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Summary 

 

Biodiversity loss is threatening the functionality of ecosystems worldwide. The decline in insect 

biomass and diversity is of special concern as they provide many vital ecosystem services, 

including pollination, nutrient cycling, and pest control. The reasons for this decline are 

multifactorial, with the main drivers being habitat destruction, land use intensification, climate 

change, invasive species, and pollution. Among pollutants, research focused on the effects of 

pesticides and fertilisers due to their extensive application in the environment. Another group 

of anthropogenic pollutants is airborne particulate matter, such as diesel exhaust particles. It 

could be dangerous as it is ubiquitous and may contain harmful substances. While negative 

effects on human health have been reported, the impact on insects is still largely unknown. As 

airborne particulate matter is very small, it may enter an insect’s body via the tracheae or by 

the ingestion of contaminated food. 

Social Hymenoptera, such as ants, social wasps, and social bees, are an ecologically important 

and widespread group of insects. They have a reproductive division of labour, breed 

cooperatively, and generations overlap. Encounters with an array of pollutants may happen in 

their typically large foraging areas from where they transport food into their colonies. Therein, 

pollutants might accumulate in the food storage and affect the different life stages.  

In my thesis, I investigated the effects of airborne particulate matter, primarily diesel exhaust 

particles, on the buff-tailed bumblebee Bombus terrestris and the black garden ant Lasius 

niger. First, I assessed the lethal and sublethal effect of diesel exhaust particles on B. terrestris 

in the laboratory after oral exposure. I could show that chronic exposure to high doses leads 

to increased mortality, while single exposure and lower concentrations did not affect the 

bumblebee’s survival (Article 1). Chronic oral exposure to diesel exhaust particles caused shifts 

in the composition of the workers’ gut microbiome and gene expression. I found a significantly 

lower abundance of the common bacterium Snodgrasella, which is associated with protection 

against gut parasites. Exposed workers showed changes in the gene expression associated with 

metabolism and stress, also indicating potential health issues (Article 2). In a field experiment, 

I tracked the homing and foraging behaviour of bumblebees after exposure via air to evaluate 

the effects of diesel exhaust particles under natural conditions. While a one-time exposure did 

not affect the homing flight duration and subsequent foraging, it significantly delayed the take-
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off to start the homing flight. The delay was mainly caused by a struggle to take off vertically 

out of the exposure box, which may indicate underlying physiological constraints (Article 3). 

Colony founding is one of the most important and, at the same time, most vulnerable stages 

in the life cycle of social insects. I regularly exposed bumblebee colonies at the early founding 

stage to diesel exhaust particles. However, the development of the treated colonies did not 

differ from the control colonies, indicating no harmful effects (Article 4). To compare single and 

multiple stressor effects on the ant L. niger, we exposed wild-caught queens at the colony-

founding stage to soil containing different combinations and concentrations. Diesel exhaust 

particles, microplastic particles and fibres, or brake abrasion did not affect any of the 

investigated colony founding parameters. In contrast, manure application caused prolonged 

egg development and a smaller number of pupae and workers. This highlights the potential 

harm of manure application to soil-dwelling insects (Article 5). 

When trying to generalize the results from my thesis, I need to be aware of some limitations 

that I had to accept. In my thesis, choosing field-realistic doses was one of the biggest 

challenges for me as there is a lack of reliable data on environmental concentrations. 

Additionally, I mostly studied single stressor effects, even though insects encounter various 

other stressors, such as parasites or limited food availability, in the wild. The slight changes 

caused in my studies might indicate problems to the organisms if encountering multiple 

stressors. Insects may be able to compensate for the impacts of one stressor but will eventually 

be overstrained by multiple stressors. It also must be considered that B. terrestris and L. niger 

are very abundant species, especially in urban areas. Thus, they could be more tolerant 

towards anthropogenic pollution or have already adapted to higher levels of air pollution than 

other species. 

Nevertheless, the novel approaches and results from my thesis lay an important foundation 

for future research on the effects of airborne particulate matter on insects. My thesis adds to 

the understanding of the role these pollutants play in the global insect decline. I am looking 

forward to future studies that build on this work to investigate these pollutants in multiple 

stressor setups and look at the effects on other, less common species. 
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Zusammenfassung 
 

Der Biodiversitätsverlust bedroht die Funktionalität von Ökosystemen weltweit. Der Rückgang 

der Insektenbiomasse und -diversität ist besonders bedenklich, da Insekten viele wichtige 

Ökosystemfunktion haben, unter anderem Bestäubung, die Kontrolle von Schädlingen und das 

Aufrechterhalten von Nährstoffkreisläufen. Die Gründe für diesen Rückgang sind 

multifaktoriell, wobei die Haupttreiber Lebensraumzerstörung, Landnutzungsintensivierung, 

Klimawandel, invasive Arten und Umweltverschmutzung sind. Bei Schadstoffen hat sich die 

Forschung hauptsächlich auf Pestizide und Dünger fokussiert, da diese in großen Mengen in 

die Umwelt ausgebracht werden. Eine weitere Schadstoffgruppe, die sehr gefährlich sein 

könnte, ist Feinstaub, wie beispielsweise Dieselrußpartikel, da dieser allgegenwärtig in 

unserer Umwelt ist und mitunter schädliche Substanzen beinhaltet. Während die schädlichen 

Auswirkungen auf die menschliche Gesundheit gut belegt sind, sind die Auswirkungen auf 

Insekten noch größtenteils unbekannt. Aufgrund seiner kleinen Partikelgröße könnte 

Feinstaub über die Tracheen oder kontaminierte Nahrung in den Insektenkörper gelangen.  

Eine ökologisch wichtige und weit verbreitete Insektengruppe sind soziale Hymenopteren. Zu 

ihnen gehören Ameisen und viele Wespen- und Bienenarten. Sie zeichnen sich durch 

reproduktive Arbeitsteilung, gemeinsame Brutpflege und überlappende Generationen aus. Sie 

können einer Vielzahl von Schadstoffen begegnen, da sie normalerweise sehr große Gebiete 

zur Nahrungssuche haben, von denen sie Futter in ihre Kolonie bringen und dort lagern. Dort 

könnten alle Lebensstadien der Insekten von den Schadstoffen betroffen sein. 

In meiner Dissertation untersuchte ich die Effekte von verkehrsbedingtem Feinstaub, 

insbesondere Dieselrußpartikeln, auf die Dunkle Erdhummel Bombus terrestris und die 

Schwarze Wegameise Lasius niger. Zunächst ermittelte ich die lethalen und sublethalen 

Effekte von Dieselrußpartikeln auf B. terrestris nach oraler Aufnahme. Ich konnte zeigen, dass 

eine chronische Aufnahme von hohen Dosen zu einer erhöhten Mortalität führt. Geringe 

Dosen und Einzelapplikationen hatten keinen Einfluss auf das Überleben der Hummeln (Artikel 

1). Chronische Aufnahme von Dieselrußpartikel führte zu Veränderungen im Darmmikrobiom 

der Hummeln, insbesondere die Häufigkeit des Bakteriums Snodgrassella war deutlich 

verringert. Dieselbe Behandlung führte auch zu Veränderungen in der Genexpression, welche 

in Verbindung mit dem Metabolismus und Stress steht. Diese Erkenntnisse deuten auf 
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gesundheitliche Probleme der Hummeln nach Partikelaufnahme hin (Artikel 2). Um Effekte 

unter natürlichen Bedingungen zu testen, führte ich ein Feldexperiment durch, bei dem ich 

den Heimflug und die Sammelflüge von Hummeln beobachtete, nachdem diese 

Dieselrußpartikeln über die Luft ausgesetzt waren. Die einmalige Exposition hatte keinen 

Einfluss auf den Heimflug und anschließende Sammelflüge. Es wurde jedoch beobachtet, dass 

die behandelten Hummeln deutlich länger brauchen, um aus der Expositionsbox zu fliegen. 

Diese Probleme beim vertikalen Flug aus der Box könnten Hinweise auf tiefergehende 

physiologische Einschränkungen geben (Artikel 3). Ich führte zudem Experimente während der 

Koloniegründung durch, da diese eine der wichtigsten und zugleich empfindlichstes Phasen 

im Lebenszyklus von sozialen Insekten ist. Ich behandelte Hummelkolonien in der Frühphase 

regelmäßig mit Dieselrußpartikeln. Die Folgeentwicklung unterschied sich jedoch nicht von 

den Kontrollkolonien, weshalb keine Hinweise auf schädliche Effekte gefunden wurden 

(Artikel 4). Um die Effekte von einzelnen und multiplen Stressoren auf die Ameise L. niger zu 

testen, fingen wir wilde Königinnen kurz vor der Koloniegründung und setzten diese auf Erde, 

welche verschieden Kombinationen und Konzentrationen von Schadstoffen beinhaltete. 

Dieselrußpartikel, Mikroplastikpartikel und -fasern sowie Bremsstaub hatten keinen Effekt auf 

die Koloniegründung. Dünger führte jedoch zu einer verlangsamten Eientwicklung sowie 

weniger Puppen und Arbeiterinnen. Dies unterstreicht die möglichen Folgen von 

Düngeranwendung auf bodenlebende Insekten (Artikel 5).  

Es gibt jedoch auch Unsicherheiten und Beschränkungen zu beachten, wenn man generelle 

Aussagen über die Ergebnisse meiner Arbeit ziehen möchte. Es war schwierig feldrealistische 

Dosen zu wählen, da die Datenlage bezüglich der Stoffkonzentrationen in der Umwelt 

ungenau ist. Zudem habe ich hauptsächlich die Effekte von Einzelstressoren untersucht, was 

außer Acht lässt, dass Insekten in der Natur einer Vielzahl an Stressoren gleichzeitig ausgesetzt 

sind, wie beispielsweise Parasiten oder Nahrungsknappheit. Die kleinen Effekte, die ich in 

meinen Studien beobachtete, könnten darauf hinweisen, dass die Insekten in der Lage sind, 

einen Stressor weitestgehend zu kompensieren, dann jedoch mit mehreren Stressoren 

überfordert sind. Außerdem muss beachtet werden, dass B. terrestris und L. niger sehr häufige 

Arten sind, insbesondere in urbanen Gebieten. Es könnte sein, dass sie toleranter gegenüber 

anthropogenen Schadstoffen sind oder sich bereits an höhere Luftverschmutzung angepasst 

haben. 
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Nichtsdestotrotz legen die neuen Ansätze und Ergebnisse meiner Arbeit eine wichtige 

Grundlage bei der Erforschung der Effekte von verkehrsbedingtem Feinstaub auf Insekten. 

Meine Arbeit verbessert das Verständnis darüber, welche Rolle diese Schadstoffe beim 

globalen Insektenrückgang spielen. Ich freue mich auf zukünftige Studien welche aufbauend 

auf meiner Arbeit diese Schadstoffe mit zusätzlichen Stressoren kombinieren und an anderen, 

weniger häufigen Insekten testen.  
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Abbreviations 
 

DNA = Deoxyribonucleic acid 

LD50 = Lethal dose, 50% 

OECD = Organisation for Economic Co-operation and Development 

PAH = Polycyclic aromatic hydrocarbons 

PCR = Polymerase chain reaction 

PM2.5 = Particulate matter with a diameter of 2.5 μm or less 

ROS = Reactive oxygen species 

RNA = Ribonucleic acid 

 

 

 

 

Figures 
 

Figure 1: Factors affecting the health of social Hymenoptera on the individual, colony and 

population level including suggested biomarkers to measure the impact of these factors on 

insect health. 
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Introduction 

 

 Global insect decline 

Global biodiversity loss is threatening the functionality of ecosystems and consequently 

human well-being in the Twenty-first century (Diaz et al. 2006, Dirzo et al. 2014). Ongoing 

declines in the diversity and abundance of organisms will result in an uncertain scenario in 

which essential goods and services provided by nature might not be given anymore (Cardinale 

et al. 2012). While vertebrate extinctions and losses have been documented for decades, 

global insect decline has shifted more strongly into the focus of the scientific community and 

the general public in recent years (Cardoso et al. 2020, Ceballos & Ehrlich 2002, Wagner et al. 

2021). With more than a million described species and about 5.5 million species estimated, 

insects are the richest taxon on earth (Stork 2018). Insects are essential for ecosystems by 

providing and contributing to various functions such as pollination, nutrient cycling by 

decomposition of dead wood and leaf litter, regulating herbivores and plants, linking trophic 

levels, or pest control (Cardoso et al. 2020, Noriega et al. 2018). However, there is increasing 

evidence that the abundance and richness of insects are decreasing, globally. A long-term 

study in protected areas in Germany revealed a decline of 75% in the biomass of flying insects 

(Hallmann et al. 2017). Similarly, in the tropical rainforest of Puerto Rico, arthropod biomass 

has fallen by 10 to 60 times compared to the 1970s (Lister & Garcia 2018). In German 

grasslands and forests, substantial declines in insect species diversity have been observed 

(Seibold et al. 2019) and in Great Britain, pollinators have declined in similar habitats (Powney 

et al. 2019). Even though not all taxa are affected in the same way and the numbers differ 

between regions, several meta-analyses agree on an unprecedented global loss of insect 

biomass and diversity (Crossley et al. 2020, Dirzo et al. 2014, Sánchez-Bayo & Wyckhuys 2019, 

Van Klink et al. 2020). The reasons for this decline are multifactorial with the main drivers 

being habitat destruction, intensification of land use, climate change, invasive species, and 

pollution (Miličić et al. 2021, Müller et al. 2023, Sanchez-Bayo & Wyckhuys 2019). 

 

Pollution – a main driver of insect decline 

Anthropogenic pollutants mostly originate from traffic, industrial production, and agriculture 

(Cachada et al. 2018). They enter the environment via deliberate application or leakage and 
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poor waste management (Briggs 2003). Due to its extensive application in agriculture, 

research focused on the effects of pesticides and fertilisers on insects (Sanchez-Bayo & 

Wyckhuys 2019). The wide range of negative effects of pesticides include changes in 

behaviour, learning performance, immunity, microbiome, development, reproduction, and 

increased mortality (Desneux et al. 2007, Serrão et al. 2022, Uhl & Brühl 2019). Next to effects 

on individual insects, fertilizers cause the homogenisation of plant and insect communities on 

the landscape level resulting in a loss of many specialist insect species due to the lack of 

resources (Buhk et al. 2017, Haddad et al. 2000, Kleijn et al. 2009, Harvey & MacDougall 2015). 

Other pollutants, such as heavy metals or airborne particulate matter have received less 

attention (Feldhaar & Otti 2020). Heavy metals can accumulate in insects, which can cause 

negative effects such as impaired development reducing body size (Skaldina et al. 2018, 

Skaldina & Sorvari 2019, Szentgyörgyi et al. 2011). Due to its small particle size and ubiquity in 

the environment, particulate matter poses a potential risk to insects, which needs 

investigation. 

 

Particulate matter – Definition, composition, and its effects on organisms 

In general, particulate matter is defined by its particle size. Depending on the diameter it is 

referred to as coarse particulate matter (< 10 µm), fine particulate matter (< 2.5 µm), or 

ultrafine particulate matter (< 0.1 µm) (Brook et al. 2010, Harrison 2020, Kelly & Fussell 2012). 

The physicochemical composition of the particles differs depending on their source. Natural 

sources of particulate matter include sea salt, soil dust, and wildfires (Harrison 2020, Mazzei 

2008). Early anthropogenic sources of particulate matter were dominated by burning wood 

and later coal. However, in recent decades, road traffic has become one of the main 

contributors to particulate matter emissions (Harrison 2020). Non-exhaust emissions from 

road traffic include brake dust deriving from the attrition of the disc and the pad, and tyre 

wear (Harrison 2020). Brake dust particles consist of various metals and phenolic compounds, 

depending on the brake lining used (Iijima et al. 2007, Thorpe & Harrison 2008). Originally 

made from natural rubber, tyres nowadays consist of a mixture of natural and synthetic 

rubbers, which are polymers made from petroleum, and some additives (Kole et al. 2017). 

While driving, the contact between road and tyre leads to the generation of many small 

particles which are released to the environment. Due to its ubiquitous use, tyre wear is a major 
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contributor to global microplastic pollution (Kole et al. 2017). However, among the biggest 

concerns of traffic emissions are diesel-exhaust particles from industrial vehicles and 

passenger cars. They are mainly generated by incomplete combustion and consist of an 

elemental carbon core with adsorbed organic compounds, metals, and trace elements (Greim 

2019, Wichmann 2007). The organic fraction includes problematic substances, such as 

polycyclic aromatic hydrocarbons (PAHs), which are toxic, mutagenic, and genotoxic to various 

life forms, such as microorganisms or animals (Douben 2003, Patel et al. 2020, Sun et al. 2021). 

There are efforts to limit and lower the emissions of airborne particulate matter due to its 

well-documented negative effects on human health, which include cardiopulmonary diseases 

and lung cancer (Kim et al. 2015, Valavanidis et al. 2008). The latest air quality guidelines by 

the World Health Organization (WHO) recommend annual mean concentrations of PM2.5 not 

exceeding 5 μg/m3 (WHO 2021). Despite constant improvements, exceedances of air quality 

standards well above recommendations are common in cities around the globe, including the 

European Union (European Environment Agency 2024, Hammer et al. 2020). 

Insects may encounter these pollutants in various ways, e.g. by foraging in contaminated 

areas, consuming contaminated food or direct deposition on the insect’s cuticle (Azpiazu et 

al. 2023, Feldhaar & Otti 2020, Lukowski et al. 2018, Negri et al. 2015). The particles might 

enter an insect´s body via oral ingestion or the tracheal system where they could impair 

physiology or interfere with biochemical processes (Feldhaar & Otti 2020, Negri et al. 2015). 

In contrast to the findings from human medical studies, research investigating the effects of 

airborne particulate matter on other organisms, such as insects, is still scarce and often of a 

correlative nature. This lack of a mechanistic understanding of the findings makes them 

difficult to interpret, as there are confounding factors, often associated with urbanisation, 

such as other pollutants, limited food sources, or increased heat (Ferrari 2024, Polidori et al. 

2023). A field study on the Giant Asian honeybee Apis dorsata in Bangalore, India observed 

significant correlations between airborne particulate matter deposition and changes in bee 

survival, heart rate, haemocyte levels, and flower visitation (Thimmegowda et al. 2020). 

Laboratory experiments showed increased mortality of cotton bollworm larvae Helicoverpa 

armigera when fed with leaves laden with coal dust (Vanderstock et al. 2018). These results 

indicate the potential risk of particulate matter exposure to various insect groups and the 

need for further investigation.  
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Social Hymenoptera – Widespread, important, and at risk 

An ecologically important and widespread group of insects are social Hymenoptera, such as 

ants, social wasps, and social bees. Social insects live in colonies and are characterized by the 

reproductive division of labour, cooperative breeding, and overlapping generations (Wilson 

1971). They provide many important ecosystem services, such as pollination, nutrient cycling, 

and linking of trophic levels, which are vital for a functioning ecosphere but also to us humans 

(Cardoso et al. 2020, Elizalde et al. 2020, Noriega et al. 2018). Due to their role in soil 

perturbation, seed dispersal, and pest control, some insect species, like ants, are referred to 

as ecosystem engineers (De Almeida et al. 2020, Farji-Brener & Werenkraut 2017, Philpott & 

Armbrecht 2006, Wills & Landis 2018). The economic value of crop pollination by insects is 

estimated to be several hundred billion dollars each year which highlights their importance 

for human food production (Porto et al. 2020). Social Hymenoptera inhabit virtually every 

terrestrial habitat around the world (Hölldobler & Wilson 1990, Schultheiss et al. 2022). They 

often occur in very high numbers that lead to an enormous biomass. For ants alone, a study 

estimates around 12x1015 individuals worldwide which translates to around 12 megatons of 

dry carbon. This is equivalent to about 20% of human biomass and exceeds the combined 

biomass of wild birds and mammals by far (Bar-On et al. 2018, Schultheiss et al. 2022). The 

conservation of social Hymenoptera is crucial for the ecosphere considering their pervasive 

abundance and important services they provide.  

