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Summary

Honey bees are crucia pollinators. A plethoraof environmental stressors, such as agrochemicals,
have been identified as contributors to their global decline. Especially, these stressors impair
cognitive processes involved in fundamental behaviours. So far however, virtualy nothing is
known about the impact of metal pollutants, despite their known toxicity to many organisms.
Their worldwide emissions resulting from human activities have elevated their concentrations far
above natural baselinesin the air, soil, water and flora, exposing bees at all life stages. The am
of my thesis was to examine the effects of metallic pollution on honey bees using a multiscale
approach, from brain to colonies, in laboratory and field conditions. | first observed that bees
exposed to a range of concentrations of three common metals (arsenic, lead and zinc) in the
laboratory were unable to perceive and avoid, low, yet harmful, field-realistic concentrations of
those metalsin their food. | then chronically exposed colonies to field-realistic concentrations of
lead in food and demonstrated that consumption of this metal impaired bee cognition and
morphological development, leading to smaller adult bees. As metal pollutants are often found in
complex mixtures in the environment, | explored the effect of cocktails of metals, showing that
exposure to lead, arsenic or copper alone was sufficient to slow down learning and disrupt
memory retrieval, and that combinations of these metalsinduced additive negative effects on both
cognitive processes. | finaly investigated the impact of natural exposure to metal pollutantsin a
contaminated environment, by collecting bees in the vicinity of aformer gold mine, and showed
that individuals from populations most exposed to metals exhibited lower learning and memory
abilities, and development impairments conducing to reduced brain size. A more systematic
analysis of unexposed bees revealed a relationship between head size, brain morphometrics and
learning performancesin different behavioural tasks, suggesting that exposure to metal pollutants
magnifies these natural variations. Hence, atogether, my results suggest that honey bees are
unable to avoid exposure to field-realistic concentrations of metals that are detrimental to
development and cognitive functions;, and call for a revison of the environmental levels
considered as ‘safe’. My thesis is the first integrated analysis of the impact of several meta
pollutants on bee cognition, morphology and brain structure, and should encourage further studies
on the contribution of metal pollution in the reported decline of honey bees, and more generally,
of insects.

Keywords. heavy metals, Apis mellifera, cognition, behaviour, morphometry



Résumé

Les abeilles sont des pollinisateurs essentiels. Une pléhore de facteurs de stress
environnementaux, tels que les produits agrochimiques, a été identifiée comme contribuant & leur
déclin mondial. En particulier, ces facteurs de stress altérent les processus cognitifs impliqués
dans les comportements fondamentaux. Jusqu'a présent, cependant, on ne sait pratiquement rien
de l'impact de I’exposition a des métaux lourds, dont la toxicité est avérée chez de nombreux
organismes. Pourtant, leurs émissions mondiales résultant des activités humaines ont élevé leurs
concentrations bien au-dessus des niveaux naturelsdans|'air, le sol, I'eau et laflore, exposant ains
les abeilles a tous les stades de leur vie. Le but de ma thése éait d'examiner les effets de la
pollution métallique sur I’abeille domestique en utilisant une approche multi-échelle, du cerveau
alacolonie, en laboratoire et sur le terrain. Jai d'abord observé que les abeilles exposées a une
gamme de concentrations de trois métaux communs (arsenic, plomb et zinc) en laboratoire étai ent
incapables de percevoir et éviter des concentrations usuelles, néanmoins nocives, de ces métaux
dans leur nourriture. Jai ensuite exposé de facon chronique des colonies a des concentrations
réalistes de plomb dans la nourriture et démontré que la consommation de ce métal altérait la
cognition et le dével oppement morphologique des abeilles. Comme les polluants métalliques se
trouvent souvent dans des mélanges complexes dans I'environnement, j'ai exploré |'effet des
cocktails de métaux, montrant gue I'exposition au plomb, a l'arsenic ou au cuivre seul était
suffisante pour raentir I'apprentissage et perturber le rappel de la mémoire, et que les
combinaisons de ces métaux induisaient des effets négatifs additifs sur ces deux processus
cognitifs. Jai finalement étudié I'impact de I'exposition naturelle aux polluants métalliques dans
un environnement contaminé, en collectant des abeilles a proximité d'une ancienne mine d'or, et
montré gue les individus des popul ations |es plus exposées aux métaux présentaient des capacités
d'apprentissage et de mémoire plus faibles, et des atérations de leur développement conduisant a
uneréduction delataille deleur cerveau. Une anayse plus systématique des abeilles non exposées
arévélé une relation entre la taille de la téte, la morphométrie du cerveau et les performances
d'apprentissage dans différentes taches comportementales, suggérant que l'exposition aux
polluants métalliques amplifie ces variations naturelles. Ainsi, mes résultats suggerent que les
abeilles domestiques sont incapables d'éviter I’exposition a des concentrations réalistes de métaux
qui sont préudiciables au dével oppement et aux fonctions cognitives, et appellent a une révision
des niveaux environnementaux considérés comme «slrs». Ma thése est la premiere anayse
intégrée de I'impact de plusieurs polluants métaliques sur la cognition, la morphologie et
I’organisation cérébrale chez I’abeille, et vise a encourager de nouvelles études sur la contribution
de la pollution métallique dans le déclin signal € des abeilles, et plus généralement, des insectes.

Mots-clés : métaux lourds, Apis mellifera, cognition, comportement, morphomeétrie
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General introduction

General introduction ©0000000

“They are the soul of the summer, [...] they are the untiring wing on which delicate perfumes
float, [...] and their flight is the sure and melodious note, of all the myriad fragile joysthat are
born in the heat and dwell in the sunshine /...J To himwho has known them and loved them, a
summer where there are no bees becomes as sad and as empty as one without flowers or birds.”

Maurice Maeterlinck, The Life of the Bee.
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General introduction

GENERAL INTRODUCTION

1. Metallic pollution

1.1. Environmental contamination

Metallic trace-elements (MTE)* are naturaly occurring elements in the environment,
characterized by their high atomic weight and a density above 5 g.cm™, their persistence and
tendency to bioaccumulate. At low concentrations, some compounds, such as copper (Cu), iron
(Fe), manganese (Mn), selenium (Se) and zinc (Zn) are essential micronutrients required for the
proper function of biochemical processesin animalsand plants (Fraga, 2005; Phipps, 1981). They
function as cofactors of enzymes, components of antioxidants proteins, and asfreeionsin cellular
signalling cascades (Hansch and Mendel, 2009). Other MTE, like cadmium (Cd), lead (Pb),
mercury (Hg) and arsenic (As), have no known physiological function and are toxic even in small
concentrations (Tchounwou et al., 2012; Wright and Baccarelli, 2007).

