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Abstract

The solitary bee Osmia bicornis, like many other well-known bee species (e.g., honeybee or
bumblebee), is affected by the widespread use of pesticides that cause lethal and sublethal
effects. In the past, certain neonicotinoids found to be harmful to bees were banned, and
substitutes such as the insecticide sulfoxaflor, which is considered less harmful despite a
similar mode of action, were established. In addition to insecticides, fungicides are also widely
used. A very well-known fungicide is azoxystrobin, which is classified as harmless to bees like
most fungicides. However, fungicides attracted more attention in the past due to possible
synergisms and antagonisms with other pesticides. To test sublethal effects of sulfoxaflor,
azoxystrobin and their combination on learning ability and foraging performance of O. bicornis,
a total of 14 experimental rounds with three treatment groups (i.e., sulfoxaflor, azoxystrobin,
and mix) and control group were conducted from April to June 2021 in an artificial setup with
two differently coloured artificial flowers (i.e., one rewarding colour and one non-rewarding
colour) under controlled conditions at Agroscope, Reckenholz Zirich. After a single oral
exposure to either 2000 ppb azoxystrobin, 100 ppb sulfoxaflor, their mix, or a control solution,
a significantly negative effect of sulfoxaflor on learning was observed, while there was no such
effect with regard to azoxystrobin. In terms of foraging performance, the exposure to sulfaxoflor
or azoxystrobin had no effect. Furthermore, the results do not support negative synergistic

effects between sulfoxaflor and azoxystrobin (i.e., mix).

Key words: Osmia bicornis, foraging, learning, sulfoxaflor, azoxystrobin, synergisms and

antagonisms of substances, sublethal effects, artificial setup
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1. Introduction

1.1 General introduction

The Osmia bicornis is a solitary bee species which provides important pollination services to
crops such as apple or cherry in Europe (James & Pitts-Singer, 2008; Sedivy & Dorn, 2014).
However, as most pollinators in intensively managed agroecosystems, the species has to cope
with many stress factors (Potts et al., 2016; Brown et al., 2016) such as food stress and
exposure to pesticides. Synthetic pesticides are used virtually everywhere and globally in
conventional agriculture, including organic products in organic farming. They help protect crops
from pests and diseases and thus enhance crop production and quality (FAO and ITPS, 2017).
Pesticides are composed of organic and inorganic chemicals that can be distinguished based
on their mode of action or target organisms (e.g., insecticides, herbicides and fungicides;
BlUnemann et al., 2006; Imfeld & Vuilleumier, 2012). Although pesticides primarily target certain
pest organisms, they often affect non-target organisms too (Devi et al.,, 2018; Imfeld &
Vuilleumier, 2012). Bees and other pollinators are commonly exposed to a variety of pesticides
in agricultural ecosystems (Krupke et al., 2012; Rortais et al., 2005) and are also often affected
by them (e.g., higher mortality rate, less reproduction, and adverse sublethal effects on
behaviour; Siviter et al., 2018a; Siviter et al., 2021; Palmer et al., 2013; PPDB, 2021). The
broad and global scope of pesticide use therefore raises questions and concerns about
pollinator safety and health. Awareness of this issue has increased in recent years and former
insecticides, so-called neonicotinoids, that demonstrably have a negative impact on bees (van
der Sluijs et al., 2013; Samuelson et al., 2016; Blacquiere et al., 2012; Peng & Yang, 2016;
Smith et al., 2020), have been partly banned (e.g., thiamethoxam, clothianidin, imidacloprid,
and thiacloprid are only prohibited outdoors; European Commission, 2018; European
Commission, 2020). By contrast, more recent insecticides (e.g., sulfoxaflor, flupyradifurone,
etc.), which are considered less harmful (Watson et al., 2011), experienced an uptrend as
substitutes. However, studies on sulfoxaflor show several negative impacts on various bee
species (Boff et al., 2021; Cheng et al., 2018; Taning et al., 2019; van der Sluijs et al., 2013).
So far, the findings focus on increased mortality, impact on flight behaviour and reduced
survival rates, with a primary research interest on honeybees and bumblebees (i.e., social
bees; Samuelson et al., 2016; Cheng et al., 2018; Taning et al., 2019; Siviter et al., 2018b;
Siviter et al., 2019), while research involving solitary bees is sparse (Azpiazu et al., 2021; Boff
et al., 2021; Dietzsch et al., 2015). Fungicides, as the name suggests, are used against fungi.
A widely used and broadly applied fungicide is azoxystrobin. The impact of fungicides on
insects is rarely studied, assuming that their mode of action does not affect them negatively
(Devillers, 2002; PPDB, 2021). However, fungicides can also have a negative impact on bees