Consistent with the general insect decline, social insect species are threatened by the same 

factors, such as land-use change, climate change and pollution. On different continents 

bumblebees (Bombus), one of the most important and intensively studied pollinator group, 

have declined in numbers and distribution (Cameron & Sadd 2020). Global warming seems to 

be the major threat to these cold-adapted insects. The increasing frequency of hot 

temperatures is linked to local extinction risk, colonisation and changes in species richness of 

Bombus species in North America and Europe, partly explaining the observed declines (Soroye 

et al. 2020). The North American western bumblebee (B. occidentalis) is a good example of 

how a formerly widespread species can become increasingly rare due to the accumulation and 

interaction of various negative factors. A spillover of the pathogen Vairimorpha (previously 

Nosema) bombi in the late 20th century from commercially reared B. occidentalis colonies to 
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wild specimens probably weakened wild populations (Janousek et al. 2023). Between 1998 

and 2020, increased temperatures and droughts best predict the decline of the species after 

the pathogen invasion (Janousek et al. 2023). Additionally, declining populations of B. 

occidentalis seem to be under stress due to the application of neonicotinoid pesticides, which 

have negative effects on bees (Alkassab & Kirchner 2017, Camp & Lehmann 2020, Czerwinski 

& Sadd 2017, Janousek et al. 2023). What ultimately leads to the observed decline is often 

hard to identify but the list of examples highlights that insect species often face multiple 

stressors simultaneously. Thus, the challenge is to disentangle the individual effects of each 

stressor and describe potential interactions between them. 

The evidence for global declines of other social Hymenoptera, such as wasps and ants, is less 

profound (Sanchez-Bayo & Wyckhuys 2019). However, in certain areas studies show the loss 

of diversity and abundance in ants. With increasing land-use intensity in temperate grasslands, 

including mowing or fertilization, ant species richness and abundance decreased (Dahms et al. 

2005, Heuss et al. 2019). In strongly human-impacted habitats, such as agricultural fields, 

roadside habitats, or surroundings of industrial sites, declines observed in ant diversity and 

abundance are indirect evidence for habitat fragmentation, habitat loss and soil pollution as 

driving forces (Eeva et al. 2004, Philpott et al. 2010). A comparative field study on Camponotus 

japonicus showed that that labial gland disease was only present in polluted areas, which 

indicates that pollution stress makes ants more vulnerable to infections (Zhang et al. 2024). In 

addition, neonicotinoid insecticides which are widely used in agriculture have been shown to 

have negative effects on the colony growth rate of ants (Schläppi et al. 2020). 

Due to their way of living, social Hymenoptera are at an increased risk of encountering 

different pollutants. Large foraging areas and colonies comprising a few dozen to many 

thousand workers lead to the potential transfer of contaminated food or nesting material to 

the central nest areas where it may accumulate (Feldhaar & Otti 2020). Therein, conspecifics 

and the brood could be chronically exposed to a mixture of pollutants (Hladun et al. 2016, 

Morales et al. 2020). In different compartments of honeybee hives, such as wax and honey, 

heavy metals and pesticides were identified and resulted in negative effects on individual bees 

and colony development, primarily affecting brood stages negatively (Chauzat & Faucon 2007, 

Conti & Botrè 2001, Hladun et al. 2016). Despite the potentially increased encounter of 

pollutants, social Hymenoptera have different strategies to cope with this risk. In many 
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eusocial species, extensive cleaning behaviour has evolved to prevent the entrance or spread 

of diseases, parasites, or contamination (Cremer et al. 2007, Cremer et al. 2018. Otti et al. 

2014). This collective action is referred to as social immunity and comprises other 

physiological, behavioural, and organisational adaptations, such as the removal of infested 

conspecifics or allogrooming (Cremer et al. 2007, Cremer et al. 2018). Additionally, a large 

colony size may buffer the negative effect of pollutants and large foraging areas enable the 

avoidance of contaminated patches (Crall et al. 2019, Easton-Calabria et al. 2023, Feldhaar & 

Otti 2020, Straub et al. 2015). If those avoidance behaviours fail, there are a few potential 

ways how pollutants interact with the insect’s body. Deposition of pollutant particles on the 

body surface might impair important sensory organs, such as the antennae, causing problems 

in chemoreception (Wang 2023). After oral ingestion of pollutants, toxic substances may 

negatively affect insect physiology or immunity leading to problems in development, 

reproduction, and longevity (Milivojevic et al. 2015, Tan 2018). If pollutants are small enough 

to enter the tracheae, they might interfere with the respiratory system causing subsequent 

health issues, such as inflammation reactions in tissues (Feldhaar & Otti 2020, Reich et al. 

2023). 

 

The life cycle of social Hymenoptera 

Social Hymenoptera colonies typically comprise one or more queens, many workers, brood at 

different stages and – in parts of the colony life cycle - new reproductive individuals. During a 

colony cycle, the relative abundance of the different sexes, castes and life stages changes 

(Starr 2006). Different types of colony cycles exist. Some species have annual life cycles (e.g. 

Bombus), while others are perennial and last for several years (e.g. ants and honeybees) 

(Goulson 2003, Hölldobler & Wilson 1990). New colonies are founded by queens, either on 

their own (independent-founding, e.g. Bombus) or together with conspecifics (swarm-

founding, e.g. Apis) (Starr 2006). During independent colony-founding, queens must raise their 

first offspring on their own. In species that evolved semi-claustral foundation, queens are 

required to forage during that period to feed their first brood (e.g. Bombus). In contrast, during 

claustral foundation, the nutrition of offspring is provided from the depletion of stored energy 

reserves of the queen (e.g. Lasius) (Brown & Bonhoeffer 2003). After successfully raising the 

first batch of workers, the queen’s task shifts to reproduction (i.e. egg laying) for the rest of 
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her life and the workers provide food and brood care. The colony founding is the most 

vulnerable stage of the colony cycle, as the future of the colony solely depends on the survival 

of one or few individuals (Helanterä 2016). As the colony grows bigger, the risk of colony 

failure due to the death of single individuals decreases, leading to more resilience against 

harmful events (Crall et al. 2019). The maximum age of castes varies tremendously between 

species. In annual species, the queen’s maximum lifespan is typically about a year, while the 

workers only live for a few weeks or months. Reproductive males arising later in the colony 

stages live only during mating season (Stubblefield & Seger 1994). In perennial colonies, the 

maximum queen life span can be extraordinarily high. They can live up to 30 years exceeding 

their workers’ maximum age by a multiple (Keller & Genoud 1997). 

 

Assessing the impact of stressors on social Hymenoptera health – a framework  

As social Hymenoptera live in colonies, there are different levels of organization a potential 

stressor could affect. Health must be considered at the individual, the colony and the 

population level when trying to assess the impact of a stressor on a social Hymenoptera 

species. Generally, health can be defined as the state of well-being that allows the optimal 

acquisition, allocation, and utilization of resources to increase fitness (Lopez-Uribe et al. 

2020). In social Hymenoptera, optimal health would lead to healthy individuals contributing 

to prosperous, growing colonies that produce lots of offspring. However, health is affected by 

the multiple stressors occurring in environment. These stressors are a natural phenomenon 

as species interact and coevolve, resulting in competition or predation, and there have always 

been abiotic factors, such as weather, shaping the environment. However, human activity 

added several stressors, such as pollution, invasive species, or habitat destruction (Kaunisto 

et al. 2016). 

Research assessing the impact of stressors on social Hymenoptera needs suitable biomarkers 

to identify the health of the different organisational levels. Biomarkers should be unbiased 

indicators which give qualitative or quantitative measures to assess the health of individuals, 

colonies, or populations (Burger & Gochfeld 2001, Lopez-Uribe et al. 2020). The most general 

health assessment is the survival of individuals in toxicity tests, best suited for pollutant 

stressors. By standardised methods, such as tests in accordance with OECD Test Guidelines for 

Chemicals, the negative effects of pollutants can be measured and compared (e.g. LD50), even 
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across studies (Morris-Schaffer & McCoy 2020). However, stressors often do not have a lethal 

toxic effect on individuals. Here, biomarkers that uncover sublethal effects are necessary. On 

the individual level, there are many established markers for this purpose in social 

Hymenoptera. Physiological markers, such as reactive oxygen species (ROS), immune 

parameters, fat content, body size and weight, are used to evaluate nutritional state or stress 

levels. Worker body size and weight are known indicators of larval nutritional status and 

development (Daly et al. 1995, Goulson & Sparrow 2009). Increased levels of ROS leading to 

oxidative damage are associated with accelerated ageing in insects and could indicate 

underlying health concerns (Carvalho et al. 2013, Kramer et al. 2021). The immune response 

plays an important role in maintaining the health of insects. Measuring the quality of innate 

and inducible immune responses, such as melanisation or antimicrobial peptides, provides 

insight into the capability of individuals to defend against pathogens or parasites (Gonzalez-

Santoyo & Cordoba-Aguilar 2012, Schmid-Hempel & Schmid-Hempel 1998, Wu et al. 2018). 

Vice versa, the presence and load of parasites or pathogens, such as Nosema or Varroa, raises 

individual health concerns and might indicate underlying problems in immunocompetence 

(Doums & Schmid-Hempel 2000, Rosenkranz et al. 2010). Behavioural changes, such as 

decreased foraging activity, are also biomarkers that may indicate negative effects of 

stressors, such as sublethal doses of insecticides or parasites (Colin et al. 2014, Goblirsch et al. 

2013). A long-underestimated trait of insects is their associated microbiome. Especially the 

gut microbial community provides many important functions that include protection from 

pathogens, detoxification, digestion, and the production of essential nutrients (Engel & 

Moran, 2013). Stressors disrupting the gut microbiome may cause constraints in these 

microbial functions resulting in health issues (Koch & Schmid-Hempel 2011). For social 

Hymenoptera queens, reproductive output is an important individual marker, as it is affected 

by different stressors, such as pesticides or parasites, and is ultimately responsible for the 

evolutionary fitness of the whole colony (Amiri et al. 2017, Walsh et al. 2020, Whitehorn et al. 

2012). Hence, queen reproduction is often measured, not only as an individual biomarker but 

as a proxy of colony health. 

To assess health on the colony level, often averages of individual biomarkers are used (Lopez-

Uribe et al. 2020). In bumblebees, mean worker size predicts colony performance, as a higher 

average size leads to greater colony mass and gyne production (Herrmann et al. 2018). Typical 

colony traits that can be measured throughout colony development and are strong health 
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indicators include the number of workers, the amount of brood, gyne and drone production, 

food storage, or colony mass (Delaplane et al. 2013). A minimum number of workers is 

important for colony health, as it assures a reliable food provision or enables 

thermoregulation (Bretzlaff et al. 2024). Due to the increased risk of disease transmission and 

parasites associated with living in colonies, social Hymenoptera have evolved a collective 

immune defence against parasites, called social immunity (Cremer et al. 2007). The defence 

mechanism can be prophylactic or inducible and consists of behavioural, physiological, and 

organizational adaptions, such as cleaning, allogrooming, or social fever (Cremer et al. 2007, 

Van Meyel et al. 2018). Measuring social immunity is difficult, but proteomic markers for 

hygienic behaviour were identified and used for selection in honeybees (Guarna et al. 2015, 

Guarna et al. 2017). Another important marker for colony health is the abundance of parasites 

or pathogens. In the honeybee Apis mellifera, levels of Varroa mite infection are the best 

predictor of colony survival often causing colony failure during winter (Dainat et al. 2012, 

Kielmanowicz et al. 2015). In the ant, Camponotus castaneus infection with the fungus 

Beauveria bassiana can cause the failure of small colonies (Loreto & Hughes 2016). 

On the population level, a species’ health status is typically measured with abundance data 

across a specific geographic range (Lebuhn et al. 2012). To evaluate observed population 

densities, comparisons to longitudinal data from monitoring programs or historical collections 

are necessary (Burns et al. 2020, Mathiasson & Rehan 2019). A more detailed approach to 

population health is the assessment of genetic diversity. It is key to long-term resilience 

against various stressors, like parasites (Whitehorn et al. 2011). There are different 

methodological approaches to estimating genetic diversity and relatedness, such as the use 

of microsatellites or single-nucleotide polymorphisms (Coates et al. 2009). Genetic 

fingerprinting can be used to evaluate connectivity within and between populations, 

inbreeding status, or dispersal ability, all of which are important for the long-term health of 

social Hymenoptera populations (Pamilo et al. 1997). However, the genetic population 

structure also depends on the social system and colony structure of the species investigated. 

For example, invasive ants, like the Argentine ant Linepithema humile, may form 

supercolonies with a very low genetic diversity, but are still capable of spreading over 

hundreds of square kilometres (Suhr et al. 2010, Vogel et al. 2010).  
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The organisational levels of hymenopteran sociality are highly connected and so are their 

biomarkers and measures. Effects detected on one organizational level, typically also affect 

the other levels. To disentangle the effect of a single stressor on insect health in the multiple-

stressor environment of social Hymenoptera is difficult and complicated (Kaunisto et al. 2016, 

Figure 1) but a logical step in the process of identifying the main factors driving observed insect 

declines to advise action plans. 

 

 

Figure 1: Factors affecting the health of social Hymenoptera on the individual, colony and 

population level including suggested biomarkers to measure the impact of these factors on 

insect health.  
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Nature as a multiple stressor environment – approaches in research 

In their natural habitat, most organisms are exposed to numerous physical, chemical, or biotic 

factors that move them out of their normal operating range, so-called stressors (Segner et al. 

2004, Pirotta et al. 2022). Due to the rapidly expanding human activity, the diversity and 

intensity of stressors have increased tremendously with the growing human population 

(Geldmann et al. 2014, Halpern et al. 2015). These stressors often do not only act individually 

but rather often interact with each other. The combined effect of multiple stressors can be 

greater, i.e. synergistic, smaller, i.e. antagonistic, or equal, i.e. additive, than predicted based 

on their individual effects (Folt et al. 1999, Piggott 2015). Despite the difficulty of predicting 

and understanding the interaction network among stressors and their importance in nature, 

the field of multiple stressor research is expanding rapidly (Pirotta et al. 2022). Although 

observational studies are very much constrained, they can inform the design of sophisticated 

experiments in ecological stressor research. Also, observational studies give important insight 

into ecological patterns and processes, often on a large scale, by gathering data from natural 

surroundings that have not been purposefully manipulated (Sagarin & Pauchard 2009). By 

extensive data analysis, the effects of a single stressor can be extracted with a certain degree 

of confidence. However, correlating and confounding factors commonly add uncertainty and 

drawing conclusions from observations will never provide a causal explanation for the 

observed effect (Sugihara et al. 2012). On the other hand, experimental research in controlled, 

randomized settings actively manipulates only one or few factors, making it easier to study 

the effect of a single stressor on different response variables. Like this, causal relationships 

can be determined with a high degree of confidence (Larsen et al. 2019). However, one must 

be careful when interpreting the results of experiments in a broader context. In a natural 

environment, a variety of other factors might interact with the manipulated stressor leading 

to potentially different outcomes (Haag & Matschonat 2001). Observational and experimental 

approaches should complement each other to achieve a comprehensive understanding of 

how and what effects stressors have on organisms (Clements et al. 2002). Intermediate 

approaches, such as field experiments or mesocosm studies, also add important information 

(Boyle & Fairchild 1997).  

Research on the effects of stressors on insects must incorporate their social organization and 

potential interactions among stressors, in the study design and interpretation of the results. 

A variety of potential stressors affect individual insects and thus colonies, populations and 
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whole ecosystems (Elizalde et al. 2020). Global warming will increase the severity and 

frequency of droughts (Dai 2012). Moreover, changes in plant phenology will be challenging 

for plant-associated insects (Renner & Zohner 2018). Biological factors, such as invasive 

species or pathogens, affect insect health and are often vectored by human activity (Sanchez-

Bayo & Wyckhuys 2019). Pollutant stressors, such pesticides or heavy metals, can negatively 

affect insect physiology and cause a wide range of negative effects (Sanchez-Bayo & Wyckhuys 

2019). Adding to these factors, massive changes in habitat quality and quantity due to 

urbanization, industrialization, and agricultural intensification may fail to provide enough 

resources and breeding sites (Tscharntke et al. 2002, Vanbergen 2014). Even though nature 

per se is a multiple-stressor environment, human activity has increased the intensity and 

quantity of stressors, ultimately leading to the observed global declines of insects. To 

effectively change and reduce the pressure induced by these stressors, research must 

disentangle the effects of single stressors to uncover causal relationships but also evaluate 

their effects and interactions in realistic multiple stressor scenarios. There is a need for 

mechanistic understanding and analytical tools to predict the effects of single and combined 

exposure to stressors (Pirotta et al. 2022). 

 

The ecology of Bombus terrestris and Lasius niger 

The buff-tailed bumblebee Bombus terrestris is one of the most abundant and widespread 

European wild bee species, especially in human-altered landscapes, such as urban areas 

(Herbertsson et al. 2021, Whitehorn et al. 2022). It is bred for commercial farming, as buzz-

pollination increases the fruit yield for crops like strawberries or tomatoes (De Luca & Vallejo-

Marin 2013, Nayak et al. 2020). Due to the introduction and the escape from captivity that 

followed, B. terrestris has established several populations outside its natural European range, 

such as Japan, Chile, and Tasmania, where it is considered invasive (Fontúrbel et al. 2021, 

Hingston et al. 2002, Inoue et al. 2008). It is a primitive eusocial pollinator and a model 

organism in ecotoxicological research serving as a proxy for other bumblebee species, many 

of which are threatened by anthropogenic disturbance (Cameron & Sadd 2020, OECD 2017). 

Like most bumblebees, B. terrestris has an annual life cycle with only hibernating queens 

surviving the winter (Alford 1975). Nests are formed underground and can contain up to 400 

individuals or more (Duchateau & Velthuis 1988). 
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The black garden ant Lasius niger is a prevalent species across Europe with a wide range of 

habitats including urban areas and agricultural fields (Seifert 2018). L. niger is monogynous, 

meaning each colony only has a single queen. In contrast, the worker number can be several 

thousand individuals (Collingwood 1979). L. niger has a perennial life cycle with queens living 

up to 29 years (Hölldobler & Wilson 1990), whereas workers typically only survive one or two 

years under laboratory conditions (Dussotour & Simpson 2012). Colony foundation is claustral 

and independent, as queens do not forage during that period and raise their brood with 

energy from their body reserves (Keller & Passera 1989). Both, B. terrestris and L. niger are 

well-established model organisms in different research areas. Their commonness and 

robustness in captivity make them a suitable system in behavioural, ecological, genetic, or 

ecotoxicological studies. 

 

Objectives 

Environmental pollution is one of the main drivers of insect decline. Research focused mainly 

on the effects of pesticides or fertilizers on insects while other potential pollutants lack 

detailed risk analysis. A potentially impactful pollutant is traffic-derived airborne particulate 

matter, such as diesel exhaust particles or brake dust, as it is ubiquitous in the environment 

and its negative effects on vertebrates are profound. To understand the potential role of these 

pollutants in observed insect declines, it is important to assess the impact on different insect 

species under laboratory conditions. To get a detailed picture of the mode of action, different 

approaches are needed to uncover sublethal effects and effects on different organisational 

levels. 

In this thesis I used two common social Hymenoptera species, B. terrestris and L. niger, to test 

the impact of diesel exhaust particles and other pollutants in experimental setups. I looked at 

individual and colony-level effects and assessed toxicity as well as various sublethal effects. 

 

1. Assessment of lethal and sublethal effects of diesel exhaust particles on Bombus 

terrestris in the laboratory 

Standard OECD protocols exist to evaluate the acute and chronic effects of potentially harmful 

substances on honeybees. I applied those methods to test the effects of diesel exhaust 
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particles on workers of the bumblebee B. terrestris to see toxic effects. To uncover potentially 

hidden, sublethal effects, I examined further parameters. After oral exposure to diesel exhaust 

particles, I measured changes in fat body content, microbiome composition and gene 

expression. This provides valuable insights into the biochemical processes and functions that 

are potentially affected by the pollutant. 

2. Evaluation of the effect of diesel exhaust particles on the flight activity of B. terrestris 

in the field 

Hidden effects of pollutants may only emerge when complex tasks have to be performed. 