MTE pollution has become an increasingly important ecological concern worldwide
(Nriagu and Pacyna, 1988). Their widespread uses in domestic, industrial, agricultural, medical
and technological applications (Bradl, 2005) have led to their wide distribution in the environment
(Fig. 1). In addition to natural sources (volcanic activity, weathering of geological deposits, forest
fires etc.), anthropogenic activities (mining and chemical industries, waste incineration, transport
etc.) have considerably increased environmental concentrations of MTE far above natural
baselines, contaminating air (Suvarapu and Baek, 2017), soils (Su et a., 2014; Wuana and
Okieimen, 2011), water (Mance, 1987) and plants (Krdmer, 2010), along with the nectar and
pollenthey produce (Eskov et al., 2015; Gutiérrez et al., 2015). The pattern of MTE contamination

depends on the chemical element and is temporally and spatialy highly variable. While lead

! The term ‘heavy metals’ has been widely used as a group name for metals and metalloids associated with
contamination and potential toxicity. However, this has no chemical or toxicologica basis, and the use of this
terminology does not seem sensible (Duffus, 2002). However, thistermis so widely used that it is hardly possible to
eliminate it (Appenroth, 2010). Therefore, as ‘heavy metals’, ‘metallic trace-elements’ and ‘metal pollutants’ terms
are commonly accepted (Banfalvi, 2011), | will use themin thisthesis.

11



General introduction

contamination has been recently declining in Europe and North America (Chadwick et al., 2011,
Kierdorf and Kierdorf, 2004), notably due to the phase-out of leaded gasoline, its concentrations
areincreasingin Asia, Australia, South Americaand Antarctica(Li et al., 2012; Marx et a., 2016).
Cadmium (Ruiz-Hernandez et al., 2017) and mercury (Pacyna et al., 2009) emissions in Europe
and North America have recently decreased. But other studies report increasing emissions of
mercury (Driscoll et a., 2013) and arsenic (Han et al., 2003). Nonetheless, even if metal pollution
is decreasing in some part of the world, former high emissions of these metals lead to alegacy of
pollution which remains a major public health concern (WHO, 2019). Since MTE are persistent
for millennia and non-biodegradable in the environment (Demkova et al., 2017; McConnell and
Edwards, 2008), they accumulate and transfer from one environmental compartment to another
(Jarup, 2003) and through the food chains (Ali and Khan, 2019). In addition, because they share
common emission sources (Varedaet a., 2019), they are often co-occurring in complex hazardous

mixtures (Chen et al., 1999; Navas and Machin, 2002).

) = G & R

| NATURAL AGRICULTURAL INDUSTRIAL DOMESTIC OTHER
Rocks Fertilizers Thermal power Organic/inorganic Landfills
Volcanic eruption Pesticides Industrial waste waste Medical waste
Dust particles Waste water Mining industry Biomass burning Traffic emissions
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Fly ash Chemical industry Used filters, batteries Other emissions
a
A4 |
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water Gas/Dust
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Figurel: Environmental contamination by metal pollutants. Mg or anthropogenic sources can
be classified into 5 categories. natural, agricultural, industrial, domestic and miscellaneous (Bradl,
2005). MTE pollute the air (as fine particulate matter), water and soil, cycling between
environmental compartments (in purple), eventually contaminating plants (in green). Humans are
exposed through air, soil, dust and via the ingestion of contaminated water of food (in yellow).
Metal s bioaccumulate (in orange) in the bodies of bees that are exposed to metal pollution when
foraging in the environment, aswell asin the hive.
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General introduction

2.2. Toxicology of metal pollutants

Because of the hazards MTE pose to human health, they are ranked at the top of the priority list
of substances with the most significant potential threat to human health (e.g. arsenicin 1%, lead in
2 mercury in 3 cadmium in 7") (ATSDR, 2019). Their various toxic effects are well
documented and are associated with dysfunction and deterioration in multiple organ systems
(Jarup, 2003; Tchounwou et a., 2012). Toxicity compromises the function and structure of organs
directly exposed (e.g. skin, lungs, gastrointestinal tract) or that accumulate metals (e.g. bone, liver,
kidney, brain). MTE are associated with cancers (Mishra et a., 2010; Yuan et a., 2016),
neurodevelopmental and neurodegenerative diseases like autism spectrum disorder, Alzheimer’s
and Parkinson’s diseases (Grandjean and Landrigan, 2006; Wright and Baccarelli, 2007), along
with sublethal effects such as sensory impairments, neuromuscular dysfunction, learning and
memory deficits, mood disorders (Neathery and Miller, 1975; Sankhla et al., 2016; Wright and
Baccarelli, 2007).

Particularly worrisomeisthefact that M TE transferred from abiotic environmentsto living
organisms, are then accumulating in biota at different trophic levels eventually contaminating the
whole food chain (Ali and Khan, 2019; Gall et al., 2015), of which human is the apex (Fig. 1).
MTE are known to impact a variety of organisms and ecosystems, such as plants (Hagemeyer,
2004), microbes (Hiroki, 1992), invertebrates (Jensen and Trumble, 2003), fishes (Farombi et al.,
2007), coral reefs (Al-Rousan et a., 2007), small (Drouhot et al., 2014; Shahsavari et al., 2019)
and large (Alonso et a., 2002) terrestrial mammals, marine mammals (Kakuschke and Prange,

2007), etc.

13
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MTE
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Figure 2: Mechanisms of action of MTE in humans. Some cellular pathways are common to
different MTE and lead to DNA damage, oxidative stress, reactive oxygen species generation and
apoptosis, resulting in cellular and tissue damages and leading to various adverse effects and
diseases.

While many details of the mode of action of MTE toxicity have not yet been fully
elucidated, some common physiological mechanisms are known to underlie their toxic effects
(Azeh Engwa et al., 2019) (Fig. 2). Firstly, MTE can mimic the physiologica role of another
metal when there are similarities in the ions’ size and charge (Bridges and Za ups, 2005; Clarkson,
1993), hence atering the metabolism. For instance, lead can play the role of calcium ions in
calcium-dependent intracellular signalling cascades and cellular processes involved in
neurotransmitter release (Gorkhali et al., 2017). Toxic MTE can also interact with or replace the
native metal (loid)s in metalloenzymes or metall oproteins, thus inactivating or over-activating the
protein (Dudev and Lim, 2014). Secondly, MTE cause oxidative stress, due to the generation of
free radicals and peroxides in excess of the body’s antioxidant capabilities (Vako et a., 2005).
These free radicals damage DNA, proteins, lipids and other molecules, disrupting their structural
integrity and impairing their function (Valko et a., 2006). For instance, copper at physiological
concentrations is an important antioxidant by being a component of many antioxidant enzymes.
But exposure to excessive copper causes oxidative stress, through free radical damage and lipid

peroxidation (Gaetke, 2003). Thirdly, MTE may exert carcinogenic effects by causing epigenetic
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changes, due to their capacity to bind to the DNA and impair DNA repair and methylation
(Brocato and Costa, 2013; Senut et al., 2014). For example, lead exposure has been reported to
cause abnormal DNA methylation patterns in human embryonic cells (Senut et a., 2014).
Eventually, MTE can interfere directly with the nervous system, by interacting with synaptic
vesicles, ion channels and the metabolism of neurotransmitters (Marchetti, 2014; Sadiq et al.,
2012) and by causing neuronal damages (Chen et al., 2016). Ultimately, al these mechanisms of
action can lead to cell apoptosis (Wang and Shi, 2001).

