University of Hohenheim
Institute of Animal Science (460)
Prof. i.R. Dr. Dr. h.c. Werner Bessei

Effects of chronic pesticide and pathogen exposure on

honey bee (Apis mellifera L.) health at the colony level

Dissertation

Submitted in fulfilment of the requirements for the degree
“Doctor Scientiarum Agrarium”

(Dr.sc.agr. / Ph.D. in Agricultural Sciences)

to the
Faculty of Agricultural Sciences

presented by

Richard Odemer
from Stuttgart

2018



This thesis was accepted as a doctoral thesis (Dissertation) in fulfillment of
the regulations to acquire the doctoral degree “Doctor Scientiarum
Agrarium” by the Faculty of Agricultural Sciences at the University of
Hohenheim on 5" July 2018.

Date of the oral examination: 18" July 2018

Examination Committee

Head of the Committee: Prof. Dr. Jens Wiinsche
Supervisor and Reviewer: Prof. i.R. Dr. Dr. h.c.Werner Bessei
2" Reviewer: Priv. Doz. Dr. Peter Rosenkranz

3" Reviewer: Prof. Dr. Martin Hasselmann



Dedicated to my mother and the memory of my father






Contents

Summary 1
Zusammenfassung

General Introduction

WD =

Effects, but no interactions, of ubiquitous pesticide and 41
parasite stressors on honey bee (Apis mellifera) lifespan and
behaviour in a colony environment '

5 Chronic exposure to a neonicotinoid pesticide and a 77
synthetic pyrethroid in full-sized honey bee colonies *

6 Sublethal effects of clothianidin and Nosema spp. on the 107
longevity and foraging activity of free flying honey bees *

7 General Discussion 152
Acknowledgements 183
9 Appendix 184

In order to comply with regulations for a cumulative Ph.D. thesis at the Faculty of Agricultural
Sciences, three publications have been included into this work. As these publications have been
prepared to fit the regulations of the different peer-reviewed scientific journals, the style,
citations and the layout may vary between chapters.

! Retschnig G, Williams GR, Odemer R, Boltin J, Di Poto C, Mehmann MM, Retschnig P,
Winiger P, Rosenkranz P, Neumann P (2015). Environmental Microbiology 17:4322-4331.
doi: 10.1111/1462-2920.12825

2 Odemer R, Rosenkranz P (2018). Journal of Apicultural Research (submitted).
doi: 10.1101/293167

* Odemer R, Nilles L, Linder N, Rosenkranz P (2018). Ecotoxicology.
doi: 10.1007/s10646-018-1925-5



http://doi.org/10.1111/1462-2920.12825
https://doi.org/10.1101/293167
https://doi.org/10.1007/s10646-018-1925-5

Abbreviations

ANOVA
Avg
BEE DOC
CCD

cm
DeBiMo
DWD
DWV
e.g.
EFSA

et al.

etc.

EU

FDR
FOAG

GC-MS
GmbH

HMF
ie.

IAPV

Analysis of Variance

Average

Bees in Europe and the Decline Of Colonies
Colony Collapse Disorder

Centimeter

Deutsches Bienenmonitoring

Deutscher Wetterdienst

Deformed Wing Virus

exempli gratia (for example)

European Food and Safety Agency

et alii (and others)

et cetera (and so on)

European Union

False Discovery Rate

Federal Office for Agriculture (Switzerland)
Gram

Gas Chromatography-Mass Spectrometry
Gesellschaft mit beschriankter Haftung
Hour

Hydroxymethylfurfural

id est (that is)

Israeli Acute Paralysis Virus

Kashmir Bee Virus



kg

km

LAB
LC-MS
LDsg
LOQ
LTD

m

mL
mm
N,E
nAChRs
ng
NOEL
ppb
qPCR
QuEChERS
SD
SLU
SPE
spp.
UK

US

Kilogram

Kilometer

Kieler Mating Nuc

Liter

Landesanstalt fiir Bienenkunde

Liquid Chromatography-Mass Spectrometry
Lethal Dose, 50 %

Limit of Quantification

Limited

Meter

Milliliter

Millimeter

North, East

Nicotinic Acetylcholine Receptors
Nanogram

No Effect Level

Parts Per Billion

Quantitative Polymerase Chainreaction
Quick, Easy, Cheap, Effective, Rugged, and Safe
Standard Deviation

Sveriges Lantbruksuniversitet

Solid Phase Extraction

species

United Kingdom

United States



USDA
VS.
W,L,H
w/v

ng

pL

°C

United States Department of Agriculture
Versus

Width, Length, Height

Weight/Volume

Microgram

Microliter

Degree Celsius



Summary

1 Summary

During the last decade the increasing number of honey bee colony losses
has become a major concern of beekeepers and scientists world-wide.
Extensive research and cooperation projects have been established to
unravel this phenomenon. Among parasites, pathogens and environmental
factors, the use of agrochemicals, most notably the class of neonicotinoid
insecticides, are suspected to be a key factor for this collapse. Current
approaches not only focus on colony collapse but also on the weakening of

honey bees by the exposure to sublethal concentrations of such pesticides.

Recently, the European Food Safety Authority (EFSA) temporarily banned
three  neonicotinoids  including clothianidin, imidacloprid and
thiamethoxam, for the use in crops attractive to pollinators. Thiacloprid
however, likewise a neonicotinoid insecticide, is still tolerated for
agricultural use because it is considered less toxic to bees. Nevertheless,
some publications indicate sublethal effects of this agent leading to

impairments of the colony.

A general problem for the study of such sublethal effects is that they often
are measurable in individual bees without eliciting clear impact at the
colony level. In addition, such sublethal effects might only have a
consequence in combination with other stressors like pathogens. This thesis
presents two new methodical approaches combining the controlled
application of stressors to individual bees with an evaluation of the effects

under field realistic conditions of free flying colonies. In all approaches, the
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bees were treated with a combination of different pesticides and/or a
combination of pesticides and a pathogen in order to evaluate synergistic
interactions. As pathogen, Nosema ceranae, a novel intracellular gut
parasite introduced from Asia, was used. This parasite is considered to
contribute to “CCD”-like symptoms (“colony collapse disorder”),

particularly in Spain.

