melanization Response in 



 

Insect Immunity. In P. Ligoxygakis (E d.), Advances in Insect Physiology (Vol. 52, p. 83-109). 

Academic Press. https://doi.org/10.1016/bs.aiip.2016.11.002 

Nation Sr, J. L. (2022). Insect Physiology and Biochemistry. CRC Press. 

Nikolic , T. V., Kojic , D., Orc ic , S., Batinic , D., Vukas inovic , E., Blagojevic , D. P., & Purac , J. (2016). The 

impact of sublethal concentrations of Cu, Pb and Cd on honey bee redox status, superoxide 

dismutase and catalase in laboratory conditions. Chemosphere, 164, 98-105. 

https://doi.org/10.1016/j.chemosphere.2016.08.077 

Nnaji, N. D., Onyeaka, H., Miri, T., & Ugwa, C. (2023). Bioaccumulation for heavy metal removal : A 

review. SN Applied Sciences, 5(5), 125. https://doi.org/10.1007/s42452-023-05351-6 

Nogueira, F. L. de A., Ba lsamo, P. J., Costa, M. J., & Abdalla, F. C. (2018). Exposure to Mercury at 

Trace Concentrations Leads to Collapse of the Hepato-Nephrocitic System in Two 

Neotropical Species of Bumblebee. American Journal of Agricultural and Biological 

Sciences, 14(1), 1-10. https://doi.org/10.3844/ajabssp.2019.1.10 

Oliveira, A. H., Gonçalves, W. G., Fernandes, K. M., Barcellos, M. S., Sampaio, W. M. S., Lopes, M. P., 

Martins, G. F., & Serra o, J. E. (2019). Morphology and Morphometry of the Midgut in the 

Stingless Bee Friesella schrottkyi (Hymenoptera : Apidae). Insects, 10(3), Article 3. 

https://doi.org/10.3390/insects10030073 

Panagos, P., Van Liedekerke, M., Yigini, Y., & Montanarella, L. (2013). Contaminated Sites in 

Europe : Review of the Current Situation Based on Data Collected through a European 

Network. Journal of Environmental and Public Health, 2013, e158764. 

https://doi.org/10.1155/2013/158764 

Parkinson, R. H., Scott, J., Dorling, A. L., Jones, H., Haslam, M., McDermott-Roberts, A. E., & Wright, 

G. A. (2023). Mouthparts of the bumblebee (Bombus terrestris) exhibit poor acuity for the 

detection of pesticides in nectar. eLife, 12, RP89129. https://doi.org/10.7554/eLife.89129 

Pham, L. N., & Schneider, D. S. (2008). 5—EVIDENCE FOR SPECIFICITY AND MEMORY IN THE 

INSECT INNATE IMMUNE RESPONSE. In N. E. Beckage (E d.), Insect Immunology (p. 

97-127). Academic Press. https://doi.org/10.1016/B978-012373976-6.50007-0 

Pietrelli, L., Menegoni, P., & Papetti, P. (2022). Bioaccumulation of Heavy Metals by Herbaceous 

Species Grown in Urban and Rural Sites. Water, Air, & Soil Pollution, 233(4), 141. 

https://doi.org/10.1007/s11270-022-05577-x 

Pitts-Singer, T. L., & Cane, J. H. (2011). The Alfalfa Leafcutting Bee, Megachile rotundata : The 

World’s Most Intensively Managed Solitary Bee. Annual Review of Entomology, 56(1), 

221-237. https://doi.org/10.1146/annurev-ento-120709-144836 



 

Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, F., Arcoraci, V., Squadrito, F., Altavilla, D., & 

Bitto, A. (2017). Oxidative Stress : Harms and Benefits for Human Health. Oxidative 

Medicine and Cellular Longevity, 2017, 8416763. https://doi.org/10.1155/2017/8416763 

Polykretis, P., Delfino, G., Petrocelli, I., Cervo, R., Tanteri, G., Montori, G., Perito, B., Branca, J. J. V., 

Morucci, G., & Gulisano, M. (2016). Evidence of immunocompetence reduction induced by 

cadmium exposure in honey bees (Apis mellifera). Environmental Pollution, 218, 826-834. 

https://doi.org/10.1016/j.envpol.2016.08.006 

Pourret, O. (2018). On the Necessity of Banning the Term “Heavy Metal” from the Scientific 

Literature. Sustainability, 10(8), Article 8. https://doi.org/10.3390/su10082879 

Purac , J., Nikolic , T. V., Kojic , D., C elic , A. S., Plavs a, J. J., Blagojevic , D. P., & Petri, E. T. (2019). 