Not only can MTE individually exert toxic effects, but asthey are often present in complex
mixture, they can aso interact with each other (Lin et al., 2016), or with other chemicals present
in the environment, such as pesticides (Singh et a., 2017). The risk assessment of combined
exposure to multiple stressors has been identify as a current maor chalenge in the

ecotoxicological field (Bopp et a., 2018).

2. The honey bee: an ecologically relevant study model

2.1. Beesprovide a crucial ecosystem service but are declining

Pollination by wild animalsis akey ecosystem service. By facilitating the sexua reproduction of
many crops and wild plants (Klein et al., 2007), animal pollination plays a crucia role in food
security and human welfare (van der Sluijs and Vaage, 2016), along with supporting ecosystem
diversity (Biesmeijer et al., 2006). In Europe, 84% of crop production relies on pollinators
(Williams, 1994), and the worldwide benefit of pollination is estimated to be 361 billion US$
(Lautenbach et a., 2012). Among insect pollinators, bees forage on more than 90% of the major
global crops (Klein et al., 2007), rendering honey bees the leading managed pollinator worldwide
(Rader et al., 2009).

Increasing evidence points towards a global decline in insect abundance and diversity
(Goulson, 2019; Sanchez-Bayo and Wyckhuys, 2019), and bees are not spared (Potts et al., 2010).

The health of managed and wild bees has been severely declining in Europe and the United States
15



General introduction

over the last decades (Ellis et a., 2010; Neumann and Carreck, 2010), and massive unexplained
colony losses of domestic honey bees have been reported (vanEngelsdorp et a., 2009). In Europe,
the overall number of managed honey bee colonies has increased since 1960, but high mortality
rates have also been recorded (vanEngelsdorp and Meixner, 2010). More than half of the
European wild bee species are classified as Data Deficient by the IUCN, which nonetheless
reports that about 15% of the species are threatened (Nieto et al., 2014).

Multiple drivers of pollinators decline have been identified (Brown et a., 2016). Changes
inland-uselead to habitat |oss, fragmentation and homogenization (Williams and Osborne, 2009),
increased urbanization (Grubisic et al., 2018) and reduced diversity of food resources (Burkle et
al., 2013; Dietzsch et a., 2011). The intensive use of agrochemical products (Sdnchez-Bayo et
al., 2016) is considered a major threat. The diffusion of biological stressors, such as the
ectoparasitic mite Varroa sp. (Le Conte et al., 2010), the microsporidian parasite Nosema ceranae
(Fries, 2010), numerous viruses (Ellisand Munn, 2005), or invasive species, like the Asian hornet
(Requier, 2019) impair bee health. Climate change impacts geographical ranges (Kerr et a., 2015;
Williams et a., 2007), bee species richness (Dormann et a., 2008), potentially leading to the
disruption of plant-pollinator interactions (Memmott et a., 2007). Electromagnetic (Shepherd et
al., 2018), air (Lusebrink et a., 2015) and night-time light (Gaston et al., 2012) pollutions are a'so
regarded as contributors to the decrease in pollinator biodiversity and biomass.

Not only are pollinators exposed to these manyfold pressures, but they are chronically
exposed to many stressors simultaneously (Goulson et a., 2015). In general, the combined effects
of multiple stressors are likely to be more harmful than one stressor alone, as each is likely to
reduce the ability to cope with the others. Hence, the study of environmental stressors callsfor a
holistic approach (European Union, 2018), integrating individual and interacting effects, at
different scales. For instance, co-exposures to various agrochemicals (Tos and Nieh, 2019; Zhu
et a., 2017), agrochemicals and pathogens (Alaux et al., 2010; Aufauvre et al., 2014), virus

(Coulon et a., 2018), metal pollutants (Sgolastra et al., 2018), weather or landscape context
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(Henry et a., 2014; Monchanin et al., 2019) or nutritional stress (Tong et al., 2019) constitute
detrimental combinations for pollinators (Brown et a., 2016).

Because bees and other central-place foragers rely on precision in their navigational and
cognitive abilities to forage, the deleterious effects at the individual level can have dramatic
effects on the whole colony or population (Klein et a., 2017). Indeed, bees must gather pollen
and nectar in adispersed and changing environment, and return them to the nest to feed the brood.
Accordingly, bees must learn to recognize flowers and orientate, navigate and learn foraging
circuits (Lihoreau et a., 2012). Successful and efficient foraging relies on the integration and
processing of sensory information across brain networks, and even subtle disturbances of neural
function could have dramatic consequences on individual cognitive abilities. Consequently,
disruption of key cognitive functions, and hence foraging performance, could ultimately threaten

brood development and colony function survival (Klein et a., 2017).

2.2. Learning and memory abilities

The domestic honey bee Apis mellifera is an insect belonging to the Hymenopteran order, with a
well-defined social organization within the nest. The labour division depends on the age and the
reproductive status of the individual. The queen is usually the only reproductive member of the
hive and lays thousands of eggs daily in the comb. The drones play no role in the hive activity,
apart from reproduction during the mating flight of the newly born queen (Hartfelder and Engels,
1998). The workers, the most common caste within the hive, perform severa different tasks,
depending on their age (age polyethism). These include cleaning the nest, feeding and taking care
of the brood, carrying food, and building combs, guarding the entrance and finaly, foraging to
bring back pollen, nectar and water to the nest (Calderone, 1998).

The domestic honey bee has been extensively used as an anima model. In addition to
being a vita pollinator involved in the maintenance of ecosystem diversity and a good

bioindicator species, the honey bee, equipped with a brain smaller than 1 mm3, displays a rich
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behavioura repertoire and high-order cognitive capacities (Giurfa, 2007). Hence, it iswell suited
for behavioura studies alowing us to uncover the neural substrates of such complex behaviours
and cognitive processes (Giurfa, 2013).

When foraging, honey bees are exposed to a stream of sensory information. They navigate
over large distances to locate pollen and nectar sources and communicate those food locations to
their nest mates (Farinaet al., 2005; Griter et a., 2006). This lifestyle makes honey bees suitable
model organisms for studying the principles of learning, memory and navigation (Pahl et al.,
2010).

Since the pioneering work of Karl von Frisch (von Frisch, 1967), avariety of conditioning
protocols have been established, based on the acquisition of information regarding visual,
olfactory or tactile stimuli (Scheiner et a., 2013). In the laboratory, the most widely used assay is
appetitive olfactory conditioning of the proboscis extension response (PER) (Bitterman et al.,
1983; Takeda, 1961), which is based on Pavlovian conditioning. In this task, harnessed bees are
trained to associate an odorant (the conditioned stimulus) with a sucrose reward (the
unconditioned stimulus). The behavioural response is the extension of the proboscis, with which
the animal licks and draws nectar from flowers. Proboscis extension istriggered as areflex by the
stimulation of antennae with sugar. Honey bees quickly learn the associati on between the odorant
and the paired sucrose presentation and end up responding to the odorant alone (Matsumoto et al .,
2012).