Measuring the homing flight duration and success is a method to evaluate the sublethal 

effects of substances on bees. By releasing bumblebees away from their nest, they need to 

remember their surrounding and navigate back to their colony. I looked at the flight activity 

of B. terrestris workers exposed to a single dose of diesel exhaust particles in comparison to a 

control group to uncover potential interference with flight performance or navigation. 

3. The impact of diesel exhaust particles and other pollutants on colony founding – as a 

single or combined stressor 

Colony founding is one of the most important and at the same time most vulnerable stages in 

the life cycle of social insects. The survival of the whole colony depends on one or few 

individuals and even small effects of pollutants may translate into big ones in the long-term. I 

assessed the effects of diesel exhaust particle exposure during the colony founding stage for 

B. terrestris and L. niger. In the L. niger setup, I also added other stressors to compare single 

versus multiple stressor effects, as these may be present in a natural environment. 
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Summary of the Articles 

 

Article 1: Effects of diesel exhaust particles on the health and survival of the buff-tailed 

bumblebee Bombus terrestris after acute and chronic oral exposure 

 

In Article 1, we assessed the effect of diesel exhaust particles on B. terrestris by performing 

acute and chronic exposure experiments according to OECD guidelines. Diesel exhaust 

particles were collected from a four-cylinder diesel engine and subsequently analysed with 

several methods. Thermogravimetric analysis was done to measure the proportion of organic 

components. We measured sub-micron particle size distributions with a fast response 

differential mobility particulate spectrometer. Polycyclic aromatic hydrocarbons were 

analysed via gas chromatography-mass spectrometry. The measurements revealed a median 

particle diameter between 52.1 nm and 101.9 nm with an organic fraction of 23.2 %. 

Characterization of PAHs revealed the presence of Pyrene with a concentration of 444 ppm. 

We fed different concentrations of the collected diesel exhaust particles to bumblebee 

workers, observed survival and measured fat body content as a proxy of bumblebee health. 

There was no effect of a single, acute exposure on bumblebee survival or fat body content. In 

contrast, chronic exposure to diesel exhaust particles significantly reduced survival with a 

concentration of 1 g/l or higher. Fat body content was only reduced in the chronic exposure 

with 0.5 g/l, which indicates the negative effects of the diesel exhaust particles on bumblebee 

health. There was no effect on fat body content in the higher concentrations which could be 

explained by the increased mortality in these treatments potentially selecting healthier, fitter 

individuals. Our results show the negative effects of diesel exhaust particle exposure on 

bumblebee workers when fed in high concentrations and over an extended period. In their 

natural environment, bumblebees may not encounter dosages as high as in this artificial setup. 

However, they must face many different abiotic and biotic stressors simultaneously. The 

additional stress by diesel exhaust particles could then cause negative effects also in lower 

concentrations.  
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Article 2: Diesel exhaust particles alter gut microbiome and gene expression in the 

bumblebee Bombus terrestris 

 

In Article 2, I regularly exposed workers of the bumblebee B. terrestris to sublethal doses of 

diesel exhaust particles and brake dust, orally or via air. After seven days, we analysed the 

composition of the gut microbiome and tracked changes in gene expression. Diesel exhaust 

particles were collected from a four-cylinder diesel engine and brake dust was generated by 

milling brake pads in a vibrating cup mill with a tungsten carbide grinding set. After the seven-

day exposure, bumblebees were dissected and further processed. Metagenomic DNA of gut 

samples were examined using PCR amplification and sequencing of 16S rDNA fragments. 

Microbial data were then analysed by calculating different diversity indices, multivariate 

analyses, generalized linear mixed models and principal component analysis. Changes in gene 

expression of bee abdomens were investigated by RNA-sequencing followed by differential 

expression analysis. Oral exposure to diesel exhaust particles changes the gut microbiome and 

gene expression of bumblebee workers, while exposure via air does not. Brake dust, the 

second pollutant we tested via oral exposure, did not induce changes in the gut microbiome 

or gene expression in the bumblebee workers. I detected major shifts in microbial composition 

after oral exposure to diesel exhaust particles. For example, Snodgrassella, one of the core 

bacteria with important functions, was nearly absent in exposed bumblebees. The microbial 

community is essential for various functions including immunocompetence, detoxification, or 

digestion. Thus, the observed gut dysbiosis may be harmful to bumblebee health. The 

transcriptome analysis revealed significant changes in gene expression after oral exposure of 

bumblebees to diesel exhaust particles. Upregulated genes indicate that these changes could 

be related to a general stress response against pollutants. In this article, we could show how 

molecular methods can be used to reveal hidden, sublethal effects of pollutants, in this case, 

diesel exhaust particles. The results indicate potential consequences for insect health after oral 

exposure, highlighting the potential role of airborne particulate matter as a driver of insect 

decline. 
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Article 3: Do diesel exhaust particles affect the flight activity of the buff-tailed bumblebee 

Bombus terrestris in the field? 

 

In Article 3, we investigated the effect of short-time exposure to diesel exhaust particles via 

air on the flight activity of B. terrestris workers in the field. A colony box was placed in a 

meadow on the campus of the University of Bayreuth. After two weeks of acclimatization, we 

intercepted bumblebee workers leaving their colony. They were tagged with individual square 

tags for automatic identification. We transported them to two different locations, 380 meters 

and 1100 meters away from their colonies, respectively. Before release, the treatment group 

was exposed to diesel exhaust particles in small plastic boxes. We then measured take-off 

time and return time to their colonies and observed subsequent foraging behaviour via 

cameras at the colony entrance. The take-off time was drastically prolonged when the 

bumblebees were exposed to diesel exhaust particles caused by the inability of some workers 

to take off vertically from the exposure box and intensified grooming behaviour. However, 

there was no effect on the subsequent homing flight to the colony, which should be the more 

challenging task. Also, the foraging activity after return to their colonies did not differ between 

treatments, as the number of foraging flights and mean duration were similar. Our findings 

provide new insights into the potential role of airborne particulate matter in the insect decline 

by impairing flight activity. However, it remains unclear why bumblebees struggle to take off 

vertically after exposure to diesel exhaust particles. This observation needs further 

investigation to elucidate, for example, if this behaviour may indicate underlying physiological 

constraints. 

 

Article 4: Do diesel exhaust particles in pollen affect colony founding in the bumble bee 

Bombus terrestris? 

 

In Article 4, we investigated the effect of diesel exhaust particles on the colony founding of B. 

terrestris in a laboratory setup. Particles were collected from a four-cylinder diesel engine. We 

created artificial early-stage colonies by placing the bumblebee queen together with ten 

randomly selected workers in fresh nesting boxes. They were fed pollen spiked with diesel 

exhaust particles and the colony development was compared to control colonies for ten 

weeks. At the end of the experiment, we measured individual and colony-level traits. We did 
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not see any effects of pollen spiked with diesel exhaust particles on worker count, brood count, 

brood weight, worker size, and relative fat body weight. These results indicate no harmful 

effects of diesel exhaust particles on colony founding in B. terrestris in my single-stressor setup. 

This study is the first to evaluate the effects of diesel exhaust particles on whole bumblebee 

colonies in a laboratory setup and adds to the understanding of how such particles may affect 

insect colonies. The next step is to repeat my approach in a more natural setup adding different 

stressors such as heat stress or food shortages which could uncover hidden effects of diesel 

exhaust particles. 

 

Article 5: Individual vs. Combined Short-Term Effects of Soil Pollutants on Colony Founding 

in a Common Ant Species 

 

In Article 5, we investigated the effects of different pollutants, as single exposure or 

combination, on the colony founding of the black garden ant L. niger. We collected wild queens 

at the colony founding stage and put each in a small container with soil to initiate digging and 

egg-laying. The soil contained specific concentrations and combinations of pollutants (brake 

dust, soot, polystyrene microplastic particles and fibres, manure) to determine dose-

dependent effects and interactions between stressors. Colony establishment and 

development were regularly observed until the first worker hatched. As proxies for colony 

founding success, we measured queen survival, the development time of the different life 

stages, the brood weight, and the number of offspring. Throughout the experiment, queen 

mortality was very low and similar across treatments. Brake dust particles, soot, microplastic 

particles and fibres did not affect any of the investigated colony foundation parameters, 

independent of concentration or combination. This indicates no negative effects of these 

pollutants on the queen or the offspring. During their claustral colony founding ant queens do 

not forage but consume their energy resources to feed their offspring. Therefore, there was 

probably nearly no uptake of pollutants which could explain the missing effects. In contrast, a 

high concentration of manure applied to the soil led to a prolonged egg development time and 

a smaller number of pupae and workers at the end of the experiment. This could be explained 

by a temporary reduction of the oxygen levels in the soil due to manure application as insect 

development can be slower under such conditions. Low oxygen levels could also have caused 

losses in the first egg batch leading to the observed smaller number of pupae and first workers. 
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As we did not measure oxygen levels in my experiment these hypotheses remain speculative. 

Altogether, our results could show no effects of different combinations and concentrations of 

soil pollutants on the early stage of colony founding in L. niger. However, they highlight the 

potential harm of manure application to soil-dwelling insects. 
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General discussion 
 

This thesis aimed to gain a wider understanding of the effects of traffic-derived airborne 

particulate matter on social Hymenoptera. By conducting laboratory and field experiments 

with bumblebees and ants, I investigated the impact on different organisational levels and 

endpoints.  

Ecotoxicological assessment 

As a first step, I conducted an ecotoxicological study on the effects of diesel exhaust particles 

on the buff-tailed bumblebee B. terrestris according to OECD guidelines (Article 1). We 

identified the physicochemical properties of the diesel exhaust particles. They showed a count 

median diameter between 52.1 nm and 101.9 nm. This small size increases the risk of 

unintended uptake by organisms via food or air, potentially damaging inner tissues and 

metabolism. The diesel exhaust particles are composed of 72% elemental carbon, 23.2 % 

organic substances, and 4.6% inorganic components. Especially the organic fraction is of 

ecotoxicological interest. We identified and quantified the PAHs pyrene, phenanthrene, and 

fluoranthene with concentrations of 444 ppm, 220 ppm, and 107 ppm, respectively. PAHs 

induce the formation of reactive oxygen species causing mutagenic and genotoxic effects on 

various lifeforms, including microorganisms and animals (Patel et al. 2020, Sun et al. 2021). In 

my study, I exposed bumblebee workers to different concentrations of diesel exhaust particles 

via spiked sugar water uptake. A single dose of up to 16 g/l did not increase the mortality of 

the workers. In contrast, extended exposure over 10 days led to a significantly increased 

mortality in workers fed with concentrations of 1 g/l and higher. Bumblebees seem to be 

capable of tolerating an acute, single exposure to high dosages of diesel exhaust particles but 

are prone to chronic exposure. The constant uptake may lead to an accumulation of the 

particles in the bumblebees’ tissues resulting in an enrichment of PAHs which could explain 

the observed toxic effects. Our data also show a decreased uptake of sugar water with 

increasing concentrations of diesel exhaust particles. This could be due to a deterrent effect 

resulting in avoidance behaviour, which was also observed for bumblebees exposed to 

neonicotinoid pesticides (Thompson et al. 2015). Another explanation is the increased 

viscosity of the sugar water when spiked with high concentrations of diesel exhaust particles, 

potentially hindering the uptake via the proboscis. However, the decreased uptake of sugar 

water does not explain the increase in mortality, as the energy uptake would still be enough 
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to enable survival. Instead, it could rather indicate a behavioural change due to the toxification 

resulting in apathetic behaviour with less energy demand. Such sublethal effects often appear 

at low dosages and can be overlooked in classical toxicological studies. As a proxy for insect 

health, we therefore also measured the relative fat body weight of the bumblebee workers. 

The fat body is an insect’s central storage and biosynthesis organ that is responsible for many 

metabolic processes, including detoxification (Cohen 2009). While there was no effect in the 

single exposure experiment, chronic exposure led to reduced fat body weight in the 

intermediate treatment, with 0.5 g/l diesel exhaust particles, which indicates sublethal effects. 

This result is intriguing as one would expect the fat body weight to be low in the high 

concentrations, too. This may be due to a selective effect caused by the increased mortality in 

these treatments. Animals with a lower amount of initial fat body could have a lower likelihood 

of survival. The data set would then be biased towards individuals with a larger initial fat body, 

as they may constitute a significant portion of the group of survivors. The potentially reduced 

energy requirements due to apathetic behaviour, as discussed earlier, could partly explain the 

observed phenomenon, too. Relative fat body weight is a generalist, easy to measure, indicator 

for insect health, that has been used in ecological research for several decades (Knapp & 

Knappová 2013, Hulse et al. 2025). 

 Genetic methods show sublethal effects 

Nowadays, there are more detailed approaches, for example by using molecular methods, to 

uncover sublethal effects and the processes involved. Therefore, in article 2, I investigated the 

effects of airborne particulate matter on the microbiome and transcriptome of the bumblebee 

B. terrestris. I regularly exposed workers to sublethal concentrations of diesel exhaust particles 

and brake dust, orally or via air. After 7 days, the metagenomic DNA of bumblebee gut samples 

were amplified and sequenced to analyse the bacterial composition of the gut microbiome. 

Abdominal RNA was sequenced to track changes in gene expression. The results show that 

oral exposure to diesel exhaust particles changed the gut microbiome and gene expression of 

bumblebee workers, while exposure via air did not. Brake dust, the second pollutant we tested 

via oral exposure, did not induce changes in the gut microbiome or gene expression. The 

observed shifts in microbiome composition after oral exposure could be caused by the toxic 

PAHs contained in the diesel exhaust particles. Studies reported changes in the microbial gut 

community after PAH exposure for different animal groups, including fish, sea cucumbers, or 

potworms (Enchytraeidae) (DeBofsky et al. 2020, Ding et al. 2020, Zhao et al. 2019). However, 
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the large amount of elemental carbon in diesel exhaust particles may itself provide another 

explanation. The particles may function like activated carbon with its large surface-area-to-

volume ratio and could adsorb microbes that are then discharged by excretion (Naka et al. 

2001, Rivera-Utrilla et al. 2001, Wichmann 2007). Even though activated carbon typically has 

no direct negative impact, constant adsorption and discharge might disrupt the bacterial 

community resulting in compositional and quantitative changes. The bacterium Snodgrassella, 

one of the dominant core bacteria in undisturbed gut microbiomes of bumblebees (Hammer 

et al. 2021), is nearly absent after exposure to diesel exhaust particles. Snodgrassella, together 

with Gilliamella, forms a biofilm coating the inner wall of the ileum (Hammer et al. 2021, 

Martinson et al. 2012), which prevents bacteria from washout, enables the formation of a 

syntrophic network, and protects the host from gut parasites (Koch et al. 2019, Kwong et al. 

2014, Näpflin & Schmid-Hempel 2018, Powell et al. 2016, Zhang & Zheng 2022). This 

mutualistic relationship between the microbes and the host seems to be disrupted as 

Snodgrassella abundance is extremely diminished. In contrast, Gilliamella increases in relative 

abundance after exposure to diesel exhaust particles, which could indicate the ability of 

Gilliamella to form a biofilm independently from Snodgrassella. However, it could also just be 

the consequence of Gilliamella being the leftover dominant bacteria in the gut. Snodgrassella 

seems especially prone to pollutants, as a decrease in its relative abundance was also observed 

after exposure of bees to copper, selenate, or glyphosate (Rothman et al. 2020). Another 

explanation could be that Snodrassella is poor in recolonizing the gut tissue after being 

discharged due to adsorption to the diesel exhaust particles. However, this remains 

speculative. 

The changes in microbial gut composition may negatively affect the health of the bumblebees, 

as such a dysbiosis can negatively affect reproductive fitness, immunity, and resistance to 

pathogens in insects (Ami et al. 2010, Daisley et al. 2020, Raymann et al. 2017). For 

bumblebees, the abundance of Gilliamella, Lactobacillus, and Snodgrassella is negatively 

correlated with the parasites Crithidia and Nosema, while non-core bacteria are more 

abundant in infected bumblebees (Cariveau et al. 2014, Koch et al. 2012, Koch & Schmid-

Hempel 2012, Mockler et al. 2018). 

The transcriptome analysis revealed significant changes in gene expression after oral exposure 

of bumblebees to a sublethal dose of diesel exhaust particles. Enrichment and network 

analysis indicate that these changes could be related to a general stress response against 
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pollutants. Upregulated gene ontology terms involve many metabolic and catabolic processes, 

while terms related to metabolic and biosynthetic processes are downregulated. This supports 

the idea of increased energy demand caused by pollutants (Beyers et al. 1999, Calow 1991). 

Changes in metabolic processes seem to be a typical reaction in insect species, like bees, 

mosquitos, or moths, against pollutants such as pesticides, heavy metals, or PAHs (Bebane et 

al. 2019, Chen et al. 2021, Colgan et al. 2019, David et al. 2010). Even though the affected gene 

terms are quite general, they show that there are processes going on inside the insect’s body 

which may come to light in the long term or when facing additional stressors. 

The results of my experiment highlight the sublethal effects of oral exposure to diesel exhaust 

particles in bumblebees as gut dysbiosis may increase the susceptibility to pathogens, while a 

general stress response may lower available energetic resources. 

In contrast to the oral exposure, I did not find any changes in gene expression after exposure 

to diesel exhaust particles via air. To cause effects the particles need to enter the tracheal 

system or attach to sensory organs, such as the antennae. The exposure of bumblebees for 

three minutes per day may not have been enough to affect them. Particles on the antennae 

may have been removed quickly by cleaning behaviour and the spiracles seem to be an 

effective protective barrier against the uptake of particles into the tracheae (Harrison 2009, 

Schönitzer 1986). Thus, our results should be taken with care as we cannot be sure if any 

particles entered the tracheal system of the bumblebees. Similarly, we must be careful with 

the results of our brake dust treatment, where we did not see any effect on the microbiome 

or gene expression. As we used artificially milled brake pads resulting in a relatively big particle 

size (10 µm) and weight, there might have been an inadequate uptake of the particles in our 

study which may explain the lack of effects. 

 Effects on flight activity in the field 

The laboratory experiments from articles 1 and 2 are important steps to gain insight into how 

airborne particulate matter affects insect health. The controlled conditions ensure that only 

the single stressor effect is measured, with no or few confounding factors adding uncertainty. 

The next logical step was to apply this stressor in a field experiment, where the scenario is 

more realistic and natural stressors may arise. Thus, in article 3, I captured bumblebee workers 

from an outdoor colony, exposed them to diesel exhaust particles via air, and released them 

away from their colony. Contrary to our expectations, neither the cognitively challenging 
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homing flight to their colony nor the subsequent foraging activity was affected by the exposure 

to diesel exhaust particles, no matter from which distance the bumblebees were released. 

Also, the proportion of bumblebees that returned to the colonies did not depend on diesel 

exhaust particle exposure or flight distance. This indicates that a one-time exposure prior to 

release does not impair cognitive abilities and thus negatively affects spatial orientation and 

navigation. Also, diesel exhaust particles do not decrease the motivation for subsequent 

foraging flights, contrary to other anthropogenic pollutants such as pesticides (Lämsä et al. 

2018, Muth and Leonard 2019). We did, however, discover a significant effect of diesel exhaust 

particle exposure on the bumblebees’ vertical take-off. Many bumblebees struggled to 

overcome the only a few centimetres high wall of the exposure box, from which they were 

released. This resulted in a notably increased take-off time. The reason why some fail to take 

off vertically from the box but are still capable of navigating back to their colony is unclear. It 

could indicate underlying physiological malfunctions. Diesel exhaust particles might affect the 

sensory systems, especially on the antennae that carry different types of sensilla with 

functions in sensing chemical, thermal, mechanical and water stimuli (Fialho et al. 2014, Rands 

et al. 2023). In addition, the visual perception of the bumblebees may be affected which could 

impede the take-off by failing to identify the walls of the box as a barrier and thus flying straight 

into them. Diesel exhaust particles deposition on mechanosensory hairs of the bumblebees 

may also impair the perception of electric fields leading to motoric struggles to overcome the 

barrier (Sutton et al. 2016). To test these hypotheses, it would be important to do further 

studies on the vertical take-off of bumblebees. 