Identification of a metallothionein gene in honey bee Apis mellifera and its expression 

profile in response to Cd, Cu and Pb exposure. Molecular Ecology, 28(4), 731-745. 

https://doi.org/10.1111/mec.14984 

Qu, C., Wang, S., Ding, L., Zhang, M., Wang, D., & Giesy, J. P. (2018). Spatial distribution, risk and 

potential sources of lead in soils in the vicinity of a historic industrial site. Chemosphere, 

205, 244-252. https://doi.org/10.1016/j.chemosphere.2018.04.119 

Rasmont, P., Ghisbain, G., & Terzo, M. (2021). Bourdons d’Europe et des contrées voisines. NAP 

e ditions. 

Renu, K., Chakraborty, R., Myakala, H., Koti, R., Famurewa, A. C., Madhyastha, H., Vellingiri, B., 

George, A., & Valsala Gopalakrishnan, A. (2021). Molecular mechanism of heavy metals 

(Lead, Chromium, Arsenic, Mercury, Nickel and Cadmium)—Induced hepatotoxicity – A 

review. Chemosphere, 271, 129735. 

https://doi.org/10.1016/j.chemosphere.2021.129735 

Richardson, H. W. (1997). Handbook of Copper Compounds and Applications. CRC Press. 

Ripley, B., Venables, B., Bates, D. M., ca 1998), K. H. (partial port, ca 1998), A. G. (partial port, & 

Firth, D. (2024). MASS : Support Functions and Datasets for Venables and Ripley’s MASS (7.3-

60.2) [Logiciel]. https://cran.r-project.org/web/packages/MASS/index.html 

Rodrigues, C. G., Kru ger, A. P., Barbosa, W. F., & Guedes, R. N. C. (2016). Leaf Fertilizers Affect 

Survival and Behavior of the Neotropical Stingless Bee Friesella schrottkyi (Meliponini : 

Apidae: Hymenoptera). Journal of Economic Entomology, 109(3), 1001-1008. 

https://doi.org/10.1093/jee/tow044 

Rodriguez, A., Zhang, H., Klaminder, J., Brodin, T., Andersson, P. L., & Andersson, M. (2018). 

ToxTrac : A fast and robust software for tracking organisms. Methods in Ecology and 



 

Evolution, 9(3), 460-464. https://doi.org/10.1111/2041-210X.12874 

Rothman, J. A., Russell, K. A., Leger, L., McFrederick, Q. S., & Graystock, P. (2020). The direct and 

indirect effects of environmental toxicants on the health of bumblebees and their 

microbiomes. Proceedings of the Royal Society B: Biological Sciences, 287(1937), 

20200980. https://doi.org/10.1098/rspb.2020.0980 

Ruttkay-Nedecky, B., Nejdl, L., Gumulec, J., Zitka, O., Masarik, M., Eckschlager, T., Stiborova, M., 

Adam, V., & Kizek, R. (2013). The Role of Metallothionein in Oxidative Stress. International 

Journal of Molecular Sciences, 14(3), Article 3. https://doi.org/10.3390/ijms14036044 

Rybakowska, I., Kaletha, K., & Sein Anand, J. (2012). [Manganism—Neurodegenerative brain 

disease caused by poisoning with manganese]. Przeglad Lekarski, 69(8), 555-556. 

Sabljic, A. (2009). ENVIRONMENTAL AND ECOLOGICAL CHEMISTRY - Volume II. EOLSS 

Publications. 