In the first part of this thesis (Retschnig et al., 2015), observation hives at
two study sites (Hohenheim in Germany and Bern in Switzerland) were
used to clarify possible synergistic effects when honey bees are exposed to
pesticides of two different substance classes (the neonicotionoid thiacloprid
and the synthetic pyrethroid tau-fluvalinate), both in combination with an
infection of N. ceranae. Mortality, flight activity and social behaviour of

individually marked and treated worker bees were monitored.

At the Hohenheim site, no impact from any of the treatments could be
confirmed except a slightly higher flight activity of the Nosema treated
bees. At the Bern site however, the pesticide treatments elicited a significant
reduction of worker bee lifespan, whereas the Nosema infection resulted in
higher ratios of motionless periods. Importantly and in contrast to several
laboratory studies, in neither of the two sites an interaction among the
pesticides and the pathogen could be confirmed. The inconsistency of our
results suggests that the effects of both, sublethal application of pesticides
and infection with N. ceranae were rather weak and that interaction among

them may have been overemphasized.
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To extend this first approach in small observation colonies, the second part
of this thesis (Odemer & Rosenkranz, 2018) focused on performance
parameters such as colony development and overwintering success in full
sized honey bee colonies, using the same pesticides as in the observation
hives. Here, neither the single exposure to thiacloprid or tau-fluvalinate nor
their combination had negative effects on the colony performance.
However, the chronic application of the acaricide tau-fluvalinate

significantly reduced the infestation with Varroa mites.

In the third part of this thesis (Odemer et al., 2018), a neonicotinoid
(clothianidin) with an extraordinary high toxicity to bees was applied alone
and in combination with N. ceranae and N. apis, the “original” parasite of
the European honey bee. A novel approach was developed with individually
marked bees that were infected after hatching with a certain number of
Nosema spores and introduced into mini-hives. In order to simulate worst
case field conditions, the pesticide was then applied chronically in sublethal
concentrations over the whole lifespan of the bees. Again in contrast to
previous laboratory studies, no effect of the clothianidin treatment on
mortality or flight activity could be observed. However, the lifespan of
Nosema infected bees was significantly reduced compared to non-infected
bees, but in agreement with the observation hive experiment, the

combination of pesticide and pathogen did not reveal any synergistic effect.

The results of the three experiments of this thesis indicate that (i) individual
honey bees are less impaired by neonicotinoids if kept within the social

environment of the colony and that (ii) sublethal concentrations of
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neonicotinoids in the field are not the main driver for colony losses. This
should be considered in further honey bee risk assessments. However, these
statements refer exclusively to the honey bee colony as a eusocial
superorganism that obviously is more resilient to pesticide exposure through
mechanisms of “social buffering”. Further research should therefore focus
on the question, to what extent pesticides in general and neonicotinoids in

particular impair insect biodiversity in rural areas.
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2  Zusammenfassung

Synergistische und chronische Effekte von Krankheiten und
Pflanzenschutzmitteln auf die Gesundheit von Honigbienen (Apis

mellifera L.) auf Volksebene

Waihrend des letzten Jahrzehnts ist die zunehmende Zahl an Vélkerverlusten
zu einem Hauptanliegen der Imker und Wissenschaftler weltweit geworden.
Umfangreiche Forschungs- und Kooperationsprojekte wurden eingerichtet,
um dieses Phdnomen zu untersuchen. Neben Parasiten, Krankheitserregern
und Umweltfaktoren wird vermutet, dass der Einsatz von Agrochemikalien,
insbesondere die Klasse der Neonicotinoide, ein Schliisselfaktor fiir diesen
Kollaps ist. Derzeitige Ansdtze konzentrieren sich nicht nur auf den Verlust
von Volkern, sondern auch auf die Schwichung der Honigbienen durch

subletale Konzentrationen solcher Pestizide.

Vor kurzem hat die Europdische Behorde fiir Lebensmittelsicherheit
(EFSA) drei Neonicotinoide einschlieflich Clothianidin, Imidacloprid und
Thiamethoxam in Bestdnden die fiir Bestduber attraktiv sind,
voriibergehend verboten. Thiacloprid, ebenfalls ein Neonikotinoid, bleibt
jedoch fiir die landwirtschaftliche Verwendung frei, da es flir Bienen als
weniger toxisch angesehen wird. Dennoch weisen einige Publikationen auf
subletale Wirkungen dieses Mittels hin, die zu Beeintrachtigungen von

Bienenvolkern fiihren.

Ein generelles Problem bei der Untersuchung solcher subletalen Effekte

besteht darin, dass sie oft bei einzelnen Bienen messbar sind, ohne aber dass
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sie auf der Volksebene eine deutliche Wirkung zeigen. Dariiber hinaus
konnten solche subletalen Effekte nur in Kombination mit anderen
Stressoren wie Pathogenen eine Konsequenz haben. Diese Arbeit stellt zwei
neue methodische Ansdtze vor, die die kontrollierte Anwendung von
Stressoren mit einzelnen Bienen mit einer Bewertung der Effekte unter
feldnahen Bedingungen frei fliegender Volker kombinieren. Bei allen
Ansitzen wurden die Bienen mit einer Kombination aus verschiedenen
Pestiziden und/oder einer Kombination aus Pestiziden und einem Pathogen
behandelt, um synergistische Wechselwirkungen zu bewerten. Als
Krankheitserreger wurde Nosema ceranae, ein neuartiger intrazelluldrer
Darmparasit aus Asien, verwendet. Es wird angenommen, dass dieser
Parasit insbesondere in Spanien zu "CCD" -artigen Symptomen (,,Colony

Collapse Disorder) beitragt.