 Effects on colony founding 

As social Hymenoptera live in colonies, there are different levels of organization a potential 

stressor could affect. Health must be considered at the individual, the colony and the 

population level when trying to assess the holistic impact of a stressor. While articles 1-3 

focused on the effect on individual workers, articles 4 and 5 investigated the effects of 

pollutants on the early colony founding stage. This stage is very important in the life cycle of 

social Hymenoptera, as the survival of the whole colony is dependent on only one or very few 

individuals (Helanterä 2016). Small effects of stressors here could have serious consequences 

in the long term. 
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In article 4 I provided queens and workers of the bumblebee B. terrestris with pollen spiked 

with diesel exhaust particles at the early colony founding stage and compared the colony 

development to control colonies. After 10 weeks, I did not find any effect on individual-level, 

i.e. worker size and relative fat body weight, and colony-level life history traits, i.e. worker and 

brood count. These results indicate no harmful effects of diesel exhaust particles on colony 

founding in B. terrestris in my single-stressor setup. Hence, we have no reason to expect effects 

at later colony stages. However, as I did not measure the production and development of 

sexual offspring for the next generation, we should be careful with further speculations. 

Hidden effects that were not investigated in this study might come to light once a complete 

colony cycle is investigated, or when multiple stressors are added, such as heat stress or food 

shortages. 

A different species of social Hymenoptera, the black garden ant L. niger, was the subject of 

article 5. Here, I exposed wild-caught queens shortly after their nuptial flight to different 

concentrations and combinations of pollutants (brake dust, soot, microplastic particles and 

fibres, manure) to determine dose-dependent effects and interactions between stressors. The 

pollutants were added to the soil where the ant queens established their new colony by raising 

the first clutch of workers. I did not find any effects of the particles used in this study on any 

of the life-history parameters, independently of the concentration and combination. This lack 

of effects could be explained by the way this ant species behaves. During claustral colony 

founding, ant queens do not consume any food as they meet their energy demands by using 

internal resources, for example by degenerating their flight muscles (Hölldobler & Wilson 

1990, Wheeler & Buck 1996). For a pollutant to be harmful at this stage, it would have to be 

toxic at a very low dose or capable of entering via the cuticle or the trachea. Consequently, 

most pollutants at field-realistic doses, such as insecticides and fungicides, do not increase 

mortality in founding ant queens but may impact other life-history parameters (Schläppi et al. 

2020, Pech & Heneberg 2015, Wang et al. 2015). What I did see in my study were the negative 

effects of manure application on the colony founding of L. niger. Eggs from queens exposed to 

high manure concentrations took longer to hatch, which resulted in a delayed emergence of 

workers. Also, fewer pupae and workers were raised by those queens. These results may be 

explained by manure-induced changes in oxygen levels in the early days of the experiment. 

The application of manure reduces oxygen levels in the soil, sometimes locally even leading to 

anoxic areas (Hossain et al. 2005, Zhu et al. 2014). Peak oxygen deficits in soil occur 16 h after 
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the manure application and go back to near-normal within the following days (Hossain et al. 

2005). Insect egg development is dependent on surrounding oxygen levels as they have 

diffusion holes in the shell (Hinton 1969, Woods & Hill 2004). Tenebrio molitor (Greenberg & 

Ar 1996) and Drosophila melanogaster (Frazier et al. 2001) show slower development under 

low oxygen levels in the immediate environment. The manure application at the beginning of 

my experiment may have caused problematic oxygen conditions leading to the observed delay 

in egg development. Additionally, it may also have led to losses in the first egg clutch. Those 

early losses would explain the observed fewer pupae and workers at the time of the first 

worker emergence. However, as I did not measure oxygen levels during my study, this 

explanation remains hypothetical. Still, the findings from my study underline the issue of 

excessive manure application in our environment. 

 Implications and limitations of this thesis 

Taken together, my thesis provides a good framework for the evaluation of the effects of 

airborne particulate matter on social Hymenoptera, a topic which has not been studied in 

detail yet. I identified which concentrations are toxic and uncovered sublethal effects. 

However, I often did not see any or only small effects of certain pollutants on a measured 

parameter, which is also important information on how the pollutants act. However, there are 

also some limitations and uncertainties, especially when trying to generalize the results from 

my thesis. 

It was challenging to choose field-realistic doses of the tested pollutants because identifying 

and quantifying airborne particulate matter, such as diesel exhaust particles, in terrestrial 

environments is very difficult. Hence, we lack reliable data on the level of exposure to insects. 

Isotopic analyses revealed that certain Arizona soils contain up to 0.54% (w/w) of soot black 

carbon, presumably produced by burning fossil fuels (Hamilton & Hartnett 2013). While 

reports exist of contaminated bees in the wild (Negri et al. 2015; Thimmegowda et al. 2020), 

we still lack realistic modelling on the uptake of these particles. The doses I used in this study 

are presumably higher than those encountered naturally. 

In addition, my experimental setups did not include other stressors insects have to face in the 

wild, such as parasites, limited food availability, or abiotic factors such as drought or heat stress 

(Cameron & Sadd 2020; Holmstrup et al. 2010; Padda & Stahlschmidt 2022; Raine & Rundlöf 

2024). Insects may be able to compensate the impacts of one stressor but will eventually be 
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overstrained by multiple stressors. Often, these multiple stressors interact and may even 

reinforce their negative impacts synergistically (Goulson et al. 2015). In honeybees the 

combination of the fungicide difenoconazole and the insecticide acetamiprid reduced the 

number of foraging trips per day in comparison to the control, while each pesticide applied on 

its own did not cause any significant changes in behaviour (Schuhmann & Scheiner 2025). 

Thus, one must be careful when interpreting the results from my single stressor, laboratory 

studies. 

In my thesis, I focused on social Hymenoptera, bumblebees and ants. As they live in colonies, 

their exposure and susceptibility to pollutants may differ from other insects. On one hand, 

social insects tend to have large foraging areas where they can encounter an array of 

pollutants, and transfer them to their nests, which could result in early exposure of their 

offspring (Morales et al. 2020). As there are so many individuals living in a small space, the 

general risk of exposure increases. On the other hand, the large colony sizes may also buffer 

the negative effect of pollutants, as the individual workers do not matter that much for the 

survival of the colony. Moreover, contaminated patches can be avoided when larger foraging 

areas are available (Crall et al. 2019, Easton-Calabria et al. 2023, Feldhaar & Otti 2020, Straub 

et al. 2015). The risk and effects of pollution could be very different in other, non-social insects. 

Another aspect, which must be considered, is that I used two very common species in this 

thesis that are established in laboratory research. B. terrestris is one of the most abundant 

European wild bees, especially in urban areas (Herbertsson et al. 2021, Whitehorn et al. 2022). 

Similarly, L. niger is a very prevalent ant species across Europe and has a wide range of habitats, 

including urban areas and agricultural fields (Seifert 2018). It was identified as one of the most 

tolerant ant species in a study on land-use intensification in temperate grasslands (Heuss et al. 

2019). Consequently, those two species could be more tolerant towards anthropogenic 

pollution, such as diesel exhaust particles, or have already adapted to higher levels of air 

pollution than other species. Higher resilience to disturbance and pollutants forms an 

important trait to tolerate and survive in human-altered landscapes. A meta-analysis 

comparing the sensitivity of bees to pesticides showed that B. terrestris is relatively tolerant 

to most pesticides. Other bee species, like honeybees or solitary species, are more sensitive 

towards neonicotinoids or carbamates (Arena & Sgolastra 2014). Also, a trait-based 

vulnerability concept suggests B. terrestris to be less vulnerable than other wild bee species 
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(Schmolke et al 2021).  For L. niger, genomic analysis revealed a higher number of cytochrome 

P450 genes which could increase the detoxification abilities of anthropogenic pollutants 

(Konorov et al. 2017). In general, common species tend to be more tolerant towards stressors 

than rarer, often more specialized species (Vincent et al. 2020). We thus need to be careful 

when trying to extrapolate the results of my thesis to other species with more specific dietary 

needs, narrower niches, or non-social lifecycles. Future research should also incorporate rarer 

species to evaluate the impact of potentially harmful substances in a comparative approach. 

Nevertheless, the results from this thesis lay an important foundation for the research on the 

effects of airborne particulate matter on insects. I could show at which doses diesel exhaust 

particles become lethal and uncover different sublethal effects. However, I did not see any 

effect on the colony foundation. My novel approaches add to the understanding of the role 

that airborne particulate matter plays in the global insect decline. I am looking forward to 

future studies that build on this work to investigate these pollutants in multiple stressor or 

semi-natural setups to see potential interactive effects under realistic scenarios. Moreover, it 

is crucial to conduct experiments with other, less common insect species to identify general 

patterns and see how the effects of pollutants differ between species. 
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Supplemental material 

GCMS- of DEP 

 

As described in the manuscript, we used carbon black particles from the PRINTEX 30 Furnace Black 

type as a negative particle control. In the following we demonstrate the total ion chromatogram from 

the carbon black particles (lower graph) and the diesel exhaust particles generated from our 

experimental setup (top graph) (Fig. 1). 

 



66 
 

 

Supplemental Figure 1: total ion chromatogram from diesel exhaust particles generated with our 
experimental setup (top graph) and total ion chromatogram from the negative control particles 
(PRINTEX 30 Furnace Black) 

Supplemental Table 1: Qualifier and Quantifier for the used EPA- PAH 
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Preparation of R and loading of data 

 

r = getOption("repos") 
r["CRAN"] = "http://cran.us.r-project.org" 
options(repos = r) 
 
#install.packages("survival") 
 
#install.packages("survminer") 
#install.packages("dplyr") 
#install.packages("DHARMa") 
#install.packages("tidyverse") 
#install.packages("plotly") 
#install.packages("ggstatsplot") 
 
library(survival) 
library(survminer) 
library(dplyr) 
library(DHARMa) 

## Warning: Paket 'DHARMa' wurde unter R Version 4.2.3 erstellt 

library(tidyverse) 
library(plotly) 
library(ggstatsplot) 
library(lme4) 
citation("DHARMa") 

##  
## Um Paket 'DHARMa' in Publikationen zu zitieren, nutzen Sie bitte: 
##  
##   Hartig F (2022). _DHARMa: Residual Diagnostics for Hierarchical 
##   (Multi-Level / Mixed) Regression Models_. R package version 0.4.6, 
##   <https://CRAN.R-project.org/package=DHARMa>. 
##  
## Ein BibTeX-Eintrag für LaTeX-Benutzer ist 
##  
##   @Manual{, 
##     title = {DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) 
## Regression Models}, 
##     author = {Florian Hartig}, 
##     year = {2022}, 
##     note = {R package version 0.4.6}, 
##     url = {https://CRAN.R-project.org/package=DHARMa}, 
##   } 

#install.packages('Rcpp') 
library(Rcpp) 
library(multcomp) 
library(coxme) 
library(glmmTMB) 
library(car) 
library(ggpubr) 

Read the data and set treatment and colony to factors. Sort the treatment column. 

setwd("C:/Users/Frederic/Desktop/Phd/Manuskript_DEPtoxicity") 
 
acute<-read.csv2("data_acute_toxicity_soot.csv") 
 
acute<-na.omit(acute) 
acute$treatment<-as.factor(acute$treatment) 
acute$relative_fatbody<-as.numeric(acute$relative_fatbody) 
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acute2 <- acute %>%  
  dplyr::mutate(treatment = factor(treatment,  
                                   levels = c("control", "solvent control", 
                                              "carbon black","DEP 1g/l","DEP 2g/l",  
                                              "DEP 4g/l","DEP 8g/l","DEP 16g/l","Dimethoate
")))  
str(acute2) 

## 'data.frame':    452 obs. of  13 variables: 
##  $ ID                : int  2 3 4 5 6 7 8 9 11 12 ... 
##  $ treatment         : Factor w/ 9 levels "control","solvent control",..: 1 1 1 1 1 1 1 
1 1 1 ... 
##  $ colony            : int  23 23 23 23 23 23 24 24 24 24 ... 
##  $ fed..1..yes..0.no.: int  1 1 1 1 1 1 1 1 1 1 ... 
##  $ death             : int  0 0 0 0 0 0 0 0 0 0 ... 
##  $ survival_hour     : int  48 48 48 48 48 48 48 48 48 48 ... 
##  $ weight_before..mg.: chr  "51.55" "29.08" "36.72" "60.93" ... 
##  $ weight_after..mg. : chr  "50.1" "27.12" "34.37" "57.96" ... 
##  $ fatbody..mg.      : chr  "1.45" "1.96" "2.35" "2.97" ... 
##  $ preparation_date  : chr  "21.01.2022" "14.01.2022" "14.01.2022" "21.01.2022" ... 
##  $ radial_cell       : chr  "2.858" "2.572" "2.742" "3.091" ... 
##  $ relative_fatbody  : num  0.507 0.762 0.857 0.961 0.836 ... 
##  $ comment           : chr  "" "" "" "" ... 
##  - attr(*, "na.action")= 'omit' Named int [1:28] 1 10 16 30 35 37 91 112 143 150 ... 
##   ..- attr(*, "names")= chr [1:28] "1" "10" "16" "30" ... 

Survival analysis of acute exposure 

###Effect of treatment on survival, no random effect. 

surv_object <- Surv(time = acute2$survival_hour, event = acute2$death) 
head(surv_object) 

## [1] 48+ 48+ 48+ 48+ 48+ 48+ 

fit1 <- survfit(surv_object ~ treatment, data = acute2) 
 
ggsurvplot(fit1, data = acute2,  
           pval = TRUE, 
           fun = "pct", 
           risk.table = FALSE, 
           size = 1, 
           legend = "bottom", 
           legend.title = "treatment", 
           legend.labs = c("control", "solvent control","carbon black","DEP 1g/l", 
                           "DEP 2g/l", "DEP 4g/l","DEP 8g/l","DEP 16g/l","Dimethoate")) 
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Supplemental Figure 2: survival plot after acute exposure 

 

res.cox <- coxph(Surv(survival_hour, death) ~ treatment, data = acute2) 

## Warning in coxph.fit(X, Y, istrat, offset, init, control, weights = weights, : 
## Ran out of iterations and did not converge 

res.cox 

## Call: 
## coxph(formula = Surv(survival_hour, death) ~ treatment, data = acute2) 
##  
##                                coef  exp(coef)   se(coef)     z     p 
## treatmentsolvent control  2.835e+00  1.703e+01  9.649e+03 0.000 1.000 
## treatmentcarbon black    -4.465e-16  1.000e+00  3.973e+04 0.000 1.000 
## treatmentDEP 1g/l         2.963e+00  1.936e+01  9.314e+03 0.000 1.000 
## treatmentDEP 2g/l        -1.335e-15  1.000e+00  3.936e+04 0.000 1.000 
## treatmentDEP 4g/l         2.952e+00  1.914e+01  9.344e+03 0.000 1.000 
## treatmentDEP 8g/l        -6.686e-16  1.000e+00  4.048e+04 0.000 1.000 
## treatmentDEP 16g/l       -6.686e-16  1.000e+00  3.973e+04 0.000 1.000 
## treatmentDimethoate       2.696e+01  5.137e+11  5.211e+03 0.005 0.996 
##  
## Likelihood ratio test=100.6  on 8 df, p=< 2.2e-16 
## n= 452, number of events= 33 

anova(res.cox) 

## Analysis of Deviance Table 
##  Cox model: response is Surv(survival_hour, death) 
## Terms added sequentially (first to last) 
##  
##            loglik  Chisq Df Pr(>|Chi|)     
## NULL      -200.55                          
## treatment -150.24 100.63  8  < 2.2e-16 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
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pairwise_survdiff(Surv(survival_hour,death) ~ treatment, data=acute2, p.adjust.method = "BH
", rho = 0) 

## Warning in pchisq(chi, df, lower.tail = FALSE): NaNs wurden erzeugt 

## Warning in pchisq(chi, df, lower.tail = FALSE): NaNs wurden erzeugt 
 
## Warning in pchisq(chi, df, lower.tail = FALSE): NaNs wurden erzeugt 
 
## Warning in pchisq(chi, df, lower.tail = FALSE): NaNs wurden erzeugt 
 
## Warning in pchisq(chi, df, lower.tail = FALSE): NaNs wurden erzeugt 
 
## Warning in pchisq(chi, df, lower.tail = FALSE): NaNs wurden erzeugt 
 
## Warning in pchisq(chi, df, lower.tail = FALSE): NaNs wurden erzeugt 
 
## Warning in pchisq(chi, df, lower.tail = FALSE): NaNs wurden erzeugt 
 
## Warning in pchisq(chi, df, lower.tail = FALSE): NaNs wurden erzeugt 
 
## Warning in pchisq(chi, df, lower.tail = FALSE): NaNs wurden erzeugt 

##  
##  Pairwise comparisons using Log-Rank test  
##  
## data:  acute2 and treatment  
##  
##                 control solvent control carbon black DEP 1g/l DEP 2g/l DEP 4g/l 
## solvent control 0.53    -               -            -        -        -        
## carbon black    1.00    0.53            -            -        -        -        
## DEP 1g/l        0.53    1.00            0.53         -        -        -        
## DEP 2g/l        1.00    0.53            1.00         0.53     -        -        
## DEP 4g/l        0.53    1.00            0.53         1.00     0.53     -        
## DEP 8g/l        1.00    0.53            1.00         0.53     1.00     0.53     
## DEP 16g/l       1.00    0.53            1.00         0.53     1.00     0.53     
## Dimethoate      <2e-16  <2e-16          <2e-16       <2e-16   <2e-16   <2e-16   
##                 DEP 8g/l DEP 16g/l 
## solvent control -        -         
## carbon black    -        -         
## DEP 1g/l        -        -         
## DEP 2g/l        -        -         
## DEP 4g/l        -        -         
## DEP 8g/l        -        -         
## DEP 16g/l       1.00     -         
## Dimethoate      <2e-16   <2e-16    
##  
## P value adjustment method: BH 

Lowest survival in dimethoate (p < 0.001 compared to every other treatment). No 
differences among other treatments (p >= 0.52). 

Effect of treatment on relative fat body after acute exposure 

Only chose bumblebees that were alive until the end of the experiment. 

alive<-subset(acute2,death=="0") 
 
ggstatsplot::ggbetweenstats( 
  data = alive, 
  x = treatment, xlab = "", 
  y = relative_fatbody, 
  ylab = "relative fat body weight [mg/mm]", 
  plot.type = "box", 
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  mean.plotting = FALSE, 
  type = "p", 
  conf.level = 0.95, 
  ggplot.component =  list(theme(text = element_text(size = 10), 
                                 plot.subtitle = element_text(size = 10, face = "bold"))) 
  
) 

## Warning: Number of labels is greater than default palette color count.Select 
## another color `palette` (and/or `package`). 

 

Supplemental Figure 3: relative fat body of the bumblebees after acute exposure.  