Conditioning protocols in the lab enable the exploration of various levels of behavioural
complexity (Giurfa, 2003). Simple learning protocols provide a non-ambiguous relationship
between stimuli in training, such as absolute conditioning (whereasingle stimulus A isreinforced:
A+) or differential learning (where one stimulus A is reinforced while another one, B, is not: A+
vs. B-). Reversal learning is considered an ambiguous task, in which the initial contingency
learned through differential conditioning (A+ vs. B-) is reversed in a second learning phase (A-
vs. B+). Achieving thistask involves cognitive flexibility in order to override the response pattern

established by the first trained contingency.
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The neural pathways underlying Pavlovian learning in honey bees have been extensively
studied (Fig. 3) (Giurfa and Sandoz, 2012). Olfactory information is detected by the olfactory
sensory neurons located in the sensillae of the antennae, which project to the antennal lobes (AL,
the primary olfactory centres (Hansson and Anton, 2000)). The information is then transmitted to
the projection neurons which will send it to higher brain centres, such as the lateral horns (LH)
and the mushroom bodies (MB). The latter are involved in the processing of multimodal (visual
gustatory, mechanosensory) information (Fahrbach, 2006; Hammer and Menzel, 1995), and have
been identified as being specifically required for the resolution of ambiguous learning tasks such
asreversal learning (Boitard et al., 2015; Devaud et al., 2007). In addition, MB are aso involved
in memory formation (Lozano et a., 2001). The gustatory pathway relies on gustatory receptor
neurons, contained within the gustatory sensillae, located on the antennae, mouthparts and tarsi
(de Brito Sanchez, 2011). The antennal gustatory receptor neurons project to the subesophaegeal
ganglion (SEG). Within the SEG, the ventral unpaired median maxillar 1 (VUM-mx1) neuron
conveys the information through a wide arborization innerving the AL, MB and LH (Hammer,
1993).

Honey bees have evolved highly refined cognitive abilities and an optimized brain
enabling them to efficiently forage and exploit complex and changing environments.
Environmental stressors can, among other things, alter the proper function of various systems in
the brain and disrupt the neura pathways supporting learning, memory and navigation. Amidst
environmental stressors, the impact of metallic pollution, and its interaction with other stressors

(e.g. agrochemicals (Singh et a., 2017)), on pollinators remains largely unexplored.
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Figure 3. Neural pathways for olfactory and gustatory information in the honey bee brain
(adapted from Giurfaand Sandoz (2012)). The honey bee brain comprises five main neuropilar
regions. the antennal lobes (AL) (in pink), the mushroom bodies (MB) (inred), the medullas (ME)
(in yellow) and lobulas (LO) (in orange), and the central complex (CX) (in blue). The AL receive
input from olfactory sensory neurons (OSN) detecting odorants within sensillae from the antennae
and convey processed olfactory information to higher brain through centres projection neurons
(PN), initiating within the glomeruli (GI). The medial tract (mPN) (green arrow) first projectsto
the MB and then to the lateral horn (LH). The latera tract (IPN) (blue arrow) projects, in the
reverse order, to the same structures. Extrinsic neurons (EN) (orange arrow) take information
from the MB and project to the LH. Gustatory sensory neurons (located within the gustatory
sensillae of the antennae, tarsi, and mouthparts) detect gustatory information. They projected to
the subesophaegeal ganglion (SEG) and then to different regions of the brain (LH, AL, MB)
(purple arrow). Note that not all neural pathways are shown.

2.3. Honey bee and metallic pollution

Honey bees are exposed to M TE pollutantswhen foraging (Fig. 1). They can collect contaminated
pollen, nectar (Perugini et al., 2011; Xun et a., 2018) or water (Li et a., 2020), or gather particles
whileflying (Negri et a., 2015; Thimmegowdaet a., 2020). These compounds accumulatein the
bee’s bodies (Goretti et al., 2020) (Fig. 4A), are transferred to the larvae (Balestra et al., 1992;

Exley et a., 2015), and eventually contaminate the hive products, such as honey (Satta et al.,
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2012) (Fig. 4B), wax (Tlak Gajger et a., 2016) and propolis (Roman et al., 2011). Hence, honey
bees and their products are considered one the most versatile and efficient bioindicators for many

environmental pollutants, and metals are no exception (Cozmuta et al., 2012; Zhou et al., 2018).
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Figure 4: Concentrations of MTE in honey bees and honey worldwide. A) Mean (minimal-
maximal, when available) concentrations of arsenic (red), copper (green), lead (orange), zinc
(blue) in honeybee samples (mg.kgt). ND: not detected. Values retrieved from: Australia (Zhou
et al., 2018); Bulgaria (Zhelyazkova, 2012); Czech republic (Veleminsky et al., 1990); Egypt:
(Naggar et a., 2013); France (Lambert et al., 2012); Italy (Conti and Botre, 2001; Giglio et al.,
2017; Goretti et a., 2020; Leitaet al., 1996; Perugini et al., 2011; Salvaggio et al., 2017; Satta et

al., 2012); Moldova (Eremia et a., 2010); The Netherlands (van der Steen et a., 2012); Poland
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(Roman, 2010); Romania (Cozmuta et al., 2012); Saudi Arabia (Taha et al., 2017); Serbia (Kruni¢
et a., 1989; Zari¢ et al., 2016); Spain (Gutiérrez et al., 2015); Turkey (Matin et al., 2016); USA
(Fisher, 1984). B) Mean (minimal-maximal, when available) concentrations of arsenic (red),
copper (green), lead (orange), zinc (blue) in honey samples (mg.L ). Asterisks (*) indicate
concentrations of arsenic or lead above the maximal level authorized in food (0.14 mg.L 1)
(Codex Alimentarius, 2015). ND: not detected. Values retrieved from: Australia (Bibi et al.,
2008; Zhou et a., 2018); Canada (Bibi et al., 2008); Chile (Bastias et al., 2013; Fredes and
Montenegro, 2006); Croatia (Bilandzi¢ et al., 2011); Egypt (Naggar et al., 2013); France
(Devillers et a., 2002); Germany (Bibi et al., 2008); India (Aggarwal, 2017; Buldini et al., 2001,
Chandramaet a., 2014); Iran (Aghamirlou et al., 2015; Samimi et a., 2001); Italy (Buldini et al.,
2001; Frazzoli et al., 2007; Leita et a., 1996; Pisani et a., 2008; Satta et al., 2012); Jordan
(Atrouse et a., 2004); Pakistan (Bibi et a., 2008); Poland (Formicki et al., 2013; Przybylowski
and Wilczynska, 2001; Roman et a., 2011); Russia(Eskov et al., 2015); Saudi Arabia (Al-Khalifa
and Al-Arify, 1999; Bibi et a., 2008); Spain (Bratu and Georgescu, 2005; Frias et a., 2008;
Gonzdlez-Miret et a., 2005; Herrero-Latorre et al., 2017; Terrab et al., 2005, 2004); Turkey
(Leblebici and Aksoy, 2008; Silici et a., 2016; Tuzen et al., 2007; Uren et al., 1998; Yarsan et
al., 2007); USA (Bibi et a., 2008).