Scheiner, R., Page, R. E., & Erber, J. (2004). Sucrose responsiveness and behavioral plasticity in 

honey bees (Apis mellifera). Apidologie, 35(2), 133-142. 

https://doi.org/10.1051/apido:2004001 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S., 

Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D. J., Hartenstein, V., Eliceiri, K., 

Tomancak, P., & Cardona, A. (2012). Fiji : An open-source platform for biological-image 

analysis. Nature Methods, 9(7), Article 7. https://doi.org/10.1038/nmeth.2019 

Scott, S. B., Sivakoff, F. S., & Gardiner, M. M. (2022). Exposure to urban heavy metal contamination 

diminishes bumble bee colony growth. Urban Ecosystems, 25(3), 989-997. 

https://doi.org/10.1007/s11252-022-01206-x 

Shin, B.-S., Choi, R.-N., & Lee, C.-U. (2001). Effects of Cadmium on Total Lipid Content and Fatty 

Acids of the Greater Wax Moth, Galleria mellonella. The Korean Journal of Ecology, 24(6), 

349-352. 

Shpigler, H., Amsalem, E., Huang, Z. Y., Cohen, M., Siegel, A. J., Hefetz, A., & Bloch, G. (2014). 

Gonadotropic and Physiological Functions of Juvenile Hormone in Bumblebee (Bombus 

terrestris) Workers. PLOS ONE, 9(6), e100650. 

https://doi.org/10.1371/journal.pone.0100650 

Simcock, N. K., Gray, H., Bouchebti, S., & Wright, G. A. (2018). Appetitive olfactory learning and 

memory in the honeybee depend on sugar reward identity. Journal of Insect Physiology, 

106, 71-77. https://doi.org/10.1016/j.jinsphys.2017.08.009 

Sivakoff, F. S., Prajzner, S. P., & Gardiner, M. M. (2020). Urban heavy metal contamination limits 



 

bumblebee colony growth. Journal of Applied Ecology, 57(8), 1561-1569. 

https://doi.org/10.1111/1365-2664.13651 

Siviter, H., Horner, J., Brown, M. J. F., & Leadbeater, E. (2020). Sulfoxaflor exposure reduces egg 

laying in bumblebees Bombus terrestris. Journal of Applied Ecology, 57(1), 160-169. 

https://doi.org/10.1111/1365-2664.13519 

Skowronek, P., Wo jcik, Ł., & Strachecka, A. (2021). Fat Body—Multifunctional Insect Tissue. 

Insects, 12(6), Article 6. https://doi.org/10.3390/insects12060547 

Smith, D. F. Q., Camacho, E., Thakur, R., Barron, A. J., Dong, Y., Dimopoulos, G., Broderick, N. A., & 

Casadevall, A. (2021). Glyphosate inhibits melanization and increases susceptibility to 

infection in insects. PLOS Biology, 19(5), e3001182. 

https://doi.org/10.1371/journal.pbio.3001182 

Somme, L., Vanderplanck, M., Michez, D., Lombaerde, I., Moerman, R., Wathelet, B., Wattiez, R., 

Lognay, G., & Jacquemart, A.-L. (2015). Pollen and nectar quality drive the major and minor 

floral choices of bumble bees. Apidologie, 46(1), 92-106. 

https://doi.org/10.1007/s13592-014-0307-0 

Søvik, E., Perry, C. J., LaMora, A., Barron, A. B., & Ben-Shahar, Y. (2015). Negative impact of 

manganese on honeybee foraging. Biology Letters. 

https://doi.org/10.1098/rsbl.2014.0989 

Stefanatou, A., Dimitrakopoulos, P. G., Aloupi, M., Adamidis, G. C., Nakas, G., & Petanidou, T. (2020). 