Generalized Linear Model (GLM) for the fat body data after acute exposure 

my_glm <- glm(relative_fatbody ~ treatment, data = alive, family = "Gamma") 
par(mfrow=c(2,2)) 
plot(my_glm) 

## Warning: kein Plot der Beobachtungen mit Leverage 1: 
##   419 
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Supplemental Figure 4: plot of the residuals of the glm of the fat body data from the acute exposure experiment 

 

summary(my_glm) 

##  
## Call: 
## glm(formula = relative_fatbody ~ treatment, family = "Gamma",  
##     data = alive) 
##  
## Deviance Residuals:  
##      Min        1Q    Median        3Q       Max   
## -1.67241  -0.26928  -0.07358   0.15275   1.37210   
##  
## Coefficients: 
##                           Estimate Std. Error t value Pr(>|t|)     
## (Intercept)               1.347456   0.072158  18.674   <2e-16 *** 
## treatmentsolvent control -0.144251   0.095517  -1.510    0.132     
## treatmentcarbon black    -0.047034   0.098475  -0.478    0.633     
## treatmentDEP 1g/l         0.007378   0.102327   0.072    0.943     
## treatmentDEP 2g/l        -0.033812   0.098518  -0.343    0.732     
## treatmentDEP 4g/l         0.013145   0.102546   0.128    0.898     
## treatmentDEP 8g/l         0.018771   0.101754   0.184    0.854     
## treatmentDEP 16g/l        0.123647   0.104658   1.181    0.238     
## treatmentDimethoate       0.510713   0.707318   0.722    0.471     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## (Dispersion parameter for Gamma family taken to be 0.1433886) 
##  
##     Null deviance: 57.603  on 418  degrees of freedom 
## Residual deviance: 56.307  on 410  degrees of freedom 
## AIC: 76.838 
##  
## Number of Fisher Scoring iterations: 5 

sim_my_glm<-simulateResiduals(my_glm) 
plot(sim_my_glm) 
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Supplemental Figure 5: DHARMa plots of the residuals of the fat body data glm after acute exposure 

 

anova(my_glm,test="F")  

## Analysis of Deviance Table 
##  
## Model: Gamma, link: inverse 
##  
## Response: relative_fatbody 
##  
## Terms added sequentially (first to last) 
##  
##  
##           Df Deviance Resid. Df Resid. Dev      F Pr(>F) 
## NULL                        418     57.603               
## treatment  8   1.2961       410     56.307 1.1299 0.3418 

Good fit. No differences between treatments 

Survival analysis of chronic exposure 

chronic<- read.csv2("data_chronic_Bumblebee.csv") 

Set values below zero in consumption columns to NA, as negative consumption is not 
possible. Calculate mean consumption per day. 

str(chronic) 

## 'data.frame':    336 obs. of  14 variables: 
##  $ ID              : int  114 236 140 143 150 111 54 141 160 55 ... 
##  $ treatment       : chr  "DEP 0.5g/l" "DEP 2g/l" "DEP 0.5g/l" "DEP 0.5g/l" ... 
##  $ colony          : int  37 38 40 41 42 44 44 41 43 44 ... 
##  $ consumption1    : num  0.884 -0.196 0.407 0.935 0.574 0.992 0.958 0.691 0.778 0.67 ..
. 
##  $ consumption2    : num  0.775 0.398 1.156 0.749 0.45 ... 
##  $ consumption3    : num  0.45 0.276 0.585 0.665 0.223 0.912 0.567 NA -0.394 0.898 ... 
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##  $ consumption4    : num  0.452 0.232 1.302 0.485 0.259 ... 
##  $ consumption5    : num  0.381 0.195 0.764 0.886 0.197 ... 
##  $ survival        : int  10 10 10 10 10 10 10 6 10 10 ... 
##  $ death           : int  0 0 0 0 0 0 0 1 0 0 ... 
##  $ measurement..mm.: chr  "Fl\xfcgel zu verklebt " "Fl\xfcgel zu verklebt " "2.75" "3.09
7" ... 
##  $ fat.body..g.    : chr  "0.0012" "0.00143" "0.0201" "0.02027" ... 
##  $ fat.body..mg.   : chr  "1.2" "1.43" "20.1" "20.27" ... 
##  $ rel..Fat.body   : chr  "#WERT!" "#WERT!" "7.309090909" "6.545043591" ... 

chronic<-chronic %>% 
  mutate(max_dose = case_when( 
    endsWith(treatment, "control") ~ "0", 
    endsWith(treatment, "0.5g/l") ~ "1.1", 
    endsWith(treatment, "1g/l") ~ "2.2", 
    endsWith(treatment, "2g/l") ~ "4.4" 
    )) 
 
chronic$treatment<-as.factor(chronic$treatment) 
chronic$survival<- as.numeric(chronic$survival) 
chronic$death<- as.numeric(chronic$death) 
chronic$treatment <- factor(chronic$treatment, levels = c("control","solvent control", "DEP
 0.5g/l","DEP 1g/l", "DEP 2g/l","Dimethoate")) 
chronic$colony<-as.factor(chronic$colony) 
 
 
 
chronic$consumption_mean <- rowMeans(chronic[,4:8],na.rm = TRUE) 
chronic$consumption_mean <- chronic$consumption_mean/2 
chronic$max_dose<-as.numeric(chronic$max_dose) 
 
chronic$dose_ingested<- chronic$max_dose*chronic$consumption_mean 
str(chronic) 

## 'data.frame':    336 obs. of  17 variables: 
##  $ ID              : int  114 236 140 143 150 111 54 141 160 55 ... 
##  $ treatment       : Factor w/ 6 levels "control","solvent control",..: 3 5 3 3 3 2 1 3 
3 1 ... 
##  $ colony          : Factor w/ 8 levels "37","38","39",..: 1 2 4 5 6 8 8 5 7 8 ... 
##  $ consumption1    : num  0.884 -0.196 0.407 0.935 0.574 0.992 0.958 0.691 0.778 0.67 ..
. 
##  $ consumption2    : num  0.775 0.398 1.156 0.749 0.45 ... 
##  $ consumption3    : num  0.45 0.276 0.585 0.665 0.223 0.912 0.567 NA -0.394 0.898 ... 
##  $ consumption4    : num  0.452 0.232 1.302 0.485 0.259 ... 
##  $ consumption5    : num  0.381 0.195 0.764 0.886 0.197 ... 
##  $ survival        : num  10 10 10 10 10 10 10 6 10 10 ... 
##  $ death           : num  0 0 0 0 0 0 0 1 0 0 ... 
##  $ measurement..mm.: chr  "Fl\xfcgel zu verklebt " "Fl\xfcgel zu verklebt " "2.75" "3.09
7" ... 
##  $ fat.body..g.    : chr  "0.0012" "0.00143" "0.0201" "0.02027" ... 
##  $ fat.body..mg.   : chr  "1.2" "1.43" "20.1" "20.27" ... 
##  $ rel..Fat.body   : chr  "#WERT!" "#WERT!" "7.309090909" "6.545043591" ... 
##  $ max_dose        : num  1.1 4.4 1.1 1.1 1.1 0 0 1.1 1.1 0 ... 
##  $ consumption_mean: num  0.2942 0.0905 0.4214 0.372 0.1703 ... 
##  $ dose_ingested   : num  0.324 0.398 0.464 0.409 0.187 ... 

Effect of treatment on survival, no random effect. 

fit_chronic <- survfit(Surv(survival, death)~treatment, data = chronic) 
summary(fit_chronic) 

## Call: survfit(formula = Surv(survival, death) ~ treatment, data = chronic) 
##  
## 2 Beobachtungen als fehlend gelöscht  
##                 treatment=control  
##  time n.risk n.event survival std.err lower 95% CI upper 95% CI 
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##     4     55       1    0.982  0.0180        0.947            1 
##     8     54       1    0.964  0.0252        0.915            1 
##  
##                 treatment=solvent control  
##  time n.risk n.event survival std.err lower 95% CI upper 95% CI 
##     4     55       1    0.982  0.0180        0.947            1 
##     8     54       1    0.964  0.0252        0.915            1 
##     9     53       1    0.945  0.0306        0.887            1 
##  
##                 treatment=DEP 0.5g/l  
##  time n.risk n.event survival std.err lower 95% CI upper 95% CI 
##     6     56       1    0.982  0.0177        0.948            1 
##     7     55       1    0.964  0.0248        0.917            1 
##     8     54       1    0.946  0.0301        0.889            1 
##  
##                 treatment=DEP 1g/l  
##  time n.risk n.event survival std.err lower 95% CI upper 95% CI 
##     6     56       2    0.964  0.0248        0.917        1.000 
##     8     54       4    0.893  0.0413        0.815        0.978 
##     9     50       6    0.786  0.0548        0.685        0.901 
##    10     44       6    0.679  0.0624        0.567        0.813 
##  
##                 treatment=DEP 2g/l  
##  time n.risk n.event survival std.err lower 95% CI upper 95% CI 
##     2     56       1    0.982  0.0177        0.948        1.000 
##     4     55       1    0.964  0.0248        0.917        1.000 
##     5     54       2    0.929  0.0344        0.864        0.999 
##     6     52       2    0.893  0.0413        0.815        0.978 
##     7     50       1    0.875  0.0442        0.793        0.966 
##     8     49       9    0.714  0.0604        0.605        0.843 
##     9     40       5    0.625  0.0647        0.510        0.766 
##    10     35       6    0.518  0.0668        0.402        0.667 
##  
##                 treatment=Dimethoate  
##  time n.risk n.event survival std.err lower 95% CI upper 95% CI 
##     1     56       1   0.9821  0.0177       0.9481        1.000 
##     2     55      10   0.8036  0.0531       0.7060        0.915 
##     3     45      10   0.6250  0.0647       0.5102        0.766 
##     4     35      11   0.4286  0.0661       0.3167        0.580 
##     5     24      16   0.1429  0.0468       0.0752        0.271 
##     6      8       3   0.0893  0.0381       0.0387        0.206 
##     8      5       1   0.0714  0.0344       0.0278        0.184 
##     9      4       1   0.0536  0.0301       0.0178        0.161 
##    10      3       3   0.0000     NaN           NA           NA 

ggsurvplot(fit_chronic, data = chronic,  
           pval = TRUE, 
           fun = "pct", 
           risk.table = FALSE, 
           size = 1, 
           legend = "bottom", 
           legend.title = "treatment", 
           legend.labs = c("control","solvent control","DEP 0.5 g/l","DEP 1 g/l","DEP 2 g/l
","Dimethoate" )) 
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Supplemental Figure 6: Survival probability across the 10 day period for the bumblebees exposed to the control, solvent 
control,DEP concentrations 0.5, 1 and 2 g/l and dimethoate. The p-value indicates significant differences between the 
Kaplan-Meier curves of the different treatment. 

 

fit.model <- coxph(Surv(survival, death)~treatment, data = chronic) 
summary(fit.model) 

## Call: 
## coxph(formula = Surv(survival, death) ~ treatment, data = chronic) 
##  
##   n= 334, number of events= 109  
##    (2 Beobachtungen als fehlend gelöscht) 
##  
##                              coef exp(coef) se(coef)     z Pr(>|z|)     
## treatmentsolvent control   0.4124    1.5105   0.9129 0.452 0.651408     
## treatmentDEP 0.5g/l        0.3961    1.4860   0.9129 0.434 0.664389     
## treatmentDEP 1g/l          2.2818    9.7947   0.7455 3.061 0.002207 **  
## treatmentDEP 2g/l          2.8333   17.0013   0.7332 3.864 0.000111 *** 
## treatmentDimethoate        5.1320  169.3631   0.7287 7.043 1.89e-12 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
##                          exp(coef) exp(-coef) lower .95 upper .95 
## treatmentsolvent control     1.511   0.662032    0.2524     9.040 
## treatmentDEP 0.5g/l          1.486   0.672967    0.2483     8.893 
## treatmentDEP 1g/l            9.795   0.102096    2.2721    42.224 
## treatmentDEP 2g/l           17.001   0.058819    4.0400    71.546 
## treatmentDimethoate        169.363   0.005904   40.6012   706.478 
##  
## Concordance= 0.87  (se = 0.017 ) 
## Likelihood ratio test= 255.6  on 5 df,   p=<2e-16 
## Wald test            = 210.7  on 5 df,   p=<2e-16 
## Score (logrank) test = 467  on 5 df,   p=<2e-16 

ftest <- cox.zph(fit.model) 
ftest 
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##           chisq df     p 
## treatment    14  5 0.015 
## GLOBAL       14  5 0.015 

ggcoxzph(ftest) 

 

Supplemental Figure 7: schoenfeld model assumptions for the cox model 

ggforest(fit.model) 

## Warning in .get_data(model, data = data): The `data` argument is not provided. 
## Data will be extracted from model fit. 

 

Supplemental Figure 8: Forest plot of hazard ratio from multivariable Cox proportional hazard regression 
model on survival for DEP exposure in comparison with the control. Bars represent 95% confidence 
intervals.The p-values with asterisks indicate significantly elevated mortality risk compared to control 
organisms. 
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anova(fit.model) 

## Analysis of Deviance Table 
##  Cox model: response is Surv(survival, death) 
## Terms added sequentially (first to last) 
##  
##            loglik  Chisq Df Pr(>|Chi|)     
## NULL      -613.50                          
## treatment -485.68 255.63  5  < 2.2e-16 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

multi.fit <- glht(fit.model, linfct = mcp (treatment = "Tukey")) 
summary(multi.fit, test = adjusted("BH")) 

##  
##   Simultaneous Tests for General Linear Hypotheses 
##  
## Multiple Comparisons of Means: Tukey Contrasts 
##  
##  
## Fit: coxph(formula = Surv(survival, death) ~ treatment, data = chronic) 
##  
## Linear Hypotheses: 
##                                   Estimate Std. Error z value Pr(>|z|)     
## solvent control - control == 0     0.41244    0.91287   0.452 0.711846     
## DEP 0.5g/l - control == 0          0.39606    0.91287   0.434 0.711846     
## DEP 1g/l - control == 0            2.28184    0.74550   3.061 0.003679 **  
## DEP 2g/l - control == 0            2.83329    0.73320   3.864 0.000209 *** 
## Dimethoate - control == 0          5.13205    0.72871   7.043 5.66e-12 *** 
## DEP 0.5g/l - solvent control == 0 -0.01638    0.81650  -0.020 0.983993     
## DEP 1g/l - solvent control == 0    1.86940    0.62376   2.997 0.003718 **  
## DEP 2g/l - solvent control == 0    2.42085    0.60899   3.975 0.000151 *** 
## Dimethoate - solvent control == 0  4.71960    0.60349   7.820 2.00e-14 *** 
## DEP 1g/l - DEP 0.5g/l == 0         1.88578    0.62376   3.023 0.003718 **  
## DEP 2g/l - DEP 0.5g/l == 0         2.43723    0.60899   4.002 0.000151 *** 
## Dimethoate - DEP 0.5g/l == 0       4.73599    0.60342   7.849 2.00e-14 *** 
## DEP 2g/l - DEP 1g/l == 0           0.55145    0.30444   1.811 0.087606 .   
## Dimethoate - DEP 1g/l == 0         2.85021    0.29065   9.806  < 2e-16 *** 
## Dimethoate - DEP 2g/l == 0         2.29876    0.25386   9.055  < 2e-16 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
## (Adjusted p values reported -- BH method) 

Survival differed significantly between treatments (Cox proportional hazards with colony as a 
random effect: χ2=266.059, df=5, P<0.001).Lowest survival in dimethoate 4.286 ± 1.347 days 
(mean±s.d.). No differences between individuals exposed to control, solvent control and DEP 
0.5g/l. Bumblebees exposed to 1 and 2g/l DEP have lower survival than those exposed tp 
control, solvent control and DEP 0.5g/l. No significant difference between DEP 1g/l and DEP 
2g/l (p = 0.087). 

Effect of treatment with colony as random effect after chronic exposure 

fit_random <- coxme(Surv(survival,death) ~ treatment + (1|colony), data = chronic) 
summary(fit_random) 

## Cox mixed-effects model fit by maximum likelihood 
##   Data: chronic 
##   events, n = 109, 334 (2 Beobachtungen als fehlend gelöscht) 
##   Iterations= 16 132  
##                     NULL Integrated    Fitted 
## Log-likelihood -613.4959  -480.4662 -472.8352 
##  
##                    Chisq    df p    AIC    BIC 
## Integrated loglik 266.06  6.00 0 254.06 237.91 



79 
 

##  Penalized loglik 281.32 10.26 0 260.80 233.18 
##  
## Model:  Surv(survival, death) ~ treatment + (1 | colony)  
## Fixed coefficients 
##                               coef  exp(coef)  se(coef)    z       p 
## treatmentsolvent control 0.4241324   1.528264 0.9128880 0.46 6.4e-01 
## treatmentDEP 0.5g/l      0.4259052   1.530976 0.9129108 0.47 6.4e-01 
## treatmentDEP 1g/l        2.3206453  10.182243 0.7456824 3.11 1.9e-03 
## treatmentDEP 2g/l        2.9153744  18.455720 0.7336463 3.97 7.1e-05 
## treatmentDimethoate      5.5080147 246.660941 0.7387404 7.46 8.9e-14 
##  
## Random effects 
##  Group  Variable  Std Dev   Variance  
##  colony Intercept 0.4862948 0.2364826 

anova_fit<-anova(fit_random) 
anova_fit#to be able to put the anova fit in the text, you can give the fit a name and then
 refer to it in the text below. You could also directly call the fit in the text, but this 
make the text very long 

## Analysis of Deviance Table 
##  Cox model: response is Surv(survival, death) 
## Terms added sequentially (first to last) 
##  
##            loglik  Chisq Df Pr(>|Chi|)     
## NULL      -613.50                          
## treatment -480.47 266.06  5  < 2.2e-16 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

mult.fit_random <- glht(fit_random, linfct = mcp (treatment = "Tukey")) 
summary(mult.fit_random, test = adjusted ("BH")) 

##  
##   Simultaneous Tests for General Linear Hypotheses 
##  
## Multiple Comparisons of Means: Tukey Contrasts 
##  
##  
## Fit: coxme(formula = Surv(survival, death) ~ treatment + (1 | colony),  
##     data = chronic) 
##  
## Linear Hypotheses: 
##                                   Estimate Std. Error z value Pr(>|z|)     
## solvent control - control == 0    0.424132   0.912888   0.465 0.688087     
## DEP 0.5g/l - control == 0         0.425905   0.912911   0.467 0.688087     
## DEP 1g/l - control == 0           2.320645   0.745682   3.112 0.003096 **  
## DEP 2g/l - control == 0           2.915374   0.733646   3.974 0.000133 *** 
## Dimethoate - control == 0         5.508015   0.738740   7.456 2.68e-13 *** 
## DEP 0.5g/l - solvent control == 0 0.001773   0.816558   0.002 0.998268     
## DEP 1g/l - solvent control == 0   1.896513   0.623968   3.039 0.003257 **  
## DEP 2g/l - solvent control == 0   2.491242   0.609456   4.088 9.42e-05 *** 
## Dimethoate - solvent control == 0 5.083882   0.615409   8.261 8.33e-16 *** 
## DEP 1g/l - DEP 0.5g/l == 0        1.894740   0.623851   3.037 0.003257 **  
## DEP 2g/l - DEP 0.5g/l == 0        2.489469   0.609343   4.085 9.42e-05 *** 
## Dimethoate - DEP 0.5g/l == 0      5.082110   0.614204   8.274 8.33e-16 *** 
## DEP 2g/l - DEP 1g/l == 0          0.594729   0.305019   1.950 0.063999 .   
## Dimethoate - DEP 1g/l == 0        3.187369   0.311940  10.218  < 2e-16 *** 
## Dimethoate - DEP 2g/l == 0        2.592640   0.274750   9.436  < 2e-16 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
## (Adjusted p values reported -- BH method) 

chronic_means<-chronic %>% group_by(treatment, colony) %>% summarise(colony_mean=mean(survival,na
.rm=T)) %>% group_by(treatment) %>% summarise(surv_mean=mean(colony_mean, na.rm=T),surv_sd=sd(col
ony_mean, na.rm=T))#make means of means using the pipe from dplyr which is also implemented in ti
dyverse 
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## `summarise()` has grouped output by 'treatment'. You can override using the 
## `.groups` argument. 

Survival differed significantly between treatments (Cox proportional hazards with colony as a 
random effect: 𝜒2=266.059, df=5, P<0.001). 

Lowest survival in dimethoate 4.286 ± 1.347 days (mean±s.d.). No differences between 
control, solvent control and soot 0.5. Soot 1 and soot 2 have lower survival than control, 
solvent control and soot 0.5. No significant difference between soot 1 and soot 2 

Effect of treatment on relative fat body weight after chronic exposure 

Removed dead bumblebees and outliers (below zero or heavier than mean + 3*s.d.) prior to 
analysis as suggested by Aguinis et al. (2013). 

str(chronic) 

## 'data.frame':    336 obs. of  17 variables: 
##  $ ID              : int  114 236 140 143 150 111 54 141 160 55 ... 
##  $ treatment       : Factor w/ 6 levels "control","solvent control",..: 3 5 3 3 3 2 1 3 
3 1 ... 
##  $ colony          : Factor w/ 8 levels "37","38","39",..: 1 2 4 5 6 8 8 5 7 8 ... 
##  $ consumption1    : num  0.884 -0.196 0.407 0.935 0.574 0.992 0.958 0.691 0.778 0.67 ..
. 
##  $ consumption2    : num  0.775 0.398 1.156 0.749 0.45 ... 
##  $ consumption3    : num  0.45 0.276 0.585 0.665 0.223 0.912 0.567 NA -0.394 0.898 ... 
##  $ consumption4    : num  0.452 0.232 1.302 0.485 0.259 ... 
##  $ consumption5    : num  0.381 0.195 0.764 0.886 0.197 ... 
##  $ survival        : num  10 10 10 10 10 10 10 6 10 10 ... 
##  $ death           : num  0 0 0 0 0 0 0 1 0 0 ... 
##  $ measurement..mm.: chr  "Fl\xfcgel zu verklebt " "Fl\xfcgel zu verklebt " "2.75" "3.09
7" ... 
##  $ fat.body..g.    : chr  "0.0012" "0.00143" "0.0201" "0.02027" ... 
##  $ fat.body..mg.   : chr  "1.2" "1.43" "20.1" "20.27" ... 
##  $ rel..Fat.body   : chr  "#WERT!" "#WERT!" "7.309090909" "6.545043591" ... 
##  $ max_dose        : num  1.1 4.4 1.1 1.1 1.1 0 0 1.1 1.1 0 ... 
##  $ consumption_mean: num  0.2942 0.0905 0.4214 0.372 0.1703 ... 
##  $ dose_ingested   : num  0.324 0.398 0.464 0.409 0.187 ... 

chronic$measurement..mm.<-as.numeric(chronic$measurement..mm.) 