(Fisher etal., 2017; Christen et al., 2019). Moreover, fungicides have gained attention not only
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because of their single application, but also because individual pesticides (i.e., insecticides
and fungicides) form synergisms and antagonisms of substances (i.e., the combination of
substances increases or decreases the effect of the individual substances; Ladurner et al.,
2005; Cedergreen, 2014; Siviter et al., 2021).This is of great relevance to practice, as many
different pesticides are usually applied to crops at the same time. Since the mode of action of
both pesticides blocks either the signal transmission of nerve stimuli (sulfoxaflor; Sparks et al.,
2013; Tan et al., 2017) or the mitochondrial respiration by interrupting the electron transfer of
proteins (azoxystrobin; Kunova et al., 2012), the use of either or the joint use of both
substances may cause sublethal effects (i.e., physiological or behavioural effects on insects
that survive exposure to a pesticide; Hille-Rehfeld, 2020; Beiras, 2018) and influence the
learning and foraging performance of O. bicornis. If learning and foraging performance are
impaired, this likely reduces the efficiency of O. bicornis females which would have
consequences on their life cycle duties (i.e., reproduction) and pollination (Straub et al., 2015;
Bohme et al., 2018; Yang et al., 2012; Smith et al., 2020; Christen et al., 2019; Sgolastra et
al., 2018).

In my master’s thesis, | aim to find out how the pure substances of sulfoxaflor and azoxystrobin
alone and in combination affect the learning ability and foraging behaviour of the solitary bee
species O. bicornis. To answer my purpose, | conducted an experiment with female O. bicornis
in flight cages with an artificial flower meadow under controlled conditions at Agroscope. The
experiment took place from April to June 2021 and data from 198 bees were collected. My
thesis is structured as follows: First, | will introduce the term solitary bees in general and the
bee species O. bicornis with its foraging behaviour and learning ability in more detail. This is
followed by the introduction of the focal pesticides of my study, their mode of action and their
potential risks. This then leads me to formulate two hypotheses | address in my thesis. In the
methods section, the detailed experimental setup and methodological and statistical approach
are described. The results are divided into response variables on general foraging
performance and learning. In the discussion section, my findings are put in context with results
from prior literature. Implications are presented in the conclusion section. The calculations, the

R-script, and the data sheet can be found in the appendix.