Im ersten Teil dieser Arbeit (Retschnig et al., 2015) wurden Bienen-
Schaukésten an zwei Standorten (Hohenheim in Deutschland und Bern in
der Schweiz) verwendet, um mdgliche synergistische Effekte zu kléren.
Dazu wurden Honigbienen Pestiziden aus zwei verschiedenen
Substanzklassen ausgesetzt (das Neonicotionoid Thiacloprid und das
synthetische Pyrethroid Tau-Fluvalinat), jeweils in Kombination mit einer
Infektion von N. ceranae. Mortalitét, Flugaktivitit und soziales Verhalten
der individuell markierten und behandelten Arbeiterinnen wurden

iberwacht.
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Mit Ausnahme einer etwas hdheren Flugaktivitit der mit Nosema
behandelten Bienen, konnte am Standort Hohenheim keine Auswirkungen
durch eine der Pestizid-Behandlungen bestétigt werden. Am Standort Bern
fihrten die Pestizide jedoch zu einer signifikanten Verkiirzung der
Lebensdauer der Arbeiterinnen, wihrend die Nosema-Infektion zu hoheren
Anteilen bewegungsloser Bienen fithrte. Im Gegensatz zu diversen
Laborstudien konnte an keinem der beiden Standorte eine Wechselwirkung
zwischen den Pestiziden und dem Nosema Erreger bestdtigt werden. Die
Unbestdndigkeit unserer Ergebnisse deutet darauf hin, dass die
Auswirkungen sowohl der subletalen Anwendung von Pestiziden als auch
der Infektion mit N.ceranae eher schwach waren und dass die

Wechselwirkung zwischen ihnen moglicherweise {iberbewertet wurde.

Um den ersten Ansatz zu erweitern, konzentrierte sich der zweite Teil dieser
Arbeit (Odemer & Rosenkranz, 2018) auf Leistungsparameter wie
Volksentwicklung und Uberwinterungserfolg in Wirtschaftsvolkern, die mit
den gleichen Pestiziden wie zuvor die Schaukésten behandelt wurden. Hier
hatte weder Thiacloprid oder Tau-Fluvalinat noch deren Kombination
negative Auswirkungen auf die genannten Parameter. Die chronische
Anwendung des Akarizids Tau-Fluvalinat reduzierte erwartungsgemaf3 den

Befall mit Varroa-Milben signifikant.

Im dritten Teil dieser Arbeit (Odemer et al., 2018) wurde ein Neonicotinoid
(Clothianidin) mit einer auBerordentlich hohen Toxizitét fiir Bienen allein
und in Kombination mit N. ceranae und N. apis, dem "urspriinglichen"

Parasiten der Europdischen Honigbiene, angewendet. Ein neuartiger Ansatz
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wurde entwickelt bei dem einzeln markierte Bienen nach dem Schliipfen
mit einer bestimmten Anzahl von Nosema-Sporen infiziert und in Kieler
Begattungskéstchen eingesetzt wurden. Um Worst-Case-Feldbedingungen
zu simulieren, wurde das Pestizid dann iiber die gesamte Lebensdauer der
Bienen in subletalen Konzentrationen chronisch verfiittert. Auch mit diesem
Ansatz konnte im Gegensatz zu fritheren Laborstudien keine Wirkung der
Clothianidin-Behandlung auf Mortalitdt oder Flugaktivitit beobachtet
werden. Allerdings war die Lebensdauer von Nosema-infizierten Bienen im
Vergleich zu nicht-infizierten Bienen signifikant reduziert. In
Ubereinstimmung mit unserem Schaukasten-Versuch zeigte die

Kombination von Pestizid und Pathogen keinen synergistischen Effekt.

Die Ergebnisse der drei Experimente dieser Arbeit zeigen, dass (i) einzelne
Honigbienen durch Neonicotinoide weniger beeintrachtigt werden wenn sie
im sozialen Umfeld ihres Volkes gehalten werden und (ii) subletale
Konzentrationen von Neonicotinoiden auf dem Feld nicht der Hauptgrund
fir Volkerverluste sein konnen. Diese Erkenntnis sollte bei zukiinftigen
Risikobewertungen von Pflanzenschutzmitteln beriicksichtigt werden. Die
Aussagen beziehen sich jedoch ausschlieflich auf das Bienenvolk als
eusozialen Superorganismus, der im Vergleich zur Einzelbiene durch
Mechanismen der "sozialen Pufferung" offenbar widerstandsfahiger gegen
Pestizid-Exposition ist. Zukiinftige Forschung sollte sich daher auf die
Frage konzentrieren, inwieweit sich Pestizide im Allgemeinen und
Neonicotinoide insbesondere auf die Biodiversitit von Insekten und

Bestdubern in 1ldndlichen Gebieten auswirken.
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3 General Introduction

3.1 The Collapse of Honey Bee Colonies

Due to their outstanding pollination abilities, more than three-quarters of the
agricultural crop production benefits from insects (Klein et al., 2007). One-
third of this service is owed to the European honey bee (Apis mellifera L.)
(Spivak et al., 2011). Even though the most essential staple food crops like
corn, wheat, rice, soybeans and sorghum are wind-pollinated or self-
pollinating, many other produce like fruits, nuts, spices or vegetables rely
on cross-pollination from insects. Alfalfa and clover, both important sources
of cattle fodder, also depends on insect pollination. As a matter of fact,
honey bees play a major role in agricultural dependent economics,
providing essential services for both, ecosystem and agriculture. In 2009
Gallai et al. estimated the economic value of pollination on crops worldwide
to be 153 billion USD, which represents 9.5 % of the total human food
production. Lautenbach et al. (2012) even increased this estimate by a factor
of 1.9 largely attributed to purchasing power parities, which was not
employed in the former evaluation, corroborating the commercial

importance.

In the US, periodic colony losses have been reported since 2006 with
average mortality rates of 30 %. However, some beekeepers even had
higher losses than that. Similar numbers were reported from Canada
(Neumann & Carreck, 2010; vanEngelsdorp & Meixner 2010; Ellis et al.,

2010; Lee et al.,, 2015). In a pan European survey, winter losses were
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monitored throughout several years resulting in mortality rates ranging from
3.2 to 32.4 % in the winter 2012/13 to 2.4 to 15.4 % in the winter
2013/2014 (Laurent et al., 2016). Within the german bee monitoring project
winter losses ranging from 4 to 15 % were detected in the years 2004/08
(Genersch et al., 2010). A particular syndrome in relation to colony losses is
the so called CCD (“colony collapse disorder”), first described in the United
States. One of the most pregnant indications of CCD is the rapid decrease of
foragers resulting in their total absence. Bees from a former healthy colony
vanish without any sign of reason. In Europe, however, typical CCD
symptoms could not be pinpointed as clearly as in the US and still the
causative factors are not unravelled. Although the periodic colony losses —
mostly during the overwintering period — are obviously increasing, the
global number of honey bee colonies did not decline (Moritz & Erler,
2016). This is most probably due to the beekeeping management, where
colony losses are compensated by splitting hives or making nucleus

colonies in spring.