While agrochemicals have been identified as a mgor contributor to the widespread
pollinator decline and have received a lot of attention over the last decades, MTE have been
largely overlooked, and thereis currently a paucity of information concerning their effects on bees
(Fig. 5). Copper, cadmium, lead (Di et al., 2016), selenium (Hladun et & ., 2013) and arsenic (Fujii,
1980) induce larval and adult mortality. Exposure to cadmium, copper or lead led to significant
changes of gene expression, enzyme activity, and redox status, and those effects are metal and
dose dependent (Nikoli¢ et al., 2019, 2016). Cadmium was found to reduce the
immunocompetence of bees (Polykretis et al., 2016), and selenium to affect the bee microbiome
(Rothman et a., 2019) and to induce oxidative stress (Alburaki et al., 2019). Honey bees also
seem to possess a system of detoxification of metals, involving metallothioneins (Salvaggio et al .,
2017), which areinduced following metal exposurein controlled conditions (Gauthier et a., 2016)
or with the degree of anthropogenic pollution of the environment (Badiou-Bénéteau et al., 2013).

In addition to physiological effects, behavioural disruptions have also been reported.
Copper, lead and cadmium can modify the bee’s feeding behaviour (Burden et a., 2019). Copper
is rejected by the bees’ antennae but is readily consumed, while cadmium is rejected by both bees’

antennae and proboscis. Lead on the other hand appears to be detected at some concentrations
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only. Honey bees seem able to regulate their intake of certain MTE, be it a key nutrient (e.g.
potassium, calcium etc.) or a nutrient at low concentration only (e.g. copper, zinc etc.) (Teixeira
De Sousa, 2019). Chronic exposure to aluminium disrupts bees’ motility and circadian
rhythmicity (Chicas-Mosier et al., 2019). Foraging behaviour aterations have been reported
following exposure to MTE. Manganese ingestion induces a precocious foraging activity and
alters brain biogenic amine levels (Sevik et a., 2015). An acute exposure to auminium is
sufficient to affect the floral choices of honey bees, potentialy by altering sucrose perception,
increasing activity level or reducing the likelihood of foraging on safer resources (Chicas-Mosier
et al., 2017). The presence of nickel in plant nectar discourages bumblebees from visiting flower,
while auminium in nectar does not influence foraging patterns (Meindl and Ashman, 2013). Bees’
flower visitation rate is not affected by soil lead contamination, and bees seem unable to
distinguish between flowers grown in lead-contaminated soil, or not (Sivakoff and Gardiner,
2017). By dtering the foraging behaviour of pollinators such as bees, MTE in nectar can
eventually impact the plant fitness (Xun et al., 2018).

While the neurotoxicity of MTE is well established in mammals, only one study
investigated the impact on bee cognition (Fig. 5). Acute exposure to selenium disrupts learning
and long-term memory performance of honey bees (Burden et a., 2016). These impacts at the
individual level arereflected at the colony scale, with decreased brood production and honey yield
following controlled exposure to cadmium, copper, lead or selenium (Hladun et a., 2016), or

natural exposure to arsenic and cadmium in a polluted area (Bromenshenk et al., 1991).
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Figure 5: Effects of MTE on honey bee physiology, behaviour and colony dynamics. The
brood (eggs, larvae and pupae) developsinto in-hive beesthat later start foraging. Foragers gather
nectar and pollen from floral resources for storage in the hive comb. The food stores are then
consumed by the queen, the drones, the larvae and the adult workers. Bees can be exposed to
MTE at different life stages (in purple), by consuming contaminated resources (in green),
potentially disrupting the whole colony dynamics. MTE accumulate in all castes (in purple) and
hive products, both can be used as biomonitors of the environmental quality. MTE are known to
induce mortality and impact the bee physiology and development (in orange). Behavioural
alterations (in blue) are a so reported: MTE reduce brood production, induce precocious foraging,
affect the cognitive functions and reduce the food gathering. Adapted from (Klein et a. 2017).

Severa gaps in knowledge can be identified from the current available literature. Firstly,
MTE represent awide range of chemical elements that are not equally studied. Secondly, thereis
a need for more studies on the sublethal effects leading to long-term impacts on the population.
The paucity of information regarding behavioural and cognitive effects on bees is striking when
considering the well-known neurotoxic effects of MTE on many organisms. Finally, the study of
the combined effects of MTE has been largely overlooked. To our knowledge, only two studies
addressed this question (Di et al., 2020; Nisbet et al., 2018), and the ecologically-relevant issue

of cocktails of MTE needs to be tackled.
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Thesis prospectus

This thesis aimed to study the sublethal effects of metallic pollution on honey bees. | examined
the individual cognitive abilities and colonial behaviour of bees contaminated with various MTE
using a combination of laboratory experiments and field observations (Fig. 6). | developed an
integrative approach relying on multiscale studies using the domestic honey bee as a model
organism. | aso studied different MTE, that are considered required trace elements for the
metabolism when at low concentrations (e.g. zinc, copper), or aretoxic even at low concentrations
(e.g. arsenic, lead). The thesisis organised in six chapters.

In Chapter 1 (Appendix 1), | argued, on the basis of a review of the scientific literature,
that metal pollutants, related to industrial activities, are currently overlooked but widespread
invertebrate stressors. | provided evidence of their harmful effects on a diversity of terrestrial
invertebrates, and in particular on species with key ecological functions such as pollinators. Most
worryingly, | showed that many such species are negatively impacted by metalic pollutants at
levels below those considered safe for humans, and thus challenge our current understanding of
‘safe’ levels of metal contamination.

In Chapter 2, | explored whether bees were able to perceive MTE (i.e. arsenic, lead and
zinc) in food and if they can use such information to avoid exposure. | present behavioural
observations coupled with electrophysiological recordings in an attempt to evauate the hazard
MTE poses to foraging honey bees in contaminated environments, which seem unable to detect
low, yet harmful concentrations.

In Chapter 3 (Appendix 2), | exposed hives to two field-realistic concentrations of lead
in food for ten weeks. The consumption of this single metal impaired bee cognition and
morphological development. In particular, foragers developed smaller heads, which have may
constrained their cognitive functions as | showed a general relationship between head size and

learning performance.

25



General introduction

In Chapter 4 (Appendix 3), | tackled the ecologically relevant issue of MTE cocktails.
MTE often co-occur in complex mixtures, but how they might act in combination has received
very little attention. Here, | showed that field-realistic concentrations of lead, copper and arsenic
slowed down appetitive learning and disrupted memory retrieval. Combinations of metalsinduced
additive negative effects on these cognitive processes. These results highlight the need to further
characterize the toxicity of metallic mixtures.