1.2 The solitary bee O. bicornis alias Red mason bee

Bees are known as important pollinators of wild and cultivated plants and are therefore
considered essential for an intact ecosystem and agricultural production (Brandt et al., 2020;
Garibaldi et al., 2013; Klatt et al., 2013). Traditionally, most pollination is attributed to
honeybees or bumblebees, the so called social bees species. However, 85 percent of
approximately 20'000 bee species worldwide are not considered social but solitary (Azpiazu
et al., 2019; Batra, 1984). These solitary species do not necessarily fulfil the generally known
bee clichés (i.e., honey, painful stiches, a single egg-laying queen and a hive with thousands
of sterile workers; O'Toole & Raw, 1991). Each solitary female independently mates, builds its
own nest with several brood cells, lays an egg and food in each cell without cooperating with
others, and dies before the next generation emerges (Batra, 1984; O’'Toole & Raw, 1991;
Williams & Tepedino, 2003). However, solitary bee species contribute significantly to the
pollination of wild and cultivated plants, often even more effectively (James & Pitts-Singer,
2008; Brandt et al., 2020). Garibaldi et al. (2013) state that an increase in visitation by wild
insects promotes fruit set twice as much as a corresponding boost in visits of honeybees.
Therefore, farmers in some parts of the world deliberately create space for wild bees to
pollinate crops that cannot be sufficiently pollinated by honeybees (Batra, 1984; Greenleaf &
Kremen, 2006; Beadle et al., 2019). Osmia bicornis is, unlike many other wild bee species
which are ogliolectic (i.e., females only collect pollen from flowers of same plant genus; Amaya-
Marquez et al. 2008), a polylectic bee species (i.e., females collect pollen from flowers of
various plant genera; Gresty et al., 2018). This makes it an important pollinator of several crop
species (Klatt et al., 2013) and wild plants (Westrich, 2019) that need or benefit from cross-
pollination (Free, 1993). Osmia bicornis are also considered as the most common and
economically important solitary bee species in Central Europe (Sedivy & Dorn, 2014). Despite
being a common wild bee species, O. bicornis is also increasingly bred and managed
commercially for crop pollination, particularly of fruit crops (peach, apricot, plum, cherry, apple,

pear and almond; Beadle et al., 2019).

1.2.1 Life cycle of O. bicornis
Osmia bicornis is a central-European solitary bee species with an activity period from April to
June (Radmacher & Strohm, 2010). Depending on weather conditions and food supply, the
females live for about four to seven weeks, the males for two to three weeks after hatching
(Wildbiene + Partner, 2021; Danforth et al., 2019). Osmia bicornis are cavity-nesting bees with
one generation per year (i.e., females and males die after the brood period; Danforth et al.,
2019). During their lifespan, single O. bicornis females forage, construct their own nest (i.e.,
approximately 4-30 brood cells) and provide their own offspring with nectar and pollen (i.e., the

egg is laid on the larval provisions, a mixture of pollen and nectar; Westrich, 2021; Danforth et
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al., 2019) directly after mating. Thanks to the high concentration of proteins in the pollen and
the supply of nectar, the egg grows into a larva which continues to evolve rapidly. The pupation

starts after three to four weeks inside the brood cell. Around August, depending on when the

egg was laid, the metamorphosis is completed. A fully developed bee hibernates in its cocoon
until spring (Fig. 1;Werner, 2013; Danforth et al., 2019; Wildbiene + Partner, 2021).

Fig. 1: The metamorphosis of an O. bicornis: 1. The fertilised egg is laid on a bed of pollen and nectar in May/ June.
2. The egg grows quickly into a larva due to the food supply in the brood cell (i.e., pollen and nectar). 3. The larva
starts to spin a cocoon after three to four weeks inside the brood cell. 4. The cocoon is ready, the transformation
from larva to bee starts and is completed around August. A fully developed bee hibernates in its cocoon. 5. The
bee hatches in the following spring (Images by Werner, 2013).