## Warning: NAs durch Umwandlung erzeugt 

chronic$ fat.body..g.<-as.numeric(chronic$ fat.body..g.) 
chronic$ fat.body..mg. <-as.numeric(chronic$ fat.body..mg.) 
chronic$ rel..Fat.body   <-as.numeric(chronic$ rel..Fat.body) 

## Warning: NAs durch Umwandlung erzeugt 

chronic_alive <- subset(chronic,chronic$death =="0") 
upper_limit <-mean(chronic_alive$rel..Fat.body , na.rm=T)+3*sd(chronic_alive$rel..Fat.body 
, na.rm=T) 
lower_limit <-0 
chronic_no_outliers <-subset(chronic_alive,chronic_alive$rel..Fat.body  > 0 & chronic_alive
$rel..Fat.body  < upper_limit) 
 
str(chronic_alive) 

## 'data.frame':    225 obs. of  17 variables: 
##  $ ID              : int  114 236 140 143 150 111 54 160 55 147 ... 
##  $ treatment       : Factor w/ 6 levels "control","solvent control",..: 3 5 3 3 3 2 1 3 
1 3 ... 
##  $ colony          : Factor w/ 8 levels "37","38","39",..: 1 2 4 5 6 8 8 7 8 5 ... 
##  $ consumption1    : num  0.884 -0.196 0.407 0.935 0.574 0.992 0.958 0.778 0.67 0.925 ..



81 
 

. 
##  $ consumption2    : num  0.775 0.398 1.156 0.749 0.45 ... 
##  $ consumption3    : num  0.45 0.276 0.585 0.665 0.223 0.912 0.567 -0.394 0.898 0.552 ..
. 
##  $ consumption4    : num  0.452 0.232 1.302 0.485 0.259 ... 
##  $ consumption5    : num  0.381 0.195 0.764 0.886 0.197 ... 
##  $ survival        : num  10 10 10 10 10 10 10 10 10 10 ... 
##  $ death           : num  0 0 0 0 0 0 0 0 0 0 ... 
##  $ measurement..mm.: num  NA NA 2.75 3.1 2.91 ... 
##  $ fat.body..g.    : num  0.0012 0.00143 0.0201 0.02027 0.01643 ... 
##  $ fat.body..mg.   : num  1.2 1.43 20.1 20.27 16.43 ... 
##  $ rel..Fat.body   : num  NA NA 7.31 6.55 5.64 ... 
##  $ max_dose        : num  1.1 4.4 1.1 1.1 1.1 0 0 1.1 0 1.1 ... 
##  $ consumption_mean: num  0.2942 0.0905 0.4214 0.372 0.1703 ... 
##  $ dose_ingested   : num  0.324 0.398 0.464 0.409 0.187 ... 

chronic_no_neg<-subset(chronic_alive,chronic_alive$rel..Fat.body  > 0) 
 
str(chronic_no_outliers) 

## 'data.frame':    217 obs. of  17 variables: 
##  $ ID              : int  54 160 55 147 7 205 221 79 103 5 ... 
##  $ treatment       : Factor w/ 6 levels "control","solvent control",..: 1 3 1 3 1 4 4 2 
2 1 ... 
##  $ colony          : Factor w/ 8 levels "37","38","39",..: 8 7 8 5 1 6 8 4 7 1 ... 
##  $ consumption1    : num  0.958 0.778 0.67 0.925 0.807 ... 
##  $ consumption2    : num  1.11 0.587 0.911 1.014 0.729 ... 
##  $ consumption3    : num  0.567 -0.394 0.898 0.552 1.307 ... 
##  $ consumption4    : num  0.827 0.66 0.75 0.426 0.887 ... 
##  $ consumption5    : num  0.558 1.072 0.684 0.455 0.648 ... 
##  $ survival        : num  10 10 10 10 10 10 10 10 10 10 ... 
##  $ death           : num  0 0 0 0 0 0 0 0 0 0 ... 
##  $ measurement..mm.: num  3.03 2.88 2.99 3.02 2.98 ... 
##  $ fat.body..g.    : num  0.00873 0.00705 0.00715 0.00606 0.00478 0.00527 0.00505 0.0047
 0.00352 0.00466 ... 
##  $ fat.body..mg.   : num  8.73 7.05 7.15 6.06 4.78 5.27 5.05 4.7 3.52 4.66 ... 
##  $ rel..Fat.body   : num  2.88 2.45 2.39 2.01 1.6 ... 
##  $ max_dose        : num  0 1.1 0 1.1 0 2.2 2.2 0 0 0 ... 
##  $ consumption_mean: num  0.402 0.27 0.391 0.337 0.438 ... 
##  $ dose_ingested   : num  0 0.297 0 0.371 0 ... 

chronic_nocontrol<- subset(chronic_no_outliers,chronic_no_outliers$max_dose>0) 
str(chronic_nocontrol) 

## 'data.frame':    114 obs. of  17 variables: 
##  $ ID              : int  160 147 205 221 204 222 210 224 220 208 ... 
##  $ treatment       : Factor w/ 6 levels "control","solvent control",..: 3 3 4 4 4 4 4 4 
4 4 ... 
##  $ colony          : Factor w/ 8 levels "37","38","39",..: 7 5 6 8 6 8 6 8 8 6 ... 
##  $ consumption1    : num  0.778 0.925 0.897 0.861 0.458 ... 
##  $ consumption2    : num  0.587 1.014 0.949 0.748 0.762 ... 
##  $ consumption3    : num  -0.394 0.552 1.029 0.578 0.384 ... 
##  $ consumption4    : num  0.66 0.426 0.539 0.412 0.574 0.77 0.53 0.215 0.392 0.191 ... 
##  $ consumption5    : num  1.072 0.455 0.421 0.411 0.768 ... 
##  $ survival        : num  10 10 10 10 10 10 10 10 10 10 ... 
##  $ death           : num  0 0 0 0 0 0 0 0 0 0 ... 
##  $ measurement..mm.: num  2.88 3.02 3.32 3.19 3.46 ... 
##  $ fat.body..g.    : num  0.00705 0.00606 0.00527 0.00505 0.00496 0.0048 0.00396 0.00366
 0.00404 0.00369 ... 
##  $ fat.body..mg.   : num  7.05 6.06 5.27 5.05 4.96 4.8 3.96 3.66 4.04 3.69 ... 
##  $ rel..Fat.body   : num  2.45 2.01 1.59 1.58 1.43 ... 
##  $ max_dose        : num  1.1 1.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 ... 
##  $ consumption_mean: num  0.27 0.337 0.384 0.301 0.295 ... 
##  $ dose_ingested   : num  0.297 0.371 0.844 0.662 0.648 ... 

str(chronic_no_outliers) 
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## 'data.frame':    217 obs. of  17 variables: 
##  $ ID              : int  54 160 55 147 7 205 221 79 103 5 ... 
##  $ treatment       : Factor w/ 6 levels "control","solvent control",..: 1 3 1 3 1 4 4 2 
2 1 ... 
##  $ colony          : Factor w/ 8 levels "37","38","39",..: 8 7 8 5 1 6 8 4 7 1 ... 
##  $ consumption1    : num  0.958 0.778 0.67 0.925 0.807 ... 
##  $ consumption2    : num  1.11 0.587 0.911 1.014 0.729 ... 
##  $ consumption3    : num  0.567 -0.394 0.898 0.552 1.307 ... 
##  $ consumption4    : num  0.827 0.66 0.75 0.426 0.887 ... 
##  $ consumption5    : num  0.558 1.072 0.684 0.455 0.648 ... 
##  $ survival        : num  10 10 10 10 10 10 10 10 10 10 ... 
##  $ death           : num  0 0 0 0 0 0 0 0 0 0 ... 
##  $ measurement..mm.: num  3.03 2.88 2.99 3.02 2.98 ... 
##  $ fat.body..g.    : num  0.00873 0.00705 0.00715 0.00606 0.00478 0.00527 0.00505 0.0047
 0.00352 0.00466 ... 
##  $ fat.body..mg.   : num  8.73 7.05 7.15 6.06 4.78 5.27 5.05 4.7 3.52 4.66 ... 
##  $ rel..Fat.body   : num  2.88 2.45 2.39 2.01 1.6 ... 
##  $ max_dose        : num  0 1.1 0 1.1 0 2.2 2.2 0 0 0 ... 
##  $ consumption_mean: num  0.402 0.27 0.391 0.337 0.438 ... 
##  $ dose_ingested   : num  0 0.297 0 0.371 0 ... 

ggstatsplot::ggbetweenstats( 
  data = chronic_no_outliers, 
  x = treatment, xlab = "", 
  y = rel..Fat.body, 
  ylab = "relative fat body weight [mg/mm]", 
  plot.type = "violin", 
  pairwise.comparisons = FALSE, 
  breaks = seq(0, 1.25, 0.25), 
  type = "p", 
  centrality.label.args = list(size = 4, nudge_x = 0.4, segment.linetype = 4, 
                               min.segment.length = 0), 
  conf.level = 0.95, 
  ggplot.component =  list(theme(text = element_text(size = 16), 
                                 plot.subtitle = element_text(size = 20, face = "bold"), 
                                 axis.text  = element_text(color = "black",size = 14))) 
) 
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Supplemental Figure 9: Effect of DEP exposure on the relative fat body weight (corrected for body size) of the living 
bumblebees after 10-day exposure. Number of replicates per treatment are represented by n. The values in the boxes 
represent the mean relative fat body of the treatment. Relative fat body values represent the fat body weight of the 
individual bumble in mg divided by the length of the radial cell in mm. Letters indicate significance between treatments. 

Table with Tukey tests is provided on page 23 with highlighted significant results. 

### Generalized Liner Mixed Model (GLMM) Family = “Gamma”, as DHARMa reported 
problems with “gaussian”. 

my_glmm <- glmmTMB(rel..Fat.body ~treatment + (1|colony), data = chronic_no_outliers, famil
y="Gamma") 
summary(my_glmm) 

##  Family: Gamma  ( inverse ) 
## Formula:          rel..Fat.body ~ treatment + (1 | colony) 
## Data: chronic_no_outliers 
##  
##      AIC      BIC   logLik deviance df.resid  
##    133.3    157.0    -59.7    119.3      210  
##  
## Random effects: 
##  
## Conditional model: 
##  Groups Name        Variance Std.Dev. 
##  colony (Intercept) 0.1098   0.3313   
## Number of obs: 217, groups:  colony, 8 
##  
## Dispersion estimate for Gamma family (sigma^2): 0.484  
##  
## Conditional model: 
##                          Estimate Std. Error z value Pr(>|z|)     
## (Intercept)               1.61087    0.19078   8.444  < 2e-16 *** 
## treatmentsolvent control  0.53107    0.25239   2.104  0.03536 *   
## treatmentDEP 0.5g/l       0.85985    0.28215   3.047  0.00231 **  
## treatmentDEP 1g/l        -0.05744    0.21635  -0.265  0.79064     
## treatmentDEP 2g/l         0.05589    0.25322   0.221  0.82531     
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## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

sim_my_glmm<-simulateResiduals(my_glmm) 
plot(sim_my_glmm) 

 

Supplemental Figure 10: DHARMa plots of the residuals of the fat body data glm after chronic exposure 

 

Anova(my_glmm, Test="F")  

## Analysis of Deviance Table (Type II Wald chisquare tests) 
##  
## Response: rel..Fat.body 
##            Chisq Df Pr(>Chisq)    
## treatment 14.815  4   0.005101 ** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

mult.fatbody_random <- glht(my_glmm, linfct = mcp(treatment = "Tukey")) 
summary(mult.fatbody_random,test=adjusted("BH")) 

##  
##   Simultaneous Tests for General Linear Hypotheses 
##  
## Multiple Comparisons of Means: Tukey Contrasts 
##  
##  
## Fit: glmmTMB(formula = rel..Fat.body ~ treatment + (1 | colony), data = chronic_no_outli
ers,  
##     family = "Gamma", ziformula = ~0, dispformula = ~1) 
##  
## Linear Hypotheses: 
##                                   Estimate Std. Error z value Pr(>|z|)   
## solvent control - control == 0     0.53107    0.25239   2.104   0.0707 . 
## DEP 0.5g/l - control == 0          0.85985    0.28215   3.047   0.0115 * 
## DEP 1g/l - control == 0           -0.05744    0.21635  -0.265   0.8253   
## DEP 2g/l - control == 0            0.05589    0.25322   0.221   0.8253   
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## DEP 0.5g/l - solvent control == 0  0.32878    0.31641   1.039   0.4268   
## DEP 1g/l - solvent control == 0   -0.58851    0.26160  -2.250   0.0612 . 
## DEP 2g/l - solvent control == 0   -0.47518    0.29148  -1.630   0.1718   
## DEP 1g/l - DEP 0.5g/l == 0        -0.91728    0.28953  -3.168   0.0115 * 
## DEP 2g/l - DEP 0.5g/l == 0        -0.80396    0.31776  -2.530   0.0380 * 
## DEP 2g/l - DEP 1g/l == 0           0.11333    0.25999   0.436   0.8253   
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
## (Adjusted p values reported -- BH method) 

No variance homogeneity (Levene Test < 0.05). Soot 0.5 with lower relative fat body weight 
than the other treatments (p < 0.05). 1 and 2 g/l DEP with lower relative fat body weight 
than the solvent control. Dimethoate not included in analysis as all animals died before the 
end of the experiment. 

Effect of treatment on sugar water consumption after chronic exposure 

## 'data.frame':    336 obs. of  17 variables: 
##  $ ID              : int  114 236 140 143 150 111 54 141 160 55 ... 
##  $ treatment       : Factor w/ 6 levels "control","solvent control",..: 3 5 3 3 3 2 1 3 
3 1 ... 
##  $ colony          : Factor w/ 8 levels "37","38","39",..: 1 2 4 5 6 8 8 5 7 8 ... 
##  $ consumption1    : num  0.884 -0.196 0.407 0.935 0.574 0.992 0.958 0.691 0.778 0.67 ..
. 
##  $ consumption2    : num  0.775 0.398 1.156 0.749 0.45 ... 
##  $ consumption3    : num  0.45 0.276 0.585 0.665 0.223 0.912 0.567 NA -0.394 0.898 ... 
##  $ consumption4    : num  0.452 0.232 1.302 0.485 0.259 ... 
##  $ consumption5    : num  0.381 0.195 0.764 0.886 0.197 ... 
##  $ survival        : num  10 10 10 10 10 10 10 6 10 10 ... 
##  $ death           : num  0 0 0 0 0 0 0 1 0 0 ... 
##  $ measurement..mm.: num  NA NA 2.75 3.1 2.91 ... 
##  $ fat.body..g.    : num  0.0012 0.00143 0.0201 0.02027 0.01643 ... 
##  $ fat.body..mg.   : num  1.2 1.43 20.1 20.27 16.43 ... 
##  $ rel..Fat.body   : num  NA NA 7.31 6.55 5.64 ... 
##  $ max_dose        : num  1.1 4.4 1.1 1.1 1.1 0 0 1.1 1.1 0 ... 
##  $ consumption_mean: num  0.2942 0.0905 0.4214 0.372 0.1703 ... 
##  $ dose_ingested   : num  0.324 0.398 0.464 0.409 0.187 ... 
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Supplemental Figure 11: Effect of 0.5, 1 and 2 g/l DEP exposure in the diet on the daily sugar water consumption of the 
bumblebees after the 10- day period. Number of replicates per treatment are represented by n. The values in the boxes 
represent the mean relative fat body weight of the treatment. Letters indicate significance between treatments. 

 

## `geom_smooth()` using formula = 'y ~ x' 
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Supplemental Figure 12: Effect of the dose of DEP on the food consumption per bumblebee per day. The graph shows a 
significant negative correlation between the two variables. The black point with whiskers represents the mean with 
standard error for every dose respectively.  

 

Generalized Liner Mixed Model (GLMM) for differences in consumption after chronic 

exposure to DEP 
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my_glmm_con <- glmmTMB(consumption_mean ~treatment + (1|colony), data = chronic, family="Ga
mma") 
summary(my_glmm_con) 

##  Family: Gamma  ( inverse ) 
## Formula:          consumption_mean ~ treatment + (1 | colony) 
## Data: chronic 
##  
##      AIC      BIC   logLik deviance df.resid  
##   -589.1   -558.9    302.6   -605.1      314  
##  
## Random effects: 
##  
## Conditional model: 
##  Groups Name        Variance Std.Dev. 
##  colony (Intercept) 0.1714   0.414    
## Number of obs: 322, groups:  colony, 8 
##  
## Dispersion estimate for Gamma family (sigma^2): 0.103  
##  
## Conditional model: 
##                           Estimate Std. Error z value Pr(>|z|)     
## (Intercept)               3.334505   0.204115  16.336  < 2e-16 *** 
## treatmentsolvent control -0.764551   0.178007  -4.295 1.75e-05 *** 
## treatmentDEP 0.5g/l       0.002616   0.199231   0.013     0.99     
## treatmentDEP 1g/l         0.958972   0.230520   4.160 3.18e-05 *** 
## treatmentDEP 2g/l         2.002963   0.269967   7.419 1.18e-13 *** 
## treatmentDimethoate      -1.268922   0.171770  -7.387 1.50e-13 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

sim_my_glmm_con<-simulateResiduals(my_glmm_con) 

plot(sim_my_glmm_con) 

 

Supplemental Figure 23: DHARMa plots of the residuals of the consumption data glmm after chronic exposure 

Anova(my_glmm_con, Test="F")  
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## Analysis of Deviance Table (Type II Wald chisquare tests) 
##  
## Response: consumption_mean 
##           Chisq Df Pr(>Chisq)     
## treatment 273.1  5  < 2.2e-16 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

mult.consumption_random <- glht(my_glmm_con, linfct = mcp(treatment = "Tukey")) 
summary(mult.consumption_random,test=adjusted("holm")) 

##  
##   Simultaneous Tests for General Linear Hypotheses 
##  
## Multiple Comparisons of Means: Tukey Contrasts 
##  
##  
## Fit: glmmTMB(formula = consumption_mean ~ treatment + (1 | colony),  
##     data = chronic, family = "Gamma", ziformula = ~0, dispformula = ~1) 
##  
## Linear Hypotheses: 
##                                    Estimate Std. Error z value Pr(>|z|)     
## solvent control - control == 0    -0.764551   0.178007  -4.295 0.000105 *** 
## DEP 0.5g/l - control == 0          0.002616   0.199231   0.013 0.989523     