In Chapter 5, | conducted a field study in the vicinity of a former gold mine highly
polluted with MTE, especially arsenic. | combined behavioural data, morphological
measurements and quantitative analysis of the volume of different brain compartments to assess
the impact of chronic MTE exposurein natural conditions. | showed that environmental exposure
to MTE disrupted learning and memory retrieval and that bees closer to the pollution source
developed smaller heads and smaller brains.

In Chapter 6, | investigated the relationship between head/brain morphometrics and
learning/memory performances in tasks involving different contexts (appetitive, aversive) and
modalities (olfactory, visual).

By studying how MTE impact on individual behaviour and morphological development, and by
unravelling arelationship between morphology and cognitive performances, thiswork helps usto

better understand the consequences of metallic pollution for pollinator insects.

In Appendices4to9, | present six papers, for which | was not the instigator or intellectual
leader: in Appendix 4, a book chapter reviewing the basis of insect nutrition; in Appendix 5, a
book chapter highlighting the need to reconsider insect cognition into an ecological context; in
Appendix 6, a review paper on the rethinking of insecticides doses guided by ecologica
principles; in Appendix 7, atechnical paper on the large-scale quantitative analysis of bee brain
data; in Appendix 8, areview paper on the effects of environmental stressors on bee behavioural

variance; in Appendix 9, areview paper on bumblebees as a model speciesin apidology.
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Abstract

The current decline of invertebrates worldwide is alarming. Several potential causes have been
proposed but metal pollutants, while being widespread in the air, soils and water, have so far been
largely overlooked. Here, we reviewed the results of 527 observations of the effects of arsenic,
cadmium, lead and mercury on terrestrial invertebrates. These four well-studied metals are
considered as priorities for public health and for which international regulatory guidelines exist.
We found that they all significantly impact the physiology and behavior of invertebrates, even at
levels below those recommended as ‘safe’ for humans. Our results call for a revision of the
regulatory thresholds to better protect terrestrial invertebrates, which appear to be more sensitive
to meta pollution than vertebrates. More fundamental research on a broader range of both
compounds and species is heeded to improve international guidelines for metal pollutants, and to

devel op conservation plans to protect invertebrates and ecosystem services.

Keywords: heavy metas, metalloids, invertebrate decline, international guidelines,

environmental pollution
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1. Introduction

Terrestrial invertebrate bioabundance and biodiversity are declining (Wagner, 2020). Since
invertebrates are basal to terrestrial food webs and provide key ecosystem services, the short-term
ecological consequences of invertebrate decline could be very severe (Goulson, 2019; Sanchez-
Bayo and Wyckhuys, 2019). The rate of decline is especially alarming as it has been estimated
that land-dwelling insects abundance has been declining at arate of ca. 1% every year for acentury
(van Klink et al., 2020). Many factors have been proposed to explain this loss. These include
climate change (Wilson et a., 2007), habitat reduction due to intensive agriculture and
urbanization (Dudley and Alexander, 2019; Fattorini, 2011), introduced pathogens, predators and
competitors (Goulson et al., 2015), as well as chronic exposure to agrochemicals (van Lexmond
et al., 2015).

Here we argue that metallic pollution is a major, yet currently overlooked, stressor of
insects and other terrestrial invertebrates that needs urgent attention from scientists and
stakeholders. At trace levels, metals such as cobalt, copper, iron, manganese, selenium and zinc
are essential micronutrients for animals and plants (Phipps, 1981, WHO/FAO/IAEA, 1996).
Others, such as cadmium, chromium, mercury, lead and nickel, have no useful biological function
and exert toxic effects even at low concentrations (He et al., 2005; Tchounwou et al., 2012). This
is also the case for the metalloid arsenic, which we here also refer to as a metal pollutant for the
sake of simplicity. While all of them are naturally present in the Earth’s crust, their environmental
concentrations have considerably increased above natura baselines (Zhou et al., 2018), due to
mining and smelting operations, combustion of fossil fuels, industrial production, domestic and
agricultural use of metals and metal-containing compounds (Bradl, 2005). This elevated and
widespread contamination of air (Suvarapu and Baek, 2017), soils (Wuana and Okieimen, 2011),
water (Mance, 1987) and plants (Kramer, 2010) has generated major public health concerns.

There are many detrimental impacts of metal pollutants on vertebrates, which include
cellular damage, carcinogenesis and neurotoxicity (Chen et a., 2016; Tchounwou et al., 2012).

Many local initiatives exist to reducetheir emissions (e.g. lead: (Chadwick et al., 2011), cadmium:
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(Hayat et ., 2019), mercury: (Pacynaet al., 2009)). Even so, environmental metallic pollutionis
till high (Jarup, 2003), calling for a more systematic assessment on the impact on biodiversity.
For example, in 2019 the World Health Organization (WHO) stated that there was no safe level
of lead for vertebrates (WHO, 2019), yet the mgjority of industrial activities are increasing the
level of lead in the environment (Jarup, 2003; Li et al., 2014). The recent report that bees and flies
in densely urbanized areas suffer from exposure to metallic air particles (Thimmegowda et al.,
2020) suggests that the consequences of metallic pollution on terrestrial invertebrates could be
extremely important and widespread (for areview on aquatic invertebrates see (Rainbow, 2002)).

Here, we assessed the impact of metal pollutants on terrestrial invertebrates through a
review of the scientific literature on four well-studied metals over the past 45 years. We found
that these metals have detrimental effects on a wide diversity of species at levels below those
considered safe for humans. We discuss the need for more fundamental research into the impacts
of metal pollutants on insects to improve internationa guidelines for the regulation of metal

pollutants, and better inform conservation plans.

2. Results

2.1. Few studies focus on species delivering important ecological function

The 527 observations extracted from the literature covered 100 species (83% Arthropoda, 15%
Anndida, 1.2% Rotifera, 0.4% Tardigrada, 0.2% Mollusca; Fig. 1B). Studies were biased toward
pest specieswith an economicimpact (34% of observations; e.g. the gypsy moth Limantria dispar,
the grasshopper Aiolopus thalassinus, the beet armyworm Spodoptera exigua) and model species
in biology (10%; e.g. fruit fly Drosophila melanogaster, large milkweed bug Oncopeltus
fasciatus). Other groups were comparatively under-represented, including important bioindicator
species, such as decomposers (15%; e.g. Lumbricus terrestris, Eisenia fetida and E. andre),
predators (10%; e.g. ants Formica spp., spiders Araneus spp. and Pardosa spp.) and pollinators
(13%; e.g. the honey bee Apis mellifera). Some taxonomic orders that include large numbers of

species involved in nutrient cycling (e.g. proturans, diplurans, earwigs), soil aeration (e.g.
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centipedes), or pollination (e.g. thrips) were not represented at all. Research is thus needed on

these important invertebrate orders with key ecological functions to get a more accurate picture

of how metallic pollution disturbs ecosystems (Skaldina and Sorvari, 2019).
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Figure 1. Summary of invertebrate and experimental diversity in the surveyed literature.