1.2.2 Foraging and learning behaviour of O. bicornis
The chemical composition and thus the function for both pollinators and plants is different for
nectar and pollen (Muth et al., 2016). Pollen represent the only source of protein in the diet of
bees, whereas nectar represents a vital source of energy with sugar being its principal
component (Nicolson, 2011). Moreover, the quantity and quality of nectar and pollen can
influence foraging choices because the collection of nectar and pollen is expensive in terms of
both time and energy (Thorp, 2000). Like other bees, O. bicornis have the ability to evaluate
the quality and quantity of forage, and prioritise the choice of food plant species accordingly
(Howell & Alarcén, 2007; Ahrenfeldt, 2019; Bukovinszky et al., 2016). An Osmia bee consumes
approximately 30 ul nectar per day (Azpiazu et al., 2019). Preferring flowers with high sugar
content reduces the number of flower visits required by the pollinator and thus minimises the
energy required for foraging (Ahrenfeldt, 2019). To estimate the potential gain from rewards
(i.e., sugar, nectar, and pollen), pollinators rely on flower signals, such as colour, shape, and
scent that can indicate the state of reward of a plant (so called ‘honest signals’; Knauer &
Schiestl, 2015). Bees quickly learn associations between nectar and flower features (e.g.,
colour, pattern, scent, or texture) and use these features to find preferred flowers from a
distance and nectar after landing (Muth et al., 2016). Bees are central-place foragers, with
females flying between foraging sites and nests to supply brood cells with pollen and nectar.
The distance between resources ultimately determines the bees’ reproductive success
(Zurbuchen et al., 2010; Hofmann et al., 2020): The further away the nest and food sources
are from each other, the higher the bees’ energetic and reproductive costs (Williams &
Tepedino, 2003; Zurbuchen et al., 2010; Hofmann et al., 2020). Solitary wild bees forage only
up to a few hundred metres from their nest and therefore nest in locations that provide both
nesting material and the right food source, whereas the honey bee has a much larger operating
4



range of up to seven kilometres (bee-careful, 2021). Therefore, wild bees are much more
limited in their choices and have to make the most of the plants in their immediate environment.

This also includes remembering profitable sites.

For a long time, the ability to memorise and learn rewarding locations has been primarily
attributed to social bees (Zhang et al., 2005; Cnaani et al., 2006), as their learning ability was
generally assumed to be better due to the communication within the hive and the recognition
of nest members (i.e., their social life history; Kamil, 2004). However, flower memory is related
to spatial memory, that is, the ability to return to the hive or nest after foraging. Since every
hymenopteran (i.e., an order category of insects) pollinator species needs to have this ability,
social bees are no more special in their cognitive capabilities than solitary bees (Menzel,
2001a). Solitary bees are capable of learning and memorising localities. For example, the
solitary bee species Osmia lignaria (blue orchard bee), prefers blue flower patches to yellow
or white ones on an artificial meadow with differently coloured flower patches but with the same
reward for every colour (Amaya-Marquez et al., 2008). However, when using different rewards
(i.e., white flower patches contain a larger reward volume), O. lignaria learns to prefer white
flower patches to blue ones (see Amaya-Marquez et al., 2008). Since O. bicornis, as most
solitary species (O’'Toole & Raw, 1991), have relatively short activity periods (i.e., April until
mid-June; Radmacher & Strohm, 2010), they need to learn quickly how to exploit the preferred
flowering plants efficiently. To achieve this, learning to discriminate between more or less
rewarding plant species and remembering locations of preferred flowering plants is important
(Radmacher & Strohm, 2010). Male O. bicornis are also capable of learning. However, this is
less about learning where the best food sources are than knowing where females are most
likely to forage (Eickwort & Ginsberg, 1980). These cognitive abilities involved in learning to
discriminate between more or less rewarding floral resources and their spatial distribution, and
thus to increase foraging efficiency, may, however, be compromised by pesticides interfering
with the proper processing of information and the functioning of the nervous system in bees,

such as sulfoxaflor (Siviter et al., 2018a; Palmer et al., 2013).