 
## DEP 1g/l - control == 0            0.958972   0.230520   4.160 0.000154 *** 
## DEP 2g/l - control == 0            2.002963   0.269967   7.419 1.06e-12 *** 
## Dimethoate - control == 0         -1.268922   0.171770  -7.387 1.20e-12 *** 
## DEP 0.5g/l - solvent control == 0  0.767167   0.176600   4.344 9.79e-05 *** 
## DEP 1g/l - solvent control == 0    1.723523   0.211328   8.156 5.33e-15 *** 
## DEP 2g/l - solvent control == 0    2.767514   0.253840  10.903  < 2e-16 *** 
## Dimethoate - solvent control == 0 -0.504371   0.144845  -3.482 0.001098 **  
## DEP 1g/l - DEP 0.5g/l == 0         0.956356   0.229463   4.168 0.000154 *** 
## DEP 2g/l - DEP 0.5g/l == 0         2.000347   0.269108   7.433 1.06e-12 *** 
## Dimethoate - DEP 0.5g/l == 0      -1.271538   0.170134  -7.474 8.57e-13 *** 
## DEP 2g/l - DEP 1g/l == 0           1.043991   0.292976   3.563 0.001098 **  
## Dimethoate - DEP 1g/l == 0        -2.227894   0.205959 -10.817  < 2e-16 *** 
## Dimethoate - DEP 2g/l == 0        -3.271885   0.249490 -13.114  < 2e-16 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
## (Adjusted p values reported -- holm method) 

chronic_corcon<- chronic_no_outliers[chronic_no_outliers$treatment%in% c("solvent control",
"DEP 0.5g/l","DEP 1g/l","DEP 2g/l"),] 
 
chronic_corcon$treatment<-ordered(chronic_corcon$treatment, levels= c("solvent control","DE
P 0.5g/l","DEP 1g/l","DEP 2g/l")) 
 
chronic_no_outliers$treatment<-ordered(chronic_no_outliers$treatment, levels= c("control","
solvent control","DEP 0.5g/l","DEP 1g/l","DEP 2g/l")) 
 
levels(chronic_corcon$treatment) <- c("0", "0.5", "1","2") 
 
levels(chronic_no_outliers$treatment) <- c("0","0", "0.5", "1","2") 
 
chronic_corcon$treatment<-as.numeric(as.character(chronic_corcon$treatment)) 
 
chronic_no_outliers$treatment<-as.numeric(as.character(chronic_no_outliers$treatment)) 
 
str(chronic_corcon) 

## 'data.frame':    165 obs. of  17 variables: 
##  $ ID              : int  160 147 205 221 79 103 204 222 210 224 ... 
##  $ treatment       : num  0.5 0.5 1 1 0 0 1 1 1 1 ... 
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##  $ colony          : Factor w/ 8 levels "37","38","39",..: 7 5 6 8 4 7 6 8 6 8 ... 
##  $ consumption1    : num  0.778 0.925 0.897 0.861 0.873 ... 
##  $ consumption2    : num  0.587 1.014 0.949 0.748 1.181 ... 
##  $ consumption3    : num  -0.394 0.552 1.029 0.578 0.921 ... 
##  $ consumption4    : num  0.66 0.426 0.539 0.412 1.154 ... 
##  $ consumption5    : num  1.072 0.455 0.421 0.411 0.932 ... 
##  $ survival        : num  10 10 10 10 10 10 10 10 10 10 ... 
##  $ death           : num  0 0 0 0 0 0 0 0 0 0 ... 
##  $ measurement..mm.: num  2.88 3.02 3.32 3.19 2.98 ... 
##  $ fat.body..g.    : num  0.00705 0.00606 0.00527 0.00505 0.0047 0.00352 0.00496 0.0048 
0.00396 0.00366 ... 
##  $ fat.body..mg.   : num  7.05 6.06 5.27 5.05 4.7 3.52 4.96 4.8 3.96 3.66 ... 
##  $ rel..Fat.body   : num  2.45 2.01 1.59 1.58 1.58 ... 
##  $ max_dose        : num  1.1 1.1 2.2 2.2 0 0 2.2 2.2 2.2 2.2 ... 
##  $ consumption_mean: num  0.27 0.337 0.384 0.301 0.506 ... 
##  $ dose_ingested   : num  0.297 0.371 0.844 0.662 0 ... 

str(chronic_no_outliers) 

## 'data.frame':    217 obs. of  17 variables: 
##  $ ID              : int  54 160 55 147 7 205 221 79 103 5 ... 
##  $ treatment       : num  0 0.5 0 0.5 0 1 1 0 0 0 ... 
##  $ colony          : Factor w/ 8 levels "37","38","39",..: 8 7 8 5 1 6 8 4 7 1 ... 
##  $ consumption1    : num  0.958 0.778 0.67 0.925 0.807 ... 
##  $ consumption2    : num  1.11 0.587 0.911 1.014 0.729 ... 
##  $ consumption3    : num  0.567 -0.394 0.898 0.552 1.307 ... 
##  $ consumption4    : num  0.827 0.66 0.75 0.426 0.887 ... 
##  $ consumption5    : num  0.558 1.072 0.684 0.455 0.648 ... 
##  $ survival        : num  10 10 10 10 10 10 10 10 10 10 ... 
##  $ death           : num  0 0 0 0 0 0 0 0 0 0 ... 
##  $ measurement..mm.: num  3.03 2.88 2.99 3.02 2.98 ... 
##  $ fat.body..g.    : num  0.00873 0.00705 0.00715 0.00606 0.00478 0.00527 0.00505 0.0047
 0.00352 0.00466 ... 
##  $ fat.body..mg.   : num  8.73 7.05 7.15 6.06 4.78 5.27 5.05 4.7 3.52 4.66 ... 
##  $ rel..Fat.body   : num  2.88 2.45 2.39 2.01 1.6 ... 
##  $ max_dose        : num  0 1.1 0 1.1 0 2.2 2.2 0 0 0 ... 
##  $ consumption_mean: num  0.402 0.27 0.391 0.337 0.438 ... 
##  $ dose_ingested   : num  0 0.297 0 0.371 0 ... 

corcon <- cor.test(chronic_corcon$treatment, chronic_corcon$consumption_mean,  
                    method = "pearson") 
corcon 

##  
##  Pearson's product-moment correlation 
##  
## data:  chronic_corcon$treatment and chronic_corcon$consumption_mean 
## t = -10.172, df = 163, p-value < 2.2e-16 
## alternative hypothesis: true correlation is not equal to 0 
## 95 percent confidence interval: 
##  -0.7084793 -0.5198582 
## sample estimates: 
##        cor  
## -0.6231478 

corcon1<- cor.test(chronic_no_outliers$treatment, chronic_no_outliers$consumption_mean,  
                    method = "pearson") 
 
corcon1 

##  
##  Pearson's product-moment correlation 
##  
## data:  chronic_no_outliers$treatment and chronic_no_outliers$consumption_mean 
## t = -9.3492, df = 215, p-value < 2.2e-16 
## alternative hypothesis: true correlation is not equal to 0 
## 95 percent confidence interval: 
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##  -0.6259859 -0.4356323 
## sample estimates: 
##        cor  
## -0.5376241 

ggline(chronic_no_outliers, x = "treatment", y = "consumption_mean", 
       add = c("mean_se", "jitter", "violin"), 
       xlab = "Dose [g/l DEP]", ylab = "mean food consumption per bee [g/day]",conf.int = T
RUE,  
          cor.coef = TRUE, cor.method = "pearson") 

 

Supplemental Figure 14: Effect of the dose of DEP on the food consumption per bumblebee per day. The graph shows a 
significant negative correlation between the two variables. The black point with whiskers represents the mean with 
standard error for every dose respectively. For the dose 0 g/l we pooled the food consumption values from the control and 
solvent control individuals. 

 

Good model fit according to DHARMa. Consumption rates: dimethoate > solvent control > 
control = soot 0.5 > soot 1 > soot 2 

Colony effects 

Survival 

fit_col <- survfit(Surv(survival,death) ~ colony, data = chronic) 
ggsurvplot(fit_col, data = chronic, pval = TRUE) 
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Supplemental Figure 15: Survival probability across the 10 day period for the used bumblebee colonies. The p-value 
indicates significant differences between the Kaplan-Meier curves of the different treatment. 

 

fit_colcox <- coxph( Surv(survival,death) ~ colony, data = chronic) 
ggforest(fit_colcox) 

## Warning in .get_data(model, data = data): The `data` argument is not provided. 
## Data will be extracted from model fit. 
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Supplemental Figure 16: Forest plot of hazard ratio from multivariable Cox proportional hazard 
regression model on survival of the used colonies. Bars represent 95% confidence intervals.The p-
values with asterisks indicate significantly elevated mortality risk compared to control organisms. 

 

anova(fit_colcox) 

## Analysis of Deviance Table 
##  Cox model: response is Surv(survival, death) 
## Terms added sequentially (first to last) 
##  
##         loglik  Chisq Df Pr(>|Chi|) 
## NULL   -613.50                      
## colony -610.04 6.9137  7     0.4379 

No effect of colony on survival. 

Sugar water consumption 

 

Supplemental Figure 17: Effect of colony on the daily sugar water consumption of the bumblebees after the 10- day period. 
Number of replicates per treatment are represented by n. The values in the boxes represent the mean relative fat body 
weight of the treatment. Letters indicate significance between treatments. 

 

my_glm <- glm(consumption_mean ~ colony, data= chronic, family="Gamma") 
par(mfrow=c(2,2)) 
plot(my_glm) 
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Supplemental Figure 18: plot of the residuals of the glm of the colony data from the chronic exposure experiment 

 

summary(my_glm) 

##  
## Call: 
## glm(formula = consumption_mean ~ colony, family = "Gamma", data = chronic) 
##  
## Deviance Residuals:  
##      Min        1Q    Median        3Q       Max   
## -1.08733  -0.36981  -0.08418   0.23746   1.56541   
##  
## Coefficients: 
##             Estimate Std. Error t value Pr(>|t|)     
## (Intercept)   3.9287     0.2816  13.950  < 2e-16 *** 
## colony38     -0.5142     0.3751  -1.371  0.17141     
## colony39     -0.8317     0.3638  -2.286  0.02293 *   
## colony40     -0.1008     0.3932  -0.256  0.79780     
## colony41     -0.9078     0.3641  -2.494  0.01316 *   
## colony42     -0.9521     0.3549  -2.683  0.00768 **  
## colony43     -0.7606     0.3618  -2.102  0.03631 *   
## colony44     -1.5042     0.3357  -4.481 1.04e-05 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## (Dispersion parameter for Gamma family taken to be 0.2158108) 
##  
##     Null deviance: 70.323  on 321  degrees of freedom 
## Residual deviance: 63.632  on 314  degrees of freedom 
##   (14 Beobachtungen als fehlend gelöscht) 
## AIC: -395.34 
##  
## Number of Fisher Scoring iterations: 5 

sim_my_glm<-simulateResiduals(my_glm) 
plot(sim_my_glm) 



95 
 

 

Supplemental Figure 19: DHARMa plots of the residuals of the colony data glm with Gamma after chronic exposure from 
the chronic data frame. 

 

anova(my_glm,test="F")   

## Analysis of Deviance Table 
##  
## Model: Gamma, link: inverse 
##  
## Response: consumption_mean 
##  
## Terms added sequentially (first to last) 
##  
##  
##        Df Deviance Resid. Df Resid. Dev      F    Pr(>F)     
## NULL                     321     70.323                      
## colony  7   6.6909       314     63.632 4.4291 0.0001033 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

mult.consumption <- glht(my_glm, linfct = mcp(colony = "Tukey")) 
summary(mult.consumption,test=adjusted("BH")) 

##  
##   Simultaneous Tests for General Linear Hypotheses 
##  
## Multiple Comparisons of Means: Tukey Contrasts 
##  
##  
## Fit: glm(formula = consumption_mean ~ colony, family = "Gamma", data = chronic) 
##  
## Linear Hypotheses: 
##              Estimate Std. Error z value Pr(>|z|)     
## 38 - 37 == 0 -0.51415    0.37507  -1.371 0.298257     
## 39 - 37 == 0 -0.83169    0.36385  -2.286 0.068274 .   
## 40 - 37 == 0 -0.10082    0.39319  -0.256 0.856665     
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## 41 - 37 == 0 -0.90780    0.36406  -2.494 0.059015 .   
## 42 - 37 == 0 -0.95214    0.35488  -2.683 0.051081 .   
## 43 - 37 == 0 -0.76060    0.36177  -2.102 0.090404 .   
## 44 - 37 == 0 -1.50420    0.33570  -4.481 0.000208 *** 
## 39 - 38 == 0 -0.31754    0.33830  -0.939 0.487084     
## 40 - 38 == 0  0.41333    0.36968   1.118 0.388356     
## 41 - 38 == 0 -0.39365    0.33852  -1.163 0.380941     
## 42 - 38 == 0 -0.43799    0.32864  -1.333 0.300785     
## 43 - 38 == 0 -0.24645    0.33607  -0.733 0.617803     
## 44 - 38 == 0 -0.99005    0.30782  -3.216 0.012119 *   
## 40 - 39 == 0  0.73087    0.35828   2.040 0.091999 .   
## 41 - 39 == 0 -0.07611    0.32604  -0.233 0.856665     
## 42 - 39 == 0 -0.12045    0.31577  -0.381 0.820011     
## 43 - 39 == 0  0.07109    0.32349   0.220 0.856665     
## 44 - 39 == 0 -0.67251    0.29404  -2.287 0.068274 .   
## 41 - 40 == 0 -0.80698    0.35849  -2.251 0.068274 .   
## 42 - 40 == 0 -0.85132    0.34918  -2.438 0.059063 .   
## 43 - 40 == 0 -0.65978    0.35618  -1.852 0.119408     
## 44 - 40 == 0 -1.40338    0.32966  -4.257 0.000290 *** 
## 42 - 41 == 0 -0.04434    0.31601  -0.140 0.888417     
## 43 - 41 == 0  0.14720    0.32373   0.455 0.790485     
## 44 - 41 == 0 -0.59639    0.29430  -2.026 0.091999 .   
## 43 - 42 == 0  0.19154    0.31338   0.611 0.688633     
## 44 - 42 == 0 -0.55206    0.28287  -1.952 0.101973     
## 44 - 43 == 0 -0.74359    0.29147  -2.551 0.059015 .   
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
## (Adjusted p values reported -- BH method) 

Good model fit according to DHARMa. 

Colony 44 consumed approximately 40, 32 and 37 % than colonies 37, 38 and 40 
respectively. The rest does not differ significantly. 

setwd("C:/Users/Frederic/Desktop/Phd/GC-MS_Russ") 
 
PAK<- read.csv2("PAK2.csv") 
str(PAK) 

## 'data.frame':    15 obs. of  2 variables: 
##  $ PAH          : chr  "Naphthalene" "Naphthalene" "Naphthalene" "1-Methylnaphthalene" .
.. 
##  $ Concentration: chr  "1.356701127" "1.573515706" "1.613229267" "1.469663946" ... 

PAK$PAH<-as.factor(PAK$PAH) 
PAK$Concentration<-as.numeric(PAK$Concentration) 
 
my_sum <- PAK %>% 
  group_by(PAH) %>% 
  summarise(  
    n=n(), 
    mean=mean(Concentration), 
    sd=sd(Concentration) 
  ) %>% 
  mutate( se=sd/sqrt(n))  %>% 
  mutate( ic=se * qt((1-0.05)/2 + .5, n-1)) 
 
p2<- ggplot(my_sum,aes(fill=PAH, y=PAH, x=mean))+ 
  geom_bar(position="dodge", stat="identity",color="black")+ 
  geom_errorbar(aes(y=PAH, xmin=mean-se, xmax=mean+se),width=0.4, colour="black", alpha=0.9
, size=1.3)+ 
  theme_classic()+ 
  xlab("Concentration [pg/µl] ")+ 
  scale_x_continuous(expand = expansion(mult = c(0, 0.1))) + 
  scale_y_discrete(name = "PAH")+ 
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  theme(panel.grid.major.y = element_blank(), 
        legend.position = "off") 

## Warning: Using `size` aesthetic for lines was deprecated in ggplot2 3.4.0. 
## ℹ Please use `linewidth` instead. 

p2+ scale_fill_grey() 
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PAH analysis 

 

 

Supplemental Figure 20: Concentration of the analysed PAHs found in the DEP sample. Error bars show the standard error. 
A total of six replicates were analysed via GC-MS. Naphthalene and 1-methylnaphthalene were below the limit of detection. 

Particle control 72 hours with heat stress 

There was no significant toxic effect of 10 and 20 g/l carbon black particles after 72 hours. 
This is why we exposed the bumblebees to heat stress (40°C) in a heating oven, to 
investigate possible increased susceptibility to additional stressors. We could not find 
significant differences in survival times. 

 

Supplemental Figure 21: Survivalof the bumblebees in minutes after being exposed to heat stresss and antecedent  72 hour 
period of oral exposure to the control, solvent control, 10 g/l carbon black and 20 g/l carbon black.  

Ingested doses in chronic exposure experiment 
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To visualize that the dose ingested, is constantly rising despite lower consumption rate, we 
made a boxplot showing the ingested doses per treatment. 

 

Supplemental Figure 22: Mean daily dose of DEP ingested per bumblebee over the 10 day exposure period.  

Evaporation comparison of exposure solutions/suspension 

 

evap<-read.csv2("evaporation.csv") 
 
 
evap$Treatment<-as.factor(evap$Treatment) 
 
evap$Treatment <- factor(evap$Treatment, levels = c("control","solvent control", "DEP 0.5g/
l","DEP 1g/l", "DEP 2g/l","Dimethoate")) 
evap$ID<-as.factor(evap$ID) 
evap$Day.of.measurment<-as.factor(evap$Day.of.measurment) 
 
 
str(evap) 

## 'data.frame':    90 obs. of  9 variables: 
##  $ ID               : Factor w/ 18 levels "Dimethoate 1 ",..: 4 5 6 16 17 18 7 8 9 10 ..
. 
##  $ Treatment        : Factor w/ 6 levels "control","solvent control",..: 1 1 1 2 2 2 3 3
 3 4 ... 
##  $ Day.of.measurment: Factor w/ 5 levels "Day 10","Day 2",..: 2 2 2 2 2 2 2 2 2 2 ... 
##  $ Evaporated       : num  0.145 0.122 0.147 0.139 0.148 0.139 0.115 0.164 0.155 0.139 .
.. 
##  $ X                : logi  NA NA NA NA NA NA ... 
##  $ X.1              : logi  NA NA NA NA NA NA ... 
##  $ X.2              : logi  NA NA NA NA NA NA ... 
##  $ X.3              : logi  NA NA NA NA NA NA ... 
##  $ X.4              : logi  NA NA NA NA NA NA ... 
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my_glm <- glm(Evaporated~Treatment, data = evap) 
summary(my_glm) 

##  
## Call: 
## glm(formula = Evaporated ~ Treatment, data = evap) 
##  
## Deviance Residuals:  
##      Min        1Q    Median        3Q       Max   
## -0.61573  -0.03737  -0.00443   0.02732   0.61813   
##  
## Coefficients: 
##                          Estimate Std. Error t value Pr(>|t|)     
## (Intercept)               0.15187    0.03056   4.969  3.5e-06 *** 
## Treatmentsolvent control -0.02787    0.04322  -0.645    0.521     
## TreatmentDEP 0.5g/l      -0.02773    0.04322  -0.642    0.523     
## TreatmentDEP 1g/l        -0.05813    0.04322  -1.345    0.182     
## TreatmentDEP 2g/l         0.04140    0.04322   0.958    0.341     
## TreatmentDimethoate      -0.02233    0.04322  -0.517    0.607     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## (Dispersion parameter for gaussian family taken to be 0.0140123) 
##  
##     Null deviance: 1.2617  on 89  degrees of freedom 
## Residual deviance: 1.1770  on 84  degrees of freedom 
## AIC: -120.9 
##  
## Number of Fisher Scoring iterations: 2 

Anova(my_glm, Test="F")  

## Analysis of Deviance Table (Type II tests) 
##  
## Response: Evaporated 
##           LR Chisq Df Pr(>Chisq) 
## Treatment   6.0421  5     0.3021 

plot of evaporation control 

 

Supplemental Figure 23: Mean evaporation over the period of two days over all treatments.  
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Article 2  

 

Diesel exhaust particles alter gut microbiome and gene expression in the 

bumblebee Bombus terrestris 
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Article 3 

 

Exposure to diesel exhaust particles impairs takeoff but not subsequent homing 

and foraging behavior of workers of the buff‑tailed bumblebee Bombus 

terrestris 
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Article 4  

 