A) Percentage of observations conducted inthefield (dark grey) or inthelab (light grey) per metal

pollutant. Observations with mixtures of pollutantsin the lab are displayed in textured light grey.

Numbers of observations are shown in bars. Letters show statistical significance from chi-square

test of homogeneity of proportions of observations per metal pollutant (Chi’=315.88, df=3,

p<0.001). B) Diversity of invertebrate groups classified by broad categories according to their

ecological function and economic importance (based on (Skaldina and Sorvari, 2019)).
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Observationswith different metal pollutants are marked using the same color codeas Table 1 (As:
brown, Cd: beige, Hg: light green, Pb: dark green). Letters show statistical significance from chi-
square test of homogeneity of proportions of observations per functional group (Chi?=180.83,

df=3, p<0.001).

2.2. Metal pollutants have detrimental effects below permissible limits

Deleterious effects were reported in 84% of the laboratory observations (N=263 out of 313) and
49% of the field observations (N=104 out of 214), thus representing an average of 70% (N=367
out of atotal of 527; Fig. 2A). These negative effects were observed following chronic (69%) or
acute (79%) exposure (resp. N=348 out of 503 and 19 out of 24).

We then compared the doses at which these effects were observed to international
permissiblelimits (i.e. recommended maximum concentrations) based on human toxicity data and
determined by the World Health Organization (WHO) and the Food and Agriculture Organization
(FAO) of the United Nations (see Methods). These toxic level s were determined for food, but also
water and soils to which arthropods are in direct contact.

When considering only the observations reporting deleterious effects (N=367), 73% of
these effects (N=269) were measured at concentrations above the maximal estimated permissible
limit (see Table 1). Yet, 12% (N=45) were measured in between the regulatory thresholds and
15% (N=53) below the minimal estimated limit (Fig. 2A). In addition, a majority (57%, N=53
observations out of 93) of the observations using at least one concentration below the minimal
estimated permissible limit found a negative effect at that low level, irrespective of the metal.
When considering only the laboratory studies, in which exposure concentrations were controlled
(Fig. 2B-C), only 32% of the studies (N=98 out of 313) used at |east one concentration below or
in between permissible limits. 57% of the studies that examined levels below the maximal
permissible limits (N=56 observations out of 98) reported deleterious effects on invertebrates
below the permissible limits. Of the laboratory studies investigating acute exposure below the
maximal permissible limits (N=16), ten found deleterious effects (Fig. 2B). Hence, acute
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exposure, while presumably rare in nature, can have deleterious effects on invertebrates below
current permissible exposure levels. This suggests that the permissible limits designed for humans

are not appropriate for terrestrial invertebrates, who seem to be more sensitive to metal pollutants.
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Figure 2: Effects observed according to permissible limits. We defined the following ranges
below the minimal estimated limit, between the minimal and the maximal estimated limits, or
above the maximal estimated limit. A) All studies (N=527). B) Laboratory studies with acute
exposure (N=24) and C) chronic exposure (N=288). None: no observable effect, N/A: no
conclusion available. Samplesizesarein black. Concentration ranges were marked using the same

color code as Table 1.

Table1: Permissiblelimits (ppm) for metal pollutantsin food, water and soil. For each metal,
we defined three concentration ranges. below the minimal estimated permissible limit (beige),
between the minimal and maximal estimated permissible limits (orange), and above the maximal

estimated permissible limit (red).

Matrices | Arsenic (As) L ead (Pb)

Food <0.1 | 0.1-0.2 >0.05 | 0.05-2 <0.5 0.5-1 <0.01 | 0.01-3

Water <0.01 | 0.01-0.1 <0.003 | 0.003-0.01 <0.001 | NA <0.01 | 0.01-5

Soil <20 | NA <0.9 0.9-3 <0.03 | 0.03-2 <30 | 30-50
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2.3. Few studies address the behavioral effects of metal pollutants

79% of the 154 studies we found were published after 2007 (Fig. 3A). About half of the
observations focused on physiology (52%), followed by studies on development (17%), survival
(13%), population dynamics (6%), reproduction (6%) and behavior (6%) (Fig. 3B). It has become
increasingly clear that understanding the sublethal behavioral effects of a stressor (e.g. mobility,
navigation, feeding behavior, learning, memory) is crucial to assess the long-term impact of that
stressor on invertebrate populations (Mogren and Trumble, 2010). This has become evident for
bees, for instance, for which any impairment of the cognitive functions involved in foraging can
result in adisruption in food supply to the colony compromising larval growth (Kleinet al., 2017).
In our review, 33 experiments reported behavioral effects (Fig. 3B), but only two explored
cognitive effects (Philips et a., 2017; Piccoli et a., 2020). Thisisavery low number considering
the well-known neurotoxic effects of the four metals on humans (Chen et al., 2016; Wright and

Baccarelli, 2007) and other animals, including aguatic invertebrates (Salanki, 2000).
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Figure 3: Biological variables measured. A) Area chart of the number of observations per
biologica variable (year 2020 was omitted). The peak in 2000 is due to three large studies of

physiological effectsin the field (38 observations). The black dashed line represents the number
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of studies published yearly. B) Overal proportions of observations per biologica variable
(numbers of observations in black). Letters show statistical significance from chi-sguare test of

homogeneity of proportions (Chi?=619.02, df=5, p<0.001).

2.4. Few studies investigated co-occurrences despite clear synergistic effects

Only 7 out of the 154 studies addressed the question of combined effects of metal pollutantsin
laboratory conditions (Fig. 1A). Nonethel essthe effects are clear: 55% of the observations (N=10)
reported synergistic detrimental consequences. For instance, ants (Formica aquilonia) chronically
exposed to both cadmium and mercury failed to develop compensatory mechanisms to maintain
energetic balance, causing colony collapse, while being able to cope when exposed to each metal
alone (Migula et a., 1997). Similarly, the lethal effects of cadmium and zinc on aphids (Myzus
persicae) were potentiated when the two metals were combined, which led to accelerated
extinction of the treated population (Stolpe and Mdller, 2016). These two metals were reported to
be either synergistic or antagonist on earthworms (E. fetida) depending on their concentrations
(Wu et d., 2012). Finaly, the joint exposure of honey bees (A. mellifera) to cadmium and copper
caused an increased development duration, elevated mortality, and decreased food intake and
sucrose response (Di et a., 2020). Thus, the effects of metal co-exposure are complex and
variable. The paucity of studies may be because they require more sophisticated experimental
designs, larger sample sizes (factorial designs) and may yield results that are more difficult to
interpret. Y et, these studies are crucia if we are to revise the current regulations which presently

only consider permissible limits for metalsin isolation (Tables 1 and S2).