1.3 Pesticides

1.3.1 Sulfoxaflor (insecticide)
The insecticide sulfoxaflor was launched in 2011 (Hille-Rehfeld, 2020) after the partial ban of
neonicotinoids (i.e., class of systemic insecticides) in Europe due to their observed negative
impact on non-target organisms, in particular bees (van der Sluijs et al., 2013; Samuelson et
al., 2016; Siviter et al., 2018a; Siviter et al., 2018b), and growing resistance among the actual
target organisms (i.e., sap-feeding insects; Nauen & Denholm, 2005). Since then, plant
protection products containing sulfoxaflor have been used in many European countries, such
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as Germany and Austria (but not yet in Switzerland), for the cultivation of, for example,
tomatoes, eggplants, cucumbers, melons, wheat, rye and barley (PPDB, 2021). Sulfoxaflor
has a similar pest spectrum as neonicotinoids and is therefore effective against a range of
sucking insects (Cutler et al., 2013; Babcock et al., 2011). It also has a similar mode of action
as neonicotinoids through the disruption of the acetylcholine neurotransmitter signalling at the
corresponding nicotinic acetylcholine receptors (Cutler et al., 2013; Jeschke & Nauen, 2005;
Babcock et al., 2011; Sparks et al., 2013; Tan et al., 2017), albeit implemented differently due
to electrophysiological and radioligand (i.e., specific substance that can bind to receptor;
Spektrum.de, 2021) binding techniques which are distinct from commercial neonicotinoids
(Watson et al., 2011). Given other known sulfoxaflor characteristics (i.e., metabolic stability,
novel chemical structure, and lack of cross-resistance), the substance likely interacts
differently with the nicotinic acetylcholine receptors than the common known neonicotinoids
(Watson et al., 2011).

The nicotinic acetylcholine receptors are situated primarily in the bilaterally symmetrical
mushroom bodies (Peng & Yang, 2016; Bicker, 1999). Mushroom bodies are considered as
insects’ higher level brain structures and are assumed to be related to learning, memory (Zars,
2000; Heisenberg, 2003), as well as cognitive processes and the control of complex
behaviours such as the creation, consolidation and retrieval of olfactory memories (Fahrbach,
2006; Heisenberg, 1998; Menzel, 2001b; Belzunces et al., 2012; Blacquiere et al., 2012). The
binding at the nicotinic acetylcholine receptors in these sensitive region of the bees’ brain can
cause hyperexcitation that eventually leads to the insect’'s death (Matsuda et al., 2005) or can
cause sublethal effects (i.e., physiological or behavioural impairments on bees that survive
exposure to a pesticide; Hille-Rehfeld, 2020; Beiras, 2018; Sandrock et al., 2014). For
example, Yang et al. (2012) found that honey bee larvae which had been fed with a sublethal
dose of a neonicotinoid (i.e., imidacloprid) evolved into adult bees but showed reduced
olfactory learning ability. Smith et al. (2020) made a similar observation and showed that
bumblebee adults which had experienced in-hive exposure to a neonicotinoid (i.e., feeding of
imidacloprid-spiked nectar substitute) during brood and/or early-stage adult development had
an impaired learning performance and lower likelihood of responding to a sucrose reward in
an olfactory memory test. Furthermore, the micro-computed tomography scanning and
segmentation of the brain’s mushroom bodies indicated reduced growth of calyces compared
to unexposed bumblebee workers (Smith et al., 2020). The cup-shaped calyces in the
mushroom bodies are important regions for sensory input and consist of many Kenyon cell
dendrites (i.e., intrinsic neurons; Fahrbach, 2006; Menzel, 2012). Moreover, there are
structures in the calyces (i.e., micro-glomerulus) that consist of many synaptic units and are

used as an indicator of neuronal connectivity during maturation in studies (Groh et al., 2006;



Hourcade et al., 2010; Krofczik et al., 2008; Peng & Yang, 2016). Therefore, reduced growth

of calyces caused by neonicotinoids leads to restricted neural development in the bee’s brain.