Most research for the reason of increasing colony losses in the past ten
years focused on two major drivers assumed to be crucial for the health
problems of honey bees around the world: (i) the agricultural use of
pesticides, to name especially the group of the highly neurotoxic
neonicotionids (Henry et al., 2012; Kessler et al., 2016) and (ii) the invasive
parasitic mite Varroa destructor, which was introduced to Europe in the late
1970ies where it has spread world-wide ever since (Anderson & Trueman,

2000). In addition, several viruses and other parasites like the

10
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microsporidial gut parasites Nosema spp. were linked to CCD, too (Evans &

Schwarz, 2011; Higes et al., 2008; McMenamin & Genersch, 2015).

Besides that, the ever-growing malnutrition and decline of biodiversity
resulting in a lesser variety of pollen supply containing essential amino
acids for honey bees have been reported to have a negative impact on honey
bee colonies (Naug, 2009). There is a certain necessity of flower diversity to
ensure nectar and pollen supply in the right composition (Scofield &
Mattila, 2015). Even though the way a honey bee colony functions is rather
adjusted to the use of monocultures like oilseed rape, phacelia or other
crops like alfalfa or clover, an unbalanced diet or nutrition can be
inadequate in value for the proper development of a colony (Decourtye et
al., 2011; Huang, 2012). Interestingly, even a natural ground cover may not
be more beneficial to a colony than managed farmland, depending on what
kind of food source it provides and at which time of the year it flowers and
how long it is useful for the honey bees. Municipal areas on the other hand,
provide food resources over a relatively long term and can therefore be very
beneficial for the colony development (Lecocq et al., 2015). In times when
there is no proper food source available and colonies are still rearing large
amounts of brood, usually beekeepers supply their colonies with inverted
sucrose syrup originated from corn or wheat starch as well as artificial

pollen supplements.

In addition to the above mentioned drivers for honey bee health problems or
even colony collapses there is to mention, that with the world-wide and

local migration of bees for better honey yield or pollination of large scale

11
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crops, colonies are exposed to long-distance transports, rough handling,
measures for disease prevention, high temperature fluctuations and a
drastically reduced access to foraging opportunities can be significant
stressors (Simone-Finstrom et al., 2016). It is known that the sugar syrup
fed to bees produces over time and with an increased temperature a
compound called HMF (Hydroxymethylfurfural). This compound can be
toxic to bees, especially when the manufacturer cannot provide an analysis
post production, this risk is imminent (LeBlanc et al., 2009; Zirbes et al.,
2013). Especially in the US with one of the largest business of pollination in
their monocultures, the seasonal dependency on pollination provided from
migratory beekeeping is immense. This means that every season colonies
are at risk of being introduced to diseases and pests from other colonies

arriving from all over the US (Zhu et al., 2014).

During the past research, many other factors were also discussed to have an
impact on honey bee health, however are considered to be less important. A
few to mention are air pollution (Girling et al., 2013; McFrederick et al.,
2008), nanomaterials (Milivojevic et al., 2015), solar radiation (Ferrari,
2014), robbing insects (Core et al., 2012), bee microbiome alteration (Cox-
Foster et al., 2007; Mattila et al., 2012), individuality in bee colonies and
possible early life stress (Rittschof et al., 2015; Wray et al., 2011) and
global warming (Le Conte & Navajas, 2008).

12
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Despite these numerous factors researchers agree that bee pathogens and
certain pesticides are the main threats for the weakening of honey bee

colonies and the currently increasing numbers of winter losses.

3.2 Pathogens

As mentioned above, the introduction of the parasitic mite V. destructor had
dramatic impacts on the beekeeping management. Periodic treatments
became unavoidable, as otherwise colonies wouldn’t have a chance to
survive. Still up to date there is no sustainable solution for this problem, yet
the principles of Varroa population dynamics are not finally understood
(Frey et al., 2013; Lin et al., 2018). Besides the physical damage caused by
these mites, they act also as vector for viral diseases. Being lethal for entire
colonies, the deformed wing virus (DWV) is among the most serious threats
for honey bees transmitted by V. destructor (McMenamin & Genersch,
2015). The optimization of existing treatments and the development of new
methods for long-term mite control are currently crucial challenges in

applied bee research.

Apart from problems caused by a mite, there are several other pathogen
threats to honey bees nowadays. Honey bees are impaired by beetles,
viruses and many other microorganisms like bacteria, fungi, trypanosomes
and amoebae (Cornman et al., 2012). Open to question are the different
impacts of these microbes on both, the individual and the colony level.
Further, it remains unclear how these pathogens interact amongst each other

having a possible significant impact on honey bee health (Singer, 2010).

13
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A monitoring study in the US revealed a high prevalence of two viruses
(IAPV and KBV) and two microsporidian species in declining bee colonies
in contrast to healthy colonies (Cox-Foster et al., 2007). Nosema apis and
Nosema ceranae are the two species that infect A. mellifera and are highly
specialized gut parasites. N. apis was the first microsporidium to be
described (Zander, 1909), exclusively found in the European honey bee

(Zander, 1963).

In 1994, when N. ceranae was first described by Fries et al. (1996) it was
believed to be geographically limited to the distribution of its original host,
the Eastern honey bee Apis cerana. Approximately ten years later, studies
revealed that N. ceranae has already spread over Europe, infecting a new

host and becoming a new threat to 4. mellifera (Higes et al., 2006).

Both Nosema species are intracellular parasites, injecting a polar filament
into the host cells for mass reproduction and subsequent destruction of the
gut cell. In a considerable range this can lead to possible dysfunctions in the
host including digestive disorders, reduced life span, smaller population size

and negative effects on honey production (Fries, 2010; Manzoor, 2013).

Cage studies revealed that N. ceranae infection leads to significantly higher
mortality when compared to uninfected bees (Higes et al., 2007, Goblirsch
et al., 2013). Moreover, a Nosema infection may lead to behavioural
changes as Kilani (1999) states that foraging activity of bees infected with
N. apis started at an earlier age due to accelerated aging. Similar effects

were found for N. ceranae (Goblirsch et al., 2013). Naug & Gibbs (2009)

14
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and Mayack & Naug (2009) found higher hunger levels in N. ceranae
infected bees experienced by the stronger reaction to offered sucrose
solution to be possible reasons for this behaviour. Further, it is assumed that
these increased nutritional requirements result in higher and more risky

flight activity of diseased bees (Dussaubat et al., 2013).