From bioaccumulation to biodecumulation : Nickel movement from Odontarrhena 

lesbiaca (Brassicaceae) individuals into consumers. Science of The Total Environment, 747, 

141197. https://doi.org/10.1016/j.scitotenv.2020.141197 

Strausfeld, N. J., Homburg, U., & Kloppenberg, P. (2000). Parallel organization in honey bee 

mushroom bodies by peptidergic kenyon cells. Journal of Comparative Neurology, 424(1), 

179-195. https://doi.org/10.1002/1096-9861(20000814)424:1<179::AID-

CNE13>3.0.CO;2-K 

Straw, E. A., & Brown, M. J. F. (2021). Co-formulant in a commercial fungicide product causes lethal 

and sub-lethal effects in bumble bees. Scientific Reports, 11(1), Article 1. 

https://doi.org/10.1038/s41598-021-00919-x 

Subramanian, D., Subha, R., & Murugesan, A. K. (2022). Accumulation and translocation of trace 

elements and macronutrients in different plant species across five study sites. Ecological 

Indicators, 135, 108522. https://doi.org/10.1016/j.ecolind.2021.108522 

Tama s, M. J., Sharma, S. K., Ibstedt, S., Jacobson, T., & Christen, P. (2014). Heavy Metals and 



 

Metalloids As a Cause for Protein Misfolding and Aggregation. Biomolecules. 

https://doi.org/10.3390/biom4010252 

Tchounwou, P. B., Newsome, C., Williams, J., & Glass, K. (2008). Copper-Induced Cytotoxicity and 

Transcriptional Activation of Stress Genes in Human Liver Carcinoma (HepG2) Cells. Metal 

ions in biology and medicine : proceedings of the ... International Symposium on Metal Ions 

in Biology and Medicine held ... = Les ions metalliques en biologie et en medecine : ... 

Symposium international sur les ions metalliques ., 10, 285-290. 

Tchounwou, P. B., Yedjou, C. G., Patlolla, A. K., & Sutton, D. J. (2012). Heavy Metal Toxicity and the 

Environment. In A. Luch (E d.), Molecular, Clinical and Environmental Toxicology : Volume 

3 : Environmental Toxicology (p. 133-164). Springer. https://doi.org/10.1007/978-3-

7643-8340-4_6 

Thiex, N. J., Anderson, S., Gildemeister, B., & Collaborators: (2003). Crude Fat, Diethyl Ether 

Extraction, in Feed, Cereal Grain, and Forage (Randall/Soxtec/Submersion Method) : 

Collaborative Study. Journal of AOAC INTERNATIONAL, 86(5), 888-898. 

https://doi.org/10.1093/jaoac/86.5.888 

To th, G., Hermann, T., Da Silva, M. R., & Montanarella, L. (2016). Heavy metals in agricultural soils 

of the European Union with implications for food safety. Environment International, 88, 

299-309. https://doi.org/10.1016/j.envint.2015.12.017 

Turner, A., & Lewis, M. (2018). Lead and other heavy metals in soils impacted by exterior legacy 

paint in residential areas of south west England. Science of The Total Environment, 

619-620, 1206-1213. https://doi.org/10.1016/j.scitotenv.2017.11.041 

van der Steen, J. J. M., de Kraker, J., & Grotenhuis, T. (2012). Spatial and temporal variation of metal 

concentrations in adult honeybees (Apis mellifera L.). Environmental Monitoring and 

Assessment, 184(7), 4119-4126. https://doi.org/10.1007/s10661-011-2248-7 

Vandenbossche, M., Jimenez, M., Casetta, M., & Traisnel, M. (2015). Remediation of Heavy Metals 

by Biomolecules : A Review. Critical Reviews in Environmental Science and Technology, 

45(15), 1644-1704. https://doi.org/10.1080/10643389.2014.966425 

Vanderplanck, M., Breeze, T., Cini, E., Potts, S. G., & Senapathi, D. (2021). Monitoring bee health in 

European agroecosystems using wing morphology and fat bodies. One Ecosystem, 6. 

https://centaur.reading.ac.uk/102657/ 

Vanderplanck, M., Gilles, H., Nonclercq, D., Duez, P., & Gerbaux, P. (2020). Asteraceae Paradox : 

Chemical and Mechanical Protection of Taraxacum Pollen. Insects, 11(5), Article 5. 

https://doi.org/10.3390/insects11050304 



 

Vareda, J. P., Valente, A. J. M., & Dura es, L. (2019). Assessment of heavy metal pollution from 

anthropogenic activities and remediation strategies : A review. Journal of Environmental 

Management, 246, 101-118. https://doi.org/10.1016/j.jenvman.2019.05.126 

Velthuis, H. H. W., & Doorn, A. van. (2006). A century of advances in bumblebee domestication and 

the economic and environmental aspects of its commercialization for pollination. 