Sulfoxaflor in particular is toxic to honeybees and bumblebees (PPDB, 2021). Several studies
show increased mortality of honeybees and bumblebees at relatively high doses (i.e.,
sulfoxaflor residues of 5000 ppb; see Cheng et al., 2018; see also Taning et al., 2019).
According to Azpiazu et al. (2021), O. bicornis is even more sensitive to sulfoxaflor than these
two social bee species if survival curves after different sulfoxaflor once-exposures are
considered. Moreover, Boff et al. (2021) observed decreased survival rates and changes in
flight behaviour and flower visitation rates of female O. bicornis after repeated oral exposure
of 50 ppb sulfoxaflor. However, despite the common mode of action of sulfoxaflor and
neonicotinoid insecticides, no studies so far have demonstrated negative effects of sulfoxaflor
on bee cognition (see Siviter et al.,, 2019), and extant studies examined impacts of the
insecticide on social bees (e.g., honey bees or bumblebees). According to Azpiazu et al.
(2021), sulfoxaflor is certainly less toxic than imidacloprid (and other neonicotinoids such as
thiamethoxam and clothianidin whose application is banned outdoors; European Commission,
2018; European Commission, 2020), but still more toxic than other neonicotinoids that were
still in use in the EU at the time of the study (i.e., acetamiprid, thiacloprid). Due to its mode of

action, it is assumed that it likely interferes with the cognitive processes of insects.

1.3.2  Azoxystrobin (fungicide)
The fungicide azoxystrobin, introduced in 1996 (Kempe, 2009), belongs to the class of
strobilurins (Syngenta, 2021) and is a globally authorised and heavily used pesticide (Bartlett
et al., 2002). In many European countries, including Germany, Austria, and Switzerland,
various plant protection products containing this active ingredient are authorised (PPDB,
2021). Azoxystrobin has systemic and translaminar properties (i.e., the substance enters the
plant via the surface by spraying, distributes evenly inside the plant and affects the whole
organism; Kempe, 2009) and has mainly protective, eradicative and curative effects (i.e., itis
used as preventive protection, as a cure after a fungal infestation, or to eliminate the pathogen
from the host; Ivic, 2010). It is used against a wide range of fungal diseases in crop, rice, fruit,
potatoes, tomatoes, and wine (Kempe, 2009). Azoxystrobin can be commonly found, similar
to other pesticides, in bees and bee-collected materials (Mullin et al., 2010; Sanchez-Bayo &
Goka, 2014). However, azoxystrobin, similar to fungicides in general, is thought to be safe for

bees and has not been studied extensively in this context (Devillers, 2002).

Azoxystrobin inhibits mitochondrial respiration by blocking electron transfer at cytochromes
(i.e., membrane-bound proteins; Brandt et al., 1988; Reuveni & Sheglov, 2002) leading to the
death of the target organism and has been shown to act anti-sporulation to some extent

(Kunova et al., 2013). Blocking the electron transfer at cytochromes also disrupts the energy
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cycle by halting Adenosine triphosphate (ATP) production (Bartlett et al., 2002). ATP is the
universal and immediately available energy source in cells (i.e., nucleotide) and therefore an
important regulator of energy-producing processes (Knowles, 1980). According to Christen et
al. (2019), fungicides that affect metabolism in fungi can also interfere with the metabolism in
insects. In their study with adult honeybees, they found some evidence that azoxystrobin can
impact expression of genes that regulate the energy metabolism or hormonal system in
honeybees. They concluded that an impaired energy production may reduce foraging activity
and interfere with the hormone balance (e.g., the conversion of nurse bees to foragers;
Christen et al., 2019). Moreover, in combination with other fungicides, azoxystrobin can also
increase mortality of worker honeybees (Fisher et al.,, 2017). In fact, more attention has
recently been drawn to fungicides due to observed interactions with other fungicides or
insecticides (Azpiazu et al., 2021; Thompson et al., 2014; Sanchez-Bayo & Goka, 2014;
Pillings et al., 1995).