Contrary findings on the overall influence of survivorship and winter losses
of diseased colonies were reported. Even though Higes et al. (2008, 2009)
are speaking of honey bee colonies collapsing from N. ceranae infections in
Spain, no such detrimental effects could be noticed in other countries all
over the globe (Invernizzi et al., 2009; Gisder et al., 2010; Genersch et al.,
2010; Paxton, 2010; Stevanovic et al., 2011). Interestingly there are even
contradicting reports from Spain, stating that Nosemosis is not correlated to

colony collapse at all (Fernandez et al., 2012).

To understand pathology and evolutionary epidemiology of honey bee
diseases, it is imperative to distinguish between colony level effects and the
effects on individual bees (reviewed in Fries, 2010). So, the weakening of a
few hundred worker bees might have no measurable effect on the
performance of the colony as a highly organized social entity of 20,000 to
40,000 individuals. Recent studies imply that it is impossible to identify a

single pathogen solely responsible for colony losses (Genersch, 2010).

3.3 Pesticides
With the introduction of synthetic pesticides into the agricultural production

to control weeds, harmful insects and phytopathogenic fungi, concerns

15
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raised about negative influences on beneficial insects. Such insecticides (i)
might not only control target organisms but also affect honey bees when
applied to flowering crops and (ii) herbicides may decrease biodiversity and
abundance of forage plants in agricultural landscapes (Hald, 1999; Albrecht,
2005). Recent discussions about the decline of managed and wild bees have
focussed on neonicotionoid pesticides as a possible cause leading to colony

collapses (van der Sluijs et al., 2013; Goulson, 2013).

In plant protection, neonicotinoids are meanwhile among the most
important agrochemicals worldwide (Elbert et al., 2008) and are mainly
used as seed dressings (Sur & Stork, 2003). Seven different neonicotionoids
including imidacloprid, thiamethoxam, clothianidin, acetamiprid,
thiacloprid, dinotefuran and nitenpyram are commercially in use. They
function as neurotoxins by irreversibly binding to nicotinic acetylcholine
receptors (nAChRs) of the insect nervous system. Overstimulation of these

receptors causes paralysis and death (Matsuda et al., 2001).

A variety of factors have resulted in economic success of these pesticides:
on the one hand neonicotinoids are highly selective towards invertebrate
organisms, on the other hand they are absorbed systemically by the plant
and can be found in all tissues, which makes them effective against a broad
range of pests over an extended time period and when applied in small
quantities, e.g. as seed dressings (Jeschke & Nauen, 2008). With the
exception of exposure to dressing agents (such as, for example dressed

maize) from pneumatic seed drills during sowing of dressed seeds (Nuyttens

16



General Introduction

et al., 2013), evaluation of bees’ exposure to neonicotinoids in general are
considerably lower than levels causing acute mortality (reviewed in Lundin

etal., 2015).

Nevertheless, some neonicotinoids have been shown to be highly toxic to
bees in very small doses (Iwasa et al., 2004). As a systemic insecticide, they
can be translocated into the main sources of food for bees, pollen and nectar
and lead to a serious risk of exposure (Cresswell, 2011). Moreover, some
compounds only break down gradually and are remaining in the
environment (e.g. soil or plants) for months and even years after the
application (Goulson, 2013; Hopwood et al., 2016; Krupke et al., 2012;

reviewed in Lundin et al., 2015).

A dramatic incident in the German Rhine Valley in 2008 represented a
decisive turning point in the discussion on the further use of neonicotinoids
and gave rise for great concern in the media and political debates. The
sowing of maize with pneumatic drilling machines caused abrasion of seed
dressing (Poncho and Poncho Pro) which was released into the air and
environment. It deposited on surrounded blossoms (e.g. rape seed, apple or
dandelion). Foraging bees got exposed to the active ingredient clothianidin
which resulted in poisoning, death of bees and effects on bee brood. In total,

about 12,000 hives were affected (Wiirfel, 2008).

This incident was one reason for the moratorium to ban the three most toxic
neonicotinoids clothianidin, thiamethoxam and imidacloprid as seed

dressings for the use on crops that are attractive to bees in the European
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Union (EU Regulation No 485/2013, 2013) and Switzerland (FOAG, 2013).
Coincidental with this moratorium, the authorities called for more field
research on the toxicity of these compounds in order to make a final risk
assessment on the basis of solid data (Dicks, 2013; Goulson, 2013; Gross,

2013; Carreck, 2017; reviewed in Lundin et al., 2015).

In contrast to these highly toxic agents, thiacloprid and acetamiprid are
neonicotinoids considered not harmful to bees (Schmuck et al., 2003).
Thiacloprid is therefore commonly used as foliar application and can be
sprayed on flowering crops attractive to bees (e.g. oilseed rape). This means
honey bees are directly exposed to this agent (Elbert et al., 2007). In 2007
the German Bee Monitoring (DeBiMo) revealed a high prevalence of
thiacloprid residues found in bee bread samples (62 positive samples from
n=110), but with no negative correlation to colony development or winter
losses (Genersch et al., 2010). Under field realistic conditions, other studies
also did not show negative effects of thiacloprid on colony health (Schmuck
et al, 2003; Retschnig et al., 2015; Siede et al., 2017). However,
experiments with individual bees or small groups of bees indicated that
navigation is impaired (Fischer et al., 2014) as well as behaviour (Tison et
al., 2017) and imunocompetence (Brandt et al., 2017). Studies under
laboratory conditions showed even more drastic effects, especially in
combination with other stressors like pathogens. They can, for instance,
result in a shorter life span of thiacloprid treated worker bees (Vidau et al.,

2011; Doublet et al., 2015).
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Not only by the use of agricultural pesticides bee health is at risk, but the
prevalence of synthetic varroacides and their residues in bee products like
beeswax, pollen and honey increasingly appear to be of huge importance.
Residues of the most common varroacides coumaphos (CheckMite) and
tau-fluvalinate (Apistan) commercially in use for Varroa mite control all
over the world are frequently found in bee products nowadays (Cabras et

al., 1997; Tsigouri et al., 2004; Mullin et al., 2010; Berry et al., 2013).