Apidologie, 37(4), 421-451. https://doi.org/10.1051/apido:2006019 

Waegeneers, N., Pizzolon, J.-C., Hoenig, M., & De Temmerman, L. (2009). Accumulation of trace 

elements in cattle from rural and industrial areas in Belgium. Food Additives & 

Contaminants: Part A, 26(3), 326-332. https://doi.org/10.1080/02652030802429096 

Walker, C. H., Sibly, R. M., Hopkin, S. P., & Peakall, D. B. (2012). Principles of Ecotoxicology, Fourth 

Edition. CRC Press. 

Wang, J., & Chen, C. (2009). Biosorbents for heavy metals removal and their future. Biotechnology 

Advances, 27(2), 195-226. https://doi.org/10.1016/j.biotechadv.2008.11.002 

Wickham, H., Chang, W., Henry, L., Pedersen, T. L., Takahashi, K., Wilke, C., Woo, K., Yutani, H., 

Dunnington, D., Brand, T. van den, Posit, & PBC. (2024). ggplot2 : Create Elegant Data 

Visualisations Using the Grammar of Graphics (3.5.0) [Logiciel]. https://cran.r-

project.org/web/packages/ggplot2/index.html 

Willis Chan, D. S., Prosser, R. S., Rodrî guez-Gil, J. L., & Raine, N. E. (2019). Assessment of risk to 

hoary squash bees (Peponapis pruinosa) and other ground-nesting bees from systemic 

insecticides in agricultural soil. Scientific Reports, 9(1), Article 1. 

https://doi.org/10.1038/s41598-019-47805-1 

Wilson, D. E., Velarde, R. A., Fahrbach, S. E., Mommaerts, V., & Smagghe, G. (2013). Use of Primary 

Cultures of Kenyon Cells from Bumblebee Brains to Assess Pesticide Side Effects. Archives 

of Insect Biochemistry and Physiology, 84(1), 43-56. https://doi.org/10.1002/arch.21112 

Winfree, R., Gross, B. J., & Kremen, C. (2011). Valuing pollination services to agriculture. Ecological 

Economics, 71, 80-88. https://doi.org/10.1016/j.ecolecon.2011.08.001 

Witkowska, D., Słowik, J., & Chilicka, K. (2021). Heavy Metals and Human Health : Possible 

Exposure Pathways and the Competition for Protein Binding Sites. Molecules, 26(19), 

Article 19. https://doi.org/10.3390/molecules26196060 

Woch, M. W., Kapusta, P., & Stefanowicz, A. M. (2016). Variation in dry grassland communities 

along a heavy metals gradient. Ecotoxicology, 25(1), 80-90. 

https://doi.org/10.1007/s10646-015-1569-7 

Wood, T. J., Michez, D., Paxton, R. J., Drossart, M., Neumann, P., Ge rard, M., Vanderplanck, M., 



 

Barraud, A., Martinet, B., Leclercq, N., & Vereecken, N. J. (2020). Managed honey bees as a 

radar for wild bee decline? Apidologie, 51(6), 1100-1116. 

https://doi.org/10.1007/s13592-020-00788-9 

Wright, R. O., & Baccarelli, A. (2007). Metals and Neurotoxicology1,2. The Journal of Nutrition, 

137(12), 2809-2813. https://doi.org/10.1093/jn/137.12.2809 

Wu, G.-X., Gao, X., Ye, G.-Y., Li, K., Hu, C., & Cheng, J.-A. (2009). Ultrastructural alterations in midgut 

and Malpighian tubules of Boettcherisca peregrina exposure to cadmium and copper. 