Do diesel exhaust particles in pollen affect colony founding in the bumble bee 

Bombus terrestris? 
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ID_complete ID colony Treatment weight_before_mg weight_after_mg fatbody_mg radial_cell_mm relative_fatbody_mg/mm

1_1_54_LAB_c 1 54 Control 19,21 18,7 0,51 2,923 0,17448

1_2_64_LAB_c 2 64 Control 12,77 10,68 2,09 1,988 1,05131

1_3_52_LAB_c 3 52 Control 11,65 11,18 0,47 1,907 0,24646

1_4_48_LAB_c 4 48 Control 23,36 22,17 1,19 2,556 0,46557

1_10_54_LAB_c 10 54 Control NA NA NA 2,076 NA

1_14_48_LAB_c 14 48 Control 9,61 9,15 0,46 2,146 0,21435

1_16_50_LAB_c 16 50 Control NA NA NA 2,627 NA

1_19_50_LAB_c 19 50 Control 9,83 9,4 0,43 1,995 0,21554

1_23_48_LAB_c 23 48 Control 30,74 29,8 0,94 2,503 0,37555

1_25_54_LAB_c 25 54 Control 5,15 4,56 0,59 1,824 0,32346

1_26_48_LAB_c 26 48 Control 5,67 5,12 0,55 1,728 0,31829

1_31_50_LAB_c 31 50 Control 5,15 4,66 0,49 1,84 0,2663

1_32_52_LAB_c 32 52 Control 17,05 16 1,05 2,172 0,48343

1_35_54_LAB_c 35 54 Control 8,9 7,03 1,87 2,051 0,91175

1_36_48_LAB_c 36 48 Control 9,85 9,15 0,7 2,027 0,34534

1_37_52_LAB_c 37 52 Control 8,15 7,63 0,52 1,829 0,28431

1_40_54_LAB_c 40 54 Control 7,64 7,29 0,35 2,04 0,17157

1_41_48_LAB_c 41 48 Control 9,42 8,59 0,83 1,942 0,42739

1_42_52_LAB_c 42 52 Control 5,38 4,51 0,87 1,888 0,46081

1_52_54_LAB_c 52 54 Control 7,71 6,98 0,73 1,944 0,37551

1_56_52_LAB_c 56 52 Control 10,82 10,02 0,8 2,065 0,38741

1_57_52_LAB_c 57 52 Control 6,16 5,49 0,67 1,953 0,34306

1_58_50_LAB_c 58 50 Control 5,03 4,23 0,8 1,787 0,44768

1_59_52_LAB_c 59 52 Control 6,93 6,22 0,71 1,831 0,38777

1_60_48_LAB_c 60 48 Control NA NA NA 2,219 NA

1_61_48_LAB_c 61 48 Control 5,25 4,47 0,78 1,747 0,44648

1_63_52_LAB_c 63 52 Control 22,65 22,47 0,18 2,583 0,06969

1_65_54_LAB_c 65 54 Control 5,95 4,94 1,01 1,704 0,59272

1_67_50_LAB_c 67 50 Control 15,45 14,6 0,85 1,962 0,43323

1_68_54_LAB_c 68 54 Control 12,53 11,76 0,77 2,112 0,36458

1_70_54_LAB_c 70 54 Control 20,05 19,18 0,87 1,926 0,45171

1_71_50_LAB_c 71 50 Control 7,96 7,4 0,56 1,912 0,29289

1_72_54_LAB_c 72 54 Control NA NA NA 2,752 NA

1_75_48_LAB_c 75 48 Control 9,61 8,75 0,86 2,141 0,40168

1_80_52_LAB_c 80 52 Control 14,14 13,35 0,79 2,075 0,38072

1_82_50_LAB_c 82 50 Control 25,21 23,57 1,64 2,9 0,56552

1_90_52_LAB_c 90 52 Control 14,01 13,14 0,87 1,978 0,43984

1_91_48_LAB_c 91 48 Control 38,01 36,55 1,46 2,411 0,60556

1_92_50_LAB_c 92 50 Control 25,93 25,03 0,9 2,031 0,44313

1_97_50_LAB_c 97 50 Control 5,89 5,04 0,85 1,858 0,45748

1_99_50_LAB_c 99 50 Control 9,12 8,65 0,47 1,962 0,23955

1_101_60_LAB_c 101 60 Control 8,78 7,66 1,12 2,017 0,55528

1_103_64_LAB_c 103 64 Control 8,51 8,18 0,33 2,046 0,16129

1_105_56_LAB_c 105 56 Control 21,01 20,29 0,72 2,239 0,32157

1_107_58_LAB_c 107 58 Control 29,36 27,86 1,5 2,539 0,59078

1_108_60_LAB_c 108 60 Control 19,81 18,57 1,24 2,07 0,59903

1_109_58_LAB_c 109 58 Control 4,22 3,63 0,59 1,537 0,38386

1_112_46_LAB_c 112 46 Control 37,98 36,82 1,16 2,55 0,4549

1_113_62_LAB_c 113 62 Control 9,6 8,83 0,77 1,926 0,39979
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1_116_64_LAB_c 116 64 Control 7,53 7,25 0,28 1,858 0,1507

1_122_62_LAB_c 122 62 Control 11,69 10,92 0,77 1,948 0,39528

1_123_62_LAB_c 123 62 Control 10,06 9,57 0,49 2,006 0,24427

1_124_56_LAB_c 124 56 Control 13,81 12,89 0,92 2,107 0,43664

1_125_60_LAB_c 125 60 Control NA NA NA 2,378 NA

1_127_60_LAB_c 127 60 Control 6,88 6,5 0,38 2,141 0,17749

1_128_46_LAB_c 128 46 Control 8,24 6,98 1,26 1,984 0,63508

1_130_56_LAB_c 130 56 Control 7,78 6,97 0,81 2,028 0,39941

1_133_64_LAB_c 133 64 Control 13,74 12,29 1,45 2,149 0,67473

1_134_62_LAB_c 134 62 Control 15,48 14,59 0,89 2,398 0,37114

1_136_58_LAB_c 136 58 Control 13,36 12,56 0,8 1,913 0,41819

1_137_64_LAB_c 137 64 Control 30,35 28,74 1,61 2,549 0,63162

1_138_60_LAB_c 138 60 Control 4,79 4,11 0,68 1,828 0,37199

1_139_46_LAB_c 139 46 Control 102,28 99,09 3,19 2,954 1,07989

1_140_62_LAB_c 140 62 Control 11,33 10,29 1,04 2,069 0,50266

1_141_60_LAB_c 141 60 Control NA NA NA 2,536 NA

1_142_56_LAB_c 142 56 Control 12,19 10,97 1,22 1,924 0,6341

1_143_62_LAB_c 143 62 Control 12,51 11,64 0,87 2,21 0,39367

1_144_60_LAB_c 144 60 Control NA NA NA 2,549 NA

1_145_60_LAB_c 145 60 Control 7,3 6,45 0,85 1,984 0,42843

1_147_46_LAB_c 147 46 Control 6,94 6,33 0,61 1,892 0,32241

1_150_46_LAB_c 150 46 Control NA NA NA 2,547 NA

1_152_60_LAB_c 152 60 Control 7,96 7,5 0,46 1,838 0,25027

1_154_64_LAB_c 154 64 Control 12,52 11,75 0,77 2,059 0,37397

1_155_58_LAB_c 155 58 Control 37,3 35,52 1,78 2,472 0,72006

1_156_58_LAB_c 156 58 Control 12,95 12,11 0,84 1,827 0,45977

1_157_56_LAB_c 157 56 Control 14,18 12,93 1,25 2,076 0,60212

1_158_62_LAB_c 158 62 Control 12 11,12 0,88 2,347 0,37495

1_160_56_LAB_c 160 56 Control 10,87 8,99 1,88 1,966 0,95626

1_162_64_LAB_c 162 64 Control 27,27 26,89 0,38 2,319 0,16386

1_163_62_LAB_c 163 62 Control 8,02 7,12 0,9 2,065 0,43584

1_164_58_LAB_c 164 58 Control 5,23 3,63 1,6 1,641 0,97502

1_168_64_LAB_c 168 64 Control 6,94 6,18 0,76 1,71 0,44444

1_169_58_LAB_c 169 58 Control 9,2 8,66 0,54 1,72 0,31395

1_170_46_LAB_c 170 46 Control 13,34 12,1 1,24 2,244 0,55258

1_173_56_LAB_c 173 56 Control 8,54 7,01 1,53 1,945 0,78663

1_174_46_LAB_c 174 46 Control 5,83 5,44 0,39 1,791 0,21776

1_175_58_LAB_c 175 58 Control 3,51 3,17 0,34 1,603 0,2121

1_176_56_LAB_c 176 56 Control 9,74 9,11 0,63 1,968 0,32012

1_183_56_LAB_c 183 56 Control 15,38 14,52 0,86 2,102 0,40913

1_185_64_LAB_c 185 64 Control 8,69 8,26 0,43 1,867 0,23032

1_186_46_LAB_c 186 46 Control 17,35 15,92 1,43 1,931 0,74055

1_187_62_LAB_c 187 62 Control 8,91 8,39 0,52 1,801 0,28873

1_192_64_LAB_c 192 64 Control 20,41 19,83 0,58 2,792 0,20774

1_194_60_LAB_c 194 60 Control 37,04 35,43 1,61 2,643 0,60916

1_195_58_LAB_c 195 58 Control 6,89 6,24 0,65 1,789 0,36333

1_196_56_LAB_c 196 56 Control 6,97 6,55 0,42 1,821 0,23064

1_197_46_LAB_c 197 46 Control 5,09 4,73 0,36 1,943 0,18528

1_198_58_LAB_c 198 58 Control 17,74 16,26 1,48 2,403 0,6159

1_199_46_LAB_c 199 46 Control 9,28 8,38 0,9 2,093 0,43
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1_200_62_LAB_c 200 62 Control 25,26 23,3 1,96 2,6 0,75385

1_5_57_LAB_s 5 57 DEP NA NA NA 2,826 NA

1_6_63_LAB_s 6 63 DEP 9,9 9,03 0,87 1,819 0,47828

1_7_57_LAB_s 7 57 DEP 7,64 6,68 0,96 1,931 0,49715

1_8_53_LAB_s 8 53 DEP 5,78 5,3 0,48 1,916 0,25052

1_9_57_LAB_s 9 57 DEP NA NA NA 2,09 NA

1_11_55_LAB_s 11 55 DEP 35,66 33,47 2,19 2,49 0,87952

1_12_47_LAB_s 12 47 DEP 6,28 5,83 0,45 1,881 0,23923

1_13_63_LAB_s 13 63 DEP 4,68 4,24 0,44 1,632 0,26961

1_15_49_LAB_s 15 49 DEP 17,43 16,38 1,05 2,592 0,40509

1_17_45_LAB_s 17 45 DEP 14,02 13,43 0,59 2,597 0,22719

1_18_55_LAB_s 18 55 DEP 8,44 7,76 0,68 1,911 0,35583

1_20_57_LAB_s 20 57 DEP NA NA NA 2,128 NA

1_21_63_LAB_s 21 63 DEP NA NA NA 2,191 NA

1_22_49_LAB_s 22 49 DEP 28,69 27,79 0,9 2,633 0,34182

1_24_49_LAB_s 24 49 DEP NA NA NA 2,452 NA

1_27_57_LAB_s 27 57 DEP 8,74 8,2 0,54 1,984 0,27218

1_28_57_LAB_s 28 57 DEP NA NA NA 2,676 NA

1_29_53_LAB_s 29 53 DEP 10,64 9,72 0,92 2,069 0,44466

1_30_57_LAB_s 30 57 DEP 16,81 15,8 1,01 2,448 0,41258

1_33_57_LAB_s 33 57 DEP NA NA NA 2,946 NA

1_34_55_LAB_s 34 55 DEP 40,19 37,63 2,56 3,036 0,84321

1_38_57_LAB_s 38 57 DEP 17,39 16,77 0,62 2,197 0,2822

1_39_47_LAB_s 39 47 DEP 3,75 3,49 0,26 1,743 0,14917

1_43_45_LAB_s 43 45 DEP 10,44 9,93 0,51 1,962 0,25994

1_44_47_LAB_s 44 47 DEP 11,84 11,23 0,61 2,571 0,23726

1_45_49_LAB_s 45 49 DEP 4,64 3,89 0,75 1,732 0,43303

1_46_49_LAB_s 46 49 DEP 7,42 7,36 0,06 1,971 0,03044

1_47_49_LAB_s 47 49 DEP 4,19 3,49 0,7 1,837 0,38106

1_48_55_LAB_s 48 55 DEP NA NA NA 2,056 NA

1_49_63_LAB_s 49 63 DEP 11,21 10,69 0,52 1,869 0,27822

1_50_57_LAB_s 50 57 DEP 19,22 18,33 0,89 2,354 0,37808

1_51_45_LAB_s 51 45 DEP 13 12,23 0,77 2,195 0,3508

1_53_49_LAB_s 53 49 DEP 9,16 8,59 0,57 1,95 0,29231

1_54_55_LAB_s 54 55 DEP 11,4 10,32 1,08 2,034 0,53097

1_55_63_LAB_s 55 63 DEP 19,36 17,63 1,73 2,312 0,74827

1_62_45_LAB_s 62 45 DEP 9,86 9,48 0,38 2,082 0,18252

1_64_49_LAB_s 64 49 DEP NA NA NA 1,916 NA

1_66_53_LAB_s 66 53 DEP 9,89 7,78 2,11 2,189 0,96391

1_69_63_LAB_s 69 63 DEP 21,08 19,52 1,56 2,473 0,63081

1_73_63_LAB_s 73 63 DEP 6,18 5,71 0,47 1,788 0,26286

1_74_45_LAB_s 74 45 DEP 12,22 11,61 0,61 2,051 0,29742

1_76_49_LAB_s 76 49 DEP 8,69 8,13 0,56 1,783 0,31408

1_77_63_LAB_s 77 63 DEP NA NA NA 2,207 NA

1_78_55_LAB_s 78 55 DEP 13,95 13,08 0,87 2,139 0,40673

1_79_47_LAB_s 79 47 DEP 10,01 8,84 1,17 2,042 0,57297

1_81_55_LAB_s 81 55 DEP NA NA NA 1,937 NA

1_83_53_LAB_s 83 53 DEP 5,05 4,28 0,77 1,717 0,44846

1_84_55_LAB_s 84 55 DEP 6,34 5,75 0,59 1,759 0,33542

1_85_45_LAB_s 85 45 DEP 7,27 6,58 0,69 1,854 0,37217
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1_86_63_LAB_s 86 63 DEP 16,71 14,58 2,13 2,169 0,98202

1_87_45_LAB_s 87 45 DEP 5,87 5,56 0,31 1,937 0,16004

1_88_63_LAB_s 88 63 DEP 4,26 4,18 0,08 2,014 0,03972

1_89_49_LAB_s 89 49 DEP NA NA NA 2,218 NA

1_93_45_LAB_s 93 45 DEP 11 10,36 0,64 2,36 0,27119

1_94_55_LAB_s 94 55 DEP NA NA NA 2,343 NA

1_95_45_LAB_s 95 45 DEP 11,02 10,21 0,81 2,359 0,34337

1_96_55_LAB_s 96 55 DEP NA NA NA 2,029 NA

1_98_53_LAB_s 98 53 DEP 15,13 14,18 0,95 2,235 0,42506

1_100_45_LAB_s 100 45 DEP 11,93 10,61 1,32 2,086 0,63279

1_102_51_LAB_s 102 51 DEP 15,69 13,74 1,95 2,479 0,78661

1_104_47_LAB_s 104 47 DEP 8,49 7,85 0,64 1,857 0,34464

1_106_59_LAB_s 106 59 DEP 14,69 13,52 1,17 2,241 0,52209

1_110_61_LAB_s 110 61 DEP 23,69 23,06 0,63 2,082 0,30259

1_111_61_LAB_s 111 61 DEP NA NA NA 1,942 NA

1_114_61_LAB_s 114 61 DEP 4,33 3,99 0,34 1,689 0,2013

1_115_53_LAB_s 115 53 DEP 18,83 17,43 1,4 2,419 0,57875

1_117_59_LAB_s 117 59 DEP NA NA NA 2,68 NA

1_118_51_LAB_s 118 51 DEP 37,31 36,07 1,24 2,755 0,45009

1_119_61_LAB_s 119 61 DEP 15,56 14,92 0,64 2,211 0,28946

1_120_51_LAB_s 120 51 DEP 18,6 17,1 1,5 2,373 0,63211

1_121_53_LAB_s 121 53 DEP 27,24 25,77 1,47 2,564 0,57332

1_126_59_LAB_s 126 59 DEP 19,09 17,8 1,29 2,293 0,56258

1_129_59_LAB_s 129 59 DEP 11,83 11,23 0,6 1,916 0,31315

1_131_61_LAB_s 131 61 DEP NA NA NA 1,799 NA

1_132_59_LAB_s 132 59 DEP 7,4 6,75 0,65 1,932 0,33644

1_135_51_LAB_s 135 51 DEP 5,51 5,11 0,4 2,058 0,19436

1_146_61_LAB_s 146 61 DEP 18,02 17,26 0,76 2,214 0,34327

1_148_59_LAB_s 148 59 DEP 7,36 6,24 1,12 2,055 0,54501

1_149_61_LAB_s 149 61 DEP 14,13 14,07 0,06 2,13 0,02817

1_151_51_LAB_s 151 51 DEP 12,42 11,5 0,92 2,121 0,43376

1_153_47_LAB_s 153 47 DEP 17,42 15,71 1,71 2,561 0,66771

1_159_53_LAB_s 159 53 DEP 8,26 7,18 1,08 2,004 0,53892

1_161_47_LAB_s 161 47 DEP 6,28 5,22 1,06 1,707 0,62097

1_165_61_LAB_s 165 61 DEP 16,59 15,99 0,6 2,064 0,2907

1_166_53_LAB_s 166 53 DEP 18,46 17,27 1,19 2,367 0,50275

1_167_51_LAB_s 167 51 DEP 12,83 11,79 1,04 2,241 0,46408

1_171_61_LAB_s 171 61 DEP 13,76 13,4 0,36 1,831 0,19661

1_172_59_LAB_s 172 59 DEP 10,67 9,99 0,68 2,197 0,30951

1_177_51_LAB_s 177 51 DEP 52,8 50,22 2,58 2,716 0,94993

1_178_59_LAB_s 178 59 DEP 14,84 13,74 1,1 2,223 0,49483

1_179_51_LAB_s 179 51 DEP 8,12 7,47 0,65 1,908 0,34067

1_180_47_LAB_s 180 47 DEP 9,41 8,76 0,65 2,021 0,32162

1_181_59_LAB_s 181 59 DEP 6,32 5,86 0,46 1,684 0,27316

1_182_53_LAB_s 182 53 DEP 21,88 20,65 1,23 2,283 0,53876

1_184_51_LAB_s 184 51 DEP 13,13 12,24 0,89 2,197 0,4051

1_188_51_LAB_s 188 51 DEP NA NA NA 2,363 NA

1_189_61_LAB_s 189 61 DEP 4,57 3,92 0,65 1,66 0,39157

1_190_59_LAB_s 190 59 DEP 6,78 6,09 0,69 2,124 0,32486

1_191_47_LAB_s 191 47 DEP NA NA NA 1,838 NA

1_193_47_LAB_s 193 47 DEP 7,4 6,81 0,59 1,802 0,32741
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Supplementary Figure 1. Queen weight of the different treatments. Boxplots show median, 

first and third quartile. Dots show outliers outside of 1.5 × Inter-quartile range. 
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Supplementary Figure 2. Brood weight of the different treatments. Boxplots show median, 

first and third quartile. Dots show outliers outside of 1.5 × Inter-quartile range. 
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Supplementary Figure 3. Number of eggs of the different treatments. Boxplots show 

median, first and third quartile. Dots show outliers outside of 1.5 × Inter-quartile range. 
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Supplementary Figure 4. Number of larvae of the different treatments. Boxplots show 

median, first and third quartile. Dots show outliers outside of 1.5 × Inter-quartile range. 
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Supplementary Figure 5. Number of pupae and workers of the different treatments. 

Boxplots show median, first and third quartile. Dots show outliers outside of 1.5 × Inter-

quartile range. 
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