Bogdanov et al. (1998) presented data of a tau-fluvalinate accumulation in
beeswax with the duration of the treatment, which bears the risk of
accumulation from previous treatments contaminating further bee products.
On top of that, V. destructor has progressively developed resistance against
numerous synthetic acaricides in different parts of the world (Milani, 1999;

Pettis, 2004; Lodesani & Costa, 2005; Rosenkranz et al. 2010).

Even though broad knowledge on pesticide residues in bee products have
been gathered over the last years (Wallner, 1999; Kochansky et al., 2001;
Tremolada et al., 2004; Bogdanov, 2006), their consequences for bee health
have not yet been identified (Desneux et al., 2007; Martel et al., 2007;
Frazier et al., 2008). The impact of chronic exposure to acaricide residues
on larvae, pupae and adult bees as well as possible synergistic effects with

agrochemicals or pathogens remains unknown.

3.4 Synergistic Effects

Many recent studies conclude, that not the pesticide alone but the

interaction between pathogen infections and sublethal exposure to pesticides
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might weaken honey bees, leading to a steady decline in bee population of
the colony. However, there is no common agreement in the scientific
community on which the most dominant threats to honey bees are and
which combinations of pesticides and pathogens the most detrimental ones
for honey bee health are (Jacques et al., 2017; Genersch, 2010; Maini et al.,
2010; Ratnieks & Carreck, 2010).

Up to now, most research was focused on the Varroa mite (Genersch, 2010;
Genersch et al., 2010; Le Conte et al., 2010), N. ceranae (Higes et al., 2009;
Fries 2010), Varroa associated bee viruses (Dainat et al., 2012; Hong et al.,
2011, Ai et al.,, 2012, Noh et al., 2012) and on pesticides, especially

neonicotinoids (Cresswell et al., 2011; Blacquiére et al, 2012).

It is beyond question that every single factor mentioned above is able to
affect honey bee health at the colony level. If damage thresholds are
exceeded entire colonies can be killed either through infections/infestations
or through pesticide applications. However, we only have limited
knowledge what happens under field-realistic conditions and to what extent
interactions of pathogenes and pesticides increase the risk of damages for
honey bee colonies. “Field realistic” commonly means that pesticide
contamination and pathogen infestations, repectively, are within a sublethal

range.

So far, only few experiments included combination effects among pesticides
and pathogenes. Some recent studies indicated additive and/or synergistic

effects between neonicotinoid pesticides and N. ceranae (Alaux et al., 2010;
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Vidau et al., 2011; Henry et al., 2012; Pettis et al., 2012). Di Prisco et al.
(2013) proved increasing virus loads in bees contaminated with the
neonicotinoid clothianidin. The possible antagonistic interactions between
N. ceranae and a honey bee virus however, showed that the situation could
become more confusing if more than one pathogen is involved in the
interaction process (Costa et al., 2012). These are apparent gaps in our
knowledge on the importance of parasite, pathogen and pesticide

interactions on honey bee colonies.

A general weakness of the so far published results with such interactions is
the nearly exclusive use of individual bees, mostly kept in hoarding cages,
for the experiments (Ellis et al., 1997; Suchail et al., 2000; Berry et al.,
2013; Doublet et al., 2015). Even the few experiments using free-flying
colonies were performed under widely artificial conditions (Henry et al.,
2012) or with the use of pesticide concentrations that are considerable
higher as known from field conditions (Tison et al., 2016). Therefore, we
still have no clear picture whether effects that have been confirmed on the
individual bee level will have an impact on the full colony. However, the
honey bee “colony” is a functional entity consisting of several thousand
cooperating individual bees (“superorganism” concept, Moritz &
Southwick, 1992). Indeed, colonies can provide an amazing buffering
capacity which may easily mask effects observed at the individual bee level.
For instance, the loss of hundreds of foragers afield for whatever reason(s)
may not be noticed even when carefully evaluating the colony population

dynamics or colony performance (Straub et al., 2015). Accordingly, the
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evaluation level of combined harms caused by bee diseases and/or
pesticides should be the whole colony. This will allow us to pinpoint
thresholds for collapse and interactions of stressors that can cause colony
death. Additional standardized methods providing an analysis of
combinatory effects at the colony level are therefore urgently required and

were a focus of this work.

3.5 Objectives of this Study

The overall objective of this study was to identify interactions between the
endoparasite Nosema spp., the miticide tau-fluvalinate and two
neonicotinoid pesticides at the level of the honey bee colony. In particular,
the problem of the discrepancy between the experiments with individual
bees and entire colonies should be overcome by new methodological
approaches. Tests on individual bees can be performed under defined and
controlled experimental conditions but have the disadvantage that
interactions with other bees and buffering effects within the social
environment of the colony are not considered. In experiments in full sized
colonies, on the other hand, the effects on individual bees within the colony
can hardly be measured. The purpose of this work therefore was to
investigate sublethal and/or synergistic effects of pesticides and pathogens

in individual bees that are kept in free flying colonies.
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To study such possible effects, three different approaches with defined

exposures to sublethal pesticide doses and pathogens were pursued:

)

1)

111)

Impact of a N. ceranae infection under the influence of
thiacloprid and tau-fluvalinate exposure on longevity, flight
activity and social behaviour of worker bees in free flying
observation hives;

Effects of a chronic sublethal exposure of the pesticides
thiacloprid and tau-fluvalinate on colony development and
overwintering of full sized honey bee colonies under field
conditions;

Effects of a chronic clothianidin exposure in combination with
infections of N. apis or N. ceranae on foraging behaviour and
longevity of free flying honey bees kept in specially designed

minihives.
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Summary

Interactions between pesticides and parasites are believed to be responsible
for increased mortality of honey bee (Apis mellifera) colonies in the
northern hemisphere. Previous efforts have employed experimental
approaches using small groups under laboratory conditions to investigate
influence of these stressors on honey bee physiology and behaviour,
although both the colony level and field conditions play a key role for
eusocial honey bees. Here, we challenged honey bee workers under in vivo
colony conditions with sub-lethal doses of the neonicotinoid thiacloprid, the
miticide tau-fluvalinate, and the endoparasite Nosema ceranae, to
investigate potential effects on longevity and behaviour using observation
hives. In contrast to previous laboratory studies our results do not suggest
interactions among stressors, but rather lone effects of pesticides and the
parasite on mortality and behaviour, respectively. These effects appear to be
weak due to different outcomes at the two study sites, thereby suggesting
that the role of thiacloprid, tau-fluvalinate, and N. ceranae and interactions
among them may have been overemphasized. In the future, investigations
into the effects of honey bee stressors should prioritize the use of colonies
maintained under a variety of environmental conditions in order to obtain

more biologically relevant data.
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Introduction

All living organisms are exposed to a broad array of environmental
stressors, including pests, parasites and contaminants. Mortality represents
the strongest and most defined index of effect (i.e. death); however,
sublethal impacts affecting behaviour and physiology can also be measured
(e.g. Marcogliese and Pietrock, 2011; Pettis et al., 2012; Schneider et al.,
2012b). To obtain a thorough understanding of the effects of a particular
stressor or combination of stressors, it is therefore crucial to examine

multiple potential indices of effect.