Ecotoxicology and Environmental Safety, 72(4), 1137-1147. 

https://doi.org/10.1016/j.ecoenv.2008.02.017 

Wuana, R. A., & Okieimen, F. E. (2011). Heavy Metals in Contaminated Soils : A Review of Sources, 

Chemistry, Risks and Best Available Strategies for Remediation. International Scholarly 

Research Notices, 2011, e402647. https://doi.org/10.5402/2011/402647 

Xun, E., Zhang, Y., Zhao, J., & Guo, J. (2017). Translocation of heavy metals from soils into floral 

organs and rewards of Cucurbita pepo : Implications for plant reproductive fitness. 

Ecotoxicology and Environmental Safety, 145, 235-243. 

https://doi.org/10.1016/j.ecoenv.2017.07.045 

Xun, E., Zhang, Y., Zhao, J., & Guo, J. (2018). Heavy metals in nectar modify behaviors of pollinators 

and nectar robbers : Consequences for plant fitness. Environmental Pollution, 242, 

1166-1175. https://doi.org/10.1016/j.envpol.2018.07.128 

Yaroshevsky, A. A. (2006). Abundances of chemical elements in the Earth’s crust. Geochemistry 

International, 44(1), 48-55. https://doi.org/10.1134/S001670290601006X 

Zaric , N. M., Ilijevic , K., Stanisavljevic , L., & Grz etic , I. (2016). Metal concentrations around thermal 

power plants, rural and urban areas using honeybees (Apis mellifera L.) as bioindicators. 

International Journal of Environmental Science and Technology, 13(2), 413-422. 

https://doi.org/10.1007/s13762-015-0895-x 

Zeng, T., Jaffar, S., Xu, Y., & Qi, Y. (2022). The Intestinal Immune Defense System in Insects. 

International Journal of Molecular Sciences, 23(23), Article 23. 

https://doi.org/10.3390/ijms232315132 

Zergui, A., Boudalia, S., & Joseph, M. L. (2023). Heavy metals in honey and poultry eggs as 

indicators of environmental pollution and potential risks to human health. Journal of Food 

Composition and Analysis, 119, 105255. https://doi.org/10.1016/j.jfca.2023.105255 

Zhang, J., Jiang, D., Dong, X., Meng, Z., & Yan, S. (2020). Accumulation of Cd and Pb in various body 

parts, organs and tissues of Lymantria dispar asiatica (Lepidoptera : Erebidae). Journal of 



 

Asia-Pacific Entomology, 23(4), 963-969. https://doi.org/10.1016/j.aspen.2020.07.019 

Zhang, Q., & Wang, C. (2020). Natural and Human Factors Affect the Distribution of Soil Heavy 

Metal Pollution : A Review. Water, Air, & Soil Pollution, 231(7), 350. 

https://doi.org/10.1007/s11270-020-04728-2 

Zwolak, A., Sarzyn ska, M., Szpyrka, E., & Stawarczyk, K. (2019). Sources of Soil Pollution by Heavy 

Metals and Their Accumulation in Vegetables : A Review. Water, Air, & Soil Pollution, 

230(7), 164. https://doi.org/10.1007/s11270-019-4221-y 

  



 

Chapter 8: Appendices 
 

Appendix 1- Gut melanisation post-hoc experiment 
 

Post-hoc experiment has been realised in order to ensure that damages on midgut were effectively 

melanisation from immune response and not due to post-mortem decomposition. Nine alive 

workers from healthy colony were directly frozen at -70 °C. Nine workers were decapitated, left 

24 h in the rearing room in sterile tubes, and then frozen at -70 °C. Gut were dissected and 

melanisation measured. We found that melanisation (i.e. darkness) was not significantly different 

between the two groups (Wilcoxon rank sum test, W = 50, p = 0.42) (Fig. 19).  

 

 

 

 
Figure 19: Melanisation post-hoc experiment: Post-hoc experiment showing that gut damages were not due to post-
mortem decomposition. Darkness was used as proxy for melanisation and was calculated using the mean grey values 
of the midgut (darkness = 255 – mean grey value). Treatments which do not share the same letter are statistically 
different (Wilcoxon rank sum test). N = 9 per group.  
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