3. Discussion

Our review of the literature on lead, arsenic, cadmium and mercury shows many negative effects
of these metal pollutantson terrestrial invertebrates. Excessive exposure to these compounds lead

to a plethora of consequences, such as cytotoxicity (Braeckman, 1997), carcinogenic and/or
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mutagenic effects (Kheirallah et al., 2019), and disruption of metabolic processes (Ortel, 1995).
Particularly worrisome are the reports of negative effects observed at doses below permissible
limits in most of the studied taxa. There are reported lethal effects on grasshoppers (Schmidt et
al., 1991), moths (Andrahennadi and Pickering, 2008), flies (Massadeh et al., 2008) and other
groups (Osman et a., 2015; Polykretis et a., 2016; Stolpe et a., 2017). Metal exposure causes a
number of sublethal effects, sometimesdifficult to assess, such asimpaired fertility (grasshoppers:
(Schmidt et al., 1991); springtail: (Crouau and Pinelli, 2008); earthworm: (Kone¢ny et al., 2014)),
developmental defects (blowfly: (Nascarella et a., 2003); moth: (van Ooik et al., 2007); ant:
(Skaldinaet al., 2018)), resistance to pathogens (ant: (Sorvari et a., 2007); honey bee: (Polykretis
et a., 2016)) and also atered feeding behavior (aphid: (Stolpe et al., 2017); honey bee: (Burden

et dl., 2019)).

3.1. Theimpact of metal pollutantsis poorly understood

At present, it is likely that the severity of these effects is underestimated. Many laboratory
experiments gave animals rather limited exposure times, rarely reaching the duration of a
complete life cycle. Besides, most studies overlooked any consequences of exposure to multiple
metal contaminants, which would be a common occurrence in nature. There is now growing
interest in assessing the sublethal impacts of metals. This trend echoes the recent shift seen in
pesticide research on beneficial insects, especially pollinators, which has moved from decades of
standard survival assays to experimental designs aiming at characterizing the effects on behavior
and cognition (Desneux et a., 2007; Klein et a., 2017). Just like pesticides, metal pollutants have
subtle, but potentially serious, effects on pollinators’ behavior by disturbing foraging activity
(Sivakoff and Gardiner, 2017; Xun et al., 2018), food perception (Burden et al., 2019) and the
learning and memory abilities required for efficient foraging (Burden et al., 2016; Monchanin et
al., 2021). Through all of these mechanisms, exposure to metal pollutants can compromise food

supply to the offspring, and hence the viability of acolony or population.
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There are potentially complex interactions between behavior and pollutant exposure. Since
an animal’s behavior can influence how much metal pollution it is exposed to (Gall et al., 2015;
Mogren and Trumble, 2010), behavioral disturbances may affect exposure and sensitivity to
metals. For example, impaired locomotion may reduce the capacity of individuals to avoid
contaminated sites (Hirsch et al., 2003) and indiscriminate oviposition may jeopardize the survival
of offspring if they are deposited on an unfavorable food plant (Cerveraet al., 2004; Tollett et al.,
2009). It is thus likely that we are currently underestimating the impact of metal pollution on
invertebrates, dueto alack of understanding of their sublethal effects on most species.
In nature, pollutants rarely occur alone. Metals are no exception since they share common
emission sources (Vareda et a., 2019). For instance, cadmium, copper, zinc and lead frequently
co-occur due to the output from smelters, or the application of sewage sludge as fertilizer (Bradl,
2005). High positive correlations between chromium, cadmium and arsenic amounts have been
found in soil samples(Chen et al., 1999; Navas and Machin, 2002), and many studies have shown
the co-accumulation of several trace metalsin insects (Goretti et a., 2020; Nummelin et al., 2007,
Wilczek and Babczy, 2000). As such, co-occurring metals could have additive, antagonistic or
synergistic effects (Jensen and Trumble, 2003). These interactive effects may also be influenced
by the presence of other environmental stressors, such as pesticides or parasites (Alaux et al.,

2010).

3.2. Multiple possible causes of invertebrates’ high sensitivity to metal pollution

Our survey of the literature suggests that invertebrates may be more sensitive to the damaging
effects of metal pollutants than the mammals (e.g. humans, rodents) typically used to determine
“safe” environmental levels. This may be explained by differencesin sensitivity to pollutants that
can vary between species and with different metals (Malg et al., 2016). Some species can
discriminate metal contaminated food from uncontaminated food (Mogren and Trumble, 2010),
but other species seem unable to (Burden et al., 2019; Stolpe et al., 2017). This is particularly
critical for animals feeding on resources that can accumulate metals, such as leaves (Kradmer,
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2010) or nectar (Gutiérrez et al., 2015). Perhaps more importantly, there is emerging evidence
that invertebrates may have higher levels of exposure to metal pollutants in the field than large
mammals. Surveys of terrestrial biotopes show that non-essential metals tend to be accumulate at
higher levelsin invertebrates than in vertebrates (Hsu et al., 2006). This seems to also be the case
for aguatic taxa (Xin et al., 2015). Dueto their small size, their relatively high surface area/volume
ratio and the niches they occupy, invertebrates are frequently in intimate contact with soils and
vegetation, or could get contaminated by specific feeding modes such as filter-feeding or deposit-
feeding (DeLangeet al., 2009). Their limited dispersal capacities may reducetheir ability to move
away from polluted areas, even if they can detect harmful levels of trace elements. As a result,
metals accumulate in the bodies of individuals (Goretti et al., 2020; Mukhtorova et al., 2019;
Nannoni et al., 2011; Schrogel and Wétjen, 2019) and in the nests of social species (Skaldina et
al., 2018; Veleminsky et al., 1990). Some terrestrial invertebrates (e.g. ants, earthworms, bees,
Isopoda) could therefore be relevant and sensitive bioindicators of metal pollution due to their
particular vulnerability to metal contamination.

Invertebrates do have mechanisms to process metal pollutants. Excessive metas can be
eliminated through feces (Przybytowicz et al., 2003), accumulated in insect exoskeleton before
molting (Borowskaet al., 2004), or stored in specific organs (Nicaet al., 2012) likethe Malpighian
tubules (the excretory system of invertebrates) (Rabitsch, 1997). They can also induce expression
of proteins involved in metal excretion and/or detoxification, like metallothioneins (for reviews,
see (Janssenset a., 2009; Merritt and Bewick, 2017)). Y et, whil e these detoxification mechanisms
may protect species to apoint, they are unlikely to spare them from the sublethal effects of metal
pollutants. Thiscanimpair brain or organ function, especially since invertebrates nervous systems
are size constrained with brains containing relatively few neurons (Niven and Farris, 2012).
Cellular damage or death in the insect brain can result in severe consequences for the individual
(Kleinet d., 2017). We clearly need a better characterization of the physiologica and molecular
mechanisms underlying metal transfer, toxicity and tolerance in invertebrates in order to better

understand their sensitivity to metal pollutants.
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3.3. A need to revise guidelines of safe environmental levels of metal pollutants

Since metals are such widespread and persistent pollutants in the environment, it is a priority to
devel op a better assessment of their impacts on invertebrates. Our most concerning finding isthe
evidence that terrestrial invertebrates are highly sensitive to metal pollutants. In particular, ahigh
percentage of studies of arsenic reported toxic effect