The Western honey bee (4pis mellifera; hereafter honey bee) is a eusocial
insect that can be used to investigate the environmental effects of parasites
and pesticides due to its well-described natural history and ease of
maintenance in an experimental setting. Additional interest in honey bee
health has been stimulated by severe colony mortalities reported recently
(Neumann and Carreck, 2010). The widely distributed ectoparasitic mite
Varroa destructor has been identified as one important driver for colony
losses (Genersch et al., 2010; Le Conte et al., 2010; Dietemann et al., 2012);
however, it appears that concurrent assaults by multiple other stressors
likely have a large influence on colony survival (Potts et al., 2010). While
the detrimental consequences of stressor driven mortality are apparent, the
dimensions of the impact of sublethal effects on honey bee colonies are
often less visible. Sublethal effects can comprise various parameters ranging
from anatomical and physiological impairments to more complex processes

such as orientation or foraging behaviour (e.g. Desneux et al., 2007). The
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functioning of the colony superorganism as a unit depends heavily on the
social behaviours among the individuals in the hive because the
coordination of fundamental tasks in a colony (e.g. brood care, cleaning,
foraging, attending etc.) requires the transfer of relevant information among
the members of the colony (Moritz and Southwick, 1992). Even though
social in-hive behaviours are key for colony functioning, few studies have
investigated potential stressor effects on social behaviour, despite data
suggesting that stressors can influence other behaviours (e.g. foraging)

(Schneider et al., 2012a; Dussaubat et al., 2013a).

The microsporidian Nosema ceranae is an obligatory intracellular midgut
parasite that host-switched from the Eastern honey bee (Apis cerana) to the
Western honey bee more than a decade ago (Paxton et al., 2007). It has
since developed a nearly ubiquitous distribution worldwide (e.g. Klee et al.,
2007; Williams et al., 2008; Giersch et al., 2009; Higes et al., 2009a;
Invernizzi et al., 2009; Yoshiyama and Kimura, 2011). Despite numerous
investigations of the impact of the parasite, its role in honey bee mortalities
is highly debated (Fries, 2010; Higes et al., 2013). Whereas some studies
did not detect increased individual bee or colony mortality (e.g. Invernizzi
et al., 2009; Genersch et al., 2010; Williams et al., 2011; Dainat et al., 2012;
Martin et al., 2013), others have reported lethal effects in the laboratory
(Higes et al., 2007) as well as colony deaths (Martin-Hernandez et al., 2007,
Higes et al., 2008; 2009b). Observed sublethal effects of N. ceranae on
individuals include host immune suppression (Antinez et al., 2009),

energetic stress (Mayack and Naug, 2009; 2010; Naug and Gibbs, 2009), as
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well as altered flight behaviour (Kralj and Fuchs, 2010; Dussaubat et al.,
2013a) and pheromone production (Dussaubat et al., 2010). Numerous
studies have demonstrated that parasites can alter the behaviour of infested
honey bees (e.g. Wang and Mofller, 1970; Delfinado-Baker et al., 1992);
however, none have investigated if N. ceranae affects social behaviour

within a colony setting.

Pesticides, acting singly or in combination, can also affect non-target
organisms such as solitary bees (Sandrock et al., 2014a), bumble bees
(Fauser-Misslin et al., 2014) and honey bees (Bortolotti et al., 2003;
Desneux et al., 2007; Aliouane et al., 2009; Wu et al., 2011; Henry et al.,
2012; Sandrock et al., 2014b). Doses of pesticides that exceed a certain
threshold level (depending on substance and type of exposure) affect the
survival of exposed honey bees, while sublethal doses of pesticides can
exhibit various effects on individual honey bees, including development,
learning performance and orientation (Desneux et al., 2007; Blacquicre et
al., 2012). While many studies have investigated this kind of pesticide
effects on honey bees, similar to N. ceranae, little is known about the
potential impact of pesticides on honey bee social behaviour at the colony
level. The neonicotinoid crop protection insecticide thiacloprid and the
pyrethroid tau-fluvalinate are two pesticides widely applied to combat pest
insects (Elbert et al., 2008) and V. destructor (Tsigouri et al., 2001),
respectively. Residues of both substances are common in bee hive matrices;
thiacloprid in honey (Tanner and Czerwenka, 2011), bee bread (Genersch et

al., 2010), nectar and pollen (Pohorecka et al., 2012), and tau-fluvalinate in
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beeswax and pollen (Chauzat and Faucon, 2007; Mullin et al., 2010).
Thiacloprid is of relatively low toxicity to bees (oral LDs, = 17.32 pug bee ')
versus other neonicotinoids, and can act synergistically with N. ceranae to
kill honey bees in the laboratory (Vidau et al., 2011; Retschnig et al.,
2014a). Tau-fluvalinate has an acute contact toxicity of 0.2 g ug bee ', but
was reported to have no lethal effect at daily oral doses of 5 or 10 pg bee ™'
(Decourtye et al., 2005). However, it was shown to promote honey bee
mortality in the presence of the miticide coumaphos (Johnson et al., 2009)
as well as influence honey bee locomotion (Teeters et al., 2012). Although
combined effects of tau-fluvalinate and any neonicotinoid have not yet been
investigated in honey bees, exposure of bumble bees to a similar

combination of pesticides (i.e. a neonicotinoid and a pyrethroid) increased

worker mortality and impaired foraging behaviour (Gill et al., 2012).