The exposure to fungicides and insecticides at the same time may lead to synergism or
antagonism of substances (Ladurner et al., 2005; Cedergreen, 2014; Bohme et al., 2018).
Thus, different pesticides might interact with each other and bees’ health and cognition could
be impacted more severely if bees are exposed to combinations of substances as compared
to single substance exposure (Zhu et al., 2017; Krupke et al.,, 2012). ‘Non-hazardous’
substances could therefore suddenly become dangerous in combination with other ‘non-
hazardous’ substances. For example, Siviter et al. (2021) found in their meta-analysis a
synergistic effect of combined agrochemicals (i.e., the effect of combined agrochemicals is
significantly higher than the combination of the two individual effects) on bee mortality and
Thompson et al. (2014) state that synergism increases with increasing fungicide dose.
Moreover, the study by Azpiazu et al. (2021) indicates significant synergistic effects between
the insecticide sulfoxaflor and fungicide fluxapyroxad on survival probability, to which O.
bicornis and honeybees were particularly sensitive. Additionally, Sgolastra et al. (2018) found
synergistic interaction between the neonicotinoid clothianidin and the fungicide propiconazole.
The mixture of the two substances led to reduced survival probability and delayed ovary
maturation of O. bicornis. Both impacts combined result in a limited longevity, which implies a
shortened nesting period and therefore an affected fertility in O. bicornis (Sgolastra et al.,
2018).

1.3.3 Potential risks
If food plants are contaminated with pesticides, impacts on populations of solitary bees such
as O. bicornis are predicted to be stronger compared to social bees (i.e., honey bees), as
social bees build very large colonies of up to several thousand workers, which are considered
to be a more resilient superorganism (i.e., due to their social life history, they should be better
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able to tolerate or buffer stressors such as pesticides in contrast to solitary bees, in which
impacts on nesting females should have direct fithess consequences; Straub et al., 2015;
Bohme et al., 2018). The O. bicornis female has only a short active phase of four to five weeks,
during which each individual female must perform its life cycle duties (i.e., foraging,
reproducing, preparing brood cells, etc.), which requires efficiency (Radmacher & Strohm,
2010). Assuming that the O. bicornis female is now affected by sulfoxaflor in its brain activity
(Yang et al., 2012; Smith et al., 2020) or by azoxystrobin in its energy budget (Christen et al.,
2019), both would lead to reduced foraging activity and efficiency. In case of sulfoxaflor the
bee would be less able to remember the locations of the more rewarding flowers and would
spend a lot of energy and time on less rewarding flowers. In case of azoxystrobin, the bee
might become lazier due to the disturbed energy balance and would therefore lose efficiency.
Based on the assumption that the O. bicornis female visits fewer flowers due to its reduced
foraging activity, this would also have an effect on pollination. Assuming now the combination
of the two substances and a synergistic effect according to Sgolastra et al. (2018), this would
also affect the fertility of O. bicornis. In summary, with the presumed single and combined
potential effects of sulfoxaflor and azoxystrobin, the O. bicornis would collect, pollinate and
reproduce less per day of a shorter lifespan. In the long-term, this could lead to the extinction

of the species and the disappearance of an important pollinator.



1.4 Objectives and hypotheses

The aim of this master’s thesis is to investigate and assess the individual and interaction effects
of field-realistic doses of azoxystrobin and sulfoxaflor on foraging performance and learning
behaviour of female O. bicornis (i.e., their ability to learn which differently coloured artificial
flowers offer them rewards, hereafter learning ability or simply learning). The experiment to
address these objectives was conducted under controlled conditions in the greenhouse from
April to June 2021 at Agroscope’s experimental field station in Zurich, Switzerland (Agroscope
Reckenholz). It is hypothesised that O. bicornis has the ability to learn and remember the
colour of a rewarding food source, but that the pesticide exposure will impair their learning

ability as well as foraging behaviour.

If bees’ learning is affected by pesticides, this could be reflected in reduced foraging efficiency.
For example, bees may repeatedly fly to the less rewarding flowers because they do not learn
correctly where the more rewarding flowers are. Alternatively, they may need more time to
learn where the more rewarding flowers are and spend a lot of energy on non-rewarding
flowers. Furthermore, it could be that the bees need more time to start foraging, or that they
forage less (i.e., apathetic behaviour) or more (i.e., hyperactive behaviour) than those bees

without pesticide influence.
Thus, the following specific hypotheses are proposed:

1) The insecticide sulfoxaflor impairs foraging performance and learning ability of O.
bicornis females.

2) The fungicide azoxystrobin impairs foraging performance and learning ability of O.
bicornis females.

2) Foraging performance and learning ability of O. bicornis females exposed to a
combination of sulfoxaflor and azoxystrobin are reduced more strongly than those of

bees exposed to either sulfoxaflor or azoxystrobin.

Therefore, this master's thesis essentially centres on a specific human impact on the
environment. It is relevant to theory and practice as it focuses on the impact of pesticide use
on a bee species that, compared to honeybees and bumblebees, has not been widely known
nor researched but is extremely important to pollination and thus for agriculture and humans.
In addition, this master’s thesis provides further knowledge about the learning behaviour of O.

bicornis, which has hardly been researched yet.
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2. Methodology

2.1 Experimental setup and design
| have tested for differences in the foraging performance and learning ability of bees exposed
to field-realistic doses of pesticides (azoxystrobin, sulfoxaflor, or their combination) and those

of control bees (no exposure to pesticides, acetone control only) utilising a novel experimental

setup using artificial flowers (Fig. 2).

77
7

Fig. 2: Three 1.4 m x 1.4 m experimental flight cages were installed in a sheltered space (greenhouse) under
controlled (i.e., light and temperature) environmental conditions.

Freshly emerged O. bicornis females, naive with respect to foraging, were acclimatised to
foraging on artificial flowers (i.e., circular white paper flowers with a diameter of 4.5 cm on
wooden cylinders with a modified Eppendorf tube in the middle hole, installed on green
meadow) for one week in a 1.4 x 1.4 m cage in a sheltered space under controlled
environmental conditions (greenhouse at Agroscope Reckenholz). During the acclimatisation
week, all artificial flowers contained sugar. On average, about 80 bees were released per cage
and per experimental round, and a total of 14 experimental rounds were carried out (Fig. 3).
Prior to the release, the bees were marked with numbers (number tags glued on the bees’
thorax; Fig. 4).
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Fig. 3: Freshly emerged O. hicornis females were released into the 1.4 x 1.4 m cage to acclimatise them to the
artificial experimental setup for a week.

Fig. 4: The bees were marked with number tags glued on the bees’ thorax prior to release. In this way, the bees got
used to the number plates during the acclimatisation week and a later differentiation of the individual bees was
possible.

In the following experiment session, the females were caged individually in NICOT systems
(Fig. 5; i.e., a modular system originally developed for queen breeding: The bees can be locked
away in single tubes and can thus be isolated and fed individually; Bienen-SH, 2021). The
bees were once fed with 5 pyl 33 % sugar solution (on the basis of tapwater) containing a field-
realistic dose of one agrochemical (i.e., 2000 ppb residue scenario for azoxystrobin; see
Schatz & Wallner, 2009, and 100 ppb residue scenario for sulfoxaflor; see 2.3.1 Pre-Tests
(2021), and the combination of the azoxystrobin and sulfoxaflor dose) or a control sugar
solution with acetone only. Per standard, the agrochemicals were also dissolved with acetone
before they could be mixed with the sugar solution. Thus, the experimental setup corresponded

to a full factorial design with three conditions (i.e., azoxystrobin, sulfoxaflor, and mix) and a
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control treatment. In each experimental round, only those bees that completely consumed the
solution were transferred into the training cage (hereafter referred to as ‘feeders’). The ‘non-
feeders’ were excluded from the experiment.

Fig. 5: NICOT systems were prepared by pipetting 5 ul of prepared solution into the provided cup. Afterwards, the
females were individually placed into the tubes and left to feed on the pesticide solution for approximately one hour.

Subsequently, the feeders were transferred to the flight cages containing a total of 30 artificial
flowers of two different colours, yellow and pink (15 flowers each), which are equally preferred
by mason bees (as confirmed by extensive pretests at Agroscope, unpublished