The simultaneous exposure to a combination of parasites and pesticides can
lead to interactions between the stressors in the host and can cause increased
host mortality or various sublethal effects (Marcogliese and Pietrock, 2011).
For example, in honey bees, concurrent exposure to N. ceranae and certain
neonicotinoid insecticides caused both lethal and sublethal effects (e.g.
Alaux et al., 2010; Vidau et al., 2011; Aufauvre et al., 2012; Pettis et al.,
2012). In the past, the investigation of specific mechanisms of stressor
effects often took place in laboratory studies under standardized conditions
(e.g. Alaux et al., 2010; Forsgren and Fries, 2010; Aufauvre et al., 2012),
which allowed for the control of potentially interferring factors (Williams et

al., 2013). However, it remains unclear to what extent such findings can be
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extrapolated to honey bees in the field. As demonstrated in previous
investigations, the study arena (laboratory versus field) can have a strong
influence on the physiological development (Maleszka et al., 2009) as well
as measured stressor effects in individual bees, including interactive effects
of pesticides on honey bee mortality (Schmuck et al., 2003). Naturally,
laboratory studies focus on parameters that can be tested reliably in this
particular study arena, including worker longevity and parasite intensity
(e.g. Alaux et al., 2010; Vidau et al., 2011). However, some traits that are
crucial for the functioning of the honey bee colony, such as the social in-
hive behaviour of the workers, have received too little attention so far.
Therefore, the primary objective of this study was to look at potential
stressor effects on honey bee worker longevity, the ultimate measure of
stress impact, as well as on important behaviours among workers including
antennation (communication), grooming (hygiene) and trophallaxis
(nutrition), as well as flight activity (nutrition and hygiene) (Moritz and
Southwick, 1992). Using observation hives in two locations, we
investigated the lethal and sublethal effects of the widely applied pesticides
thiacloprid and tau-fluvalinate, as well as the ubiquitous parasite N.
ceranae, on individual honey bees that faced natural conditions.
Experimental individuals were allocated to one of four treatment groups
(control, pesticides, N. ceranae, and N. ceranae and pesticides); pesticide
and N. ceranae exposure occurred during development and post-emergence,
respectively. Due to previous reports of the effects of N. ceranae and
pesticides on honey bee survival and behaviour (e.g. Alaux et al., 2010;

Kralj and Fuchs, 2010; Aufauvre et al., 2012), we expected to observe a

47



Publication 1: Retschnig et al. 2015

similar impact of these stressors and anticipated to find stronger effects on
individuals that were exposed to the combination of both N. ceranae and
pesticides due to potential synergistic interactions (Alaux et al., 2010; Vidau

et al., 2011; Aufauvre et al., 2012; Pettis et al., 2012).

Results

Mortality

Location A. Honey bee workers exposed to pesticides during development
showed significantly higher mortality than did control individuals during
the 14 day trial (Kaplan—Meier, log-rank test with Bonferroni correction,
both Ps = 0.0006, Fig. 1). No such significant difference was observed
between control workers and those belonging to the N. ceranae-only
treatment group (Kaplan—Meier, log-rank test with Bonferroni correction, P
= 0.3). Similarly, no significant difference in mortality occurred among the
non-control treatment workers (pesticides versus N. ceranae, pesticides
versus N. ceranae and pesticides, and N. ceranae versus N. ceranae and
pesticides, Kaplan—Meier, log-rank test with Bonferroni correction, P =
0.19; 1; 0.23). Mortality, when compared using only data at termination
day, was similar to survival analyses that incorporated daily mortality;
workers exposed to pesticides showed significantly higher mortality
compared with control individuals, and no significant difference was
observed among non-control treatment individuals (binary logistic
regression with Bonferroni correction, pesticides groups versus control,

both Ps < 0.012, for all other comparisons Ps > 0.186).
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Location B. No significant difference in mortality was observed among
treatments when daily deaths (Kaplan—Meier, log-rank test with Bonferroni
correction, all Ps = 1, Fig. 2), or total death number at experiment
termination (binary logistic regression with Bonferroni correction, all Ps =

1) were considered.

Comparison of mortality between locations A and B. In all treatment
groups, the workers showed significantly higher mortality in location B
compared with location A (log-rank test, all Ps <0.001, Table 1, Figs. 1 and
2).

Survivorship [%]
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Fig. 1 Kaplan—Meier survival curve of the experimental honey bee (4pis mellifera) workers at
location A (Switzerland). Workers that were exposed to pesticides (thiacloprid and tau-
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fluvalinate) during development showed significantly higher mortality than the control group
(log-rank test with Bonferroni correction, both Ps = 0.0006). Significant differences between
treatments are marked with different letters (a, b).

Behaviour

Location A — In-hive behaviour. A total of 22147 individual behaviours
were observed during 14 days (Fig. 3), with frequency of observations of
the three behavioural categories consistent for each treatment: other
(including all behaviours except for social behaviours and motionlessness,
such as walking, feeding, brood care, cleaning etc.) was observed most
(total: 16280 events, 71.41-75.18% events per treatment), followed by
motionless (total: 3250 events, 13.09-16.37% events per treatment), and
social (antennation total: 1458 events, 6.21-6.94% events per treatment;
grooming total: 696 events, 3.0-3.29% events per treatment; trophallaxis

total: 463 events, 1.99-2.26% events per treatment).
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Fig. 2 Kaplan—Meier survival curve of the experimental honey bee workers at location B
(Germany). No differences in mortality were observed between the investigated treatment
groups (log-rank test with Bonferroni correction, all Ps =1).
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Table 1 Overview and comparison of the stressor impacts on honey bees (Apis mellifera) in
locations A (Switzerland) and B (Germany).

Mortality Behaviour

Treatments LocationA  Location B Avs. B Location A Location B

higher
mortality in
B
(P <0.001)
higher higher .
Pesticides mortality o mortality m N ~

(P <0.001) @ <l;3-lllll)
higher

mortality in higher inactivity
B (P < 0.001)
(P <0.001)

V. : higher
N.
ceranae lughgr ke b Gactiity
& mortality - ¥ B
Pesticides (P <0.001) B (P <0.05)
. (P <0.001)

The absence of significant effects is marked as ‘--’ in the table.

Control

N. ceranae

For all possible combinations of behaviour comparisons (n = 24), only three
showed significant differences (all Ps < 0.05); all others had P-values
greater than 0.23 (multinomial logistic regression with false discovery rate
(FDR) correction, Fig. 3). Workers inoculated with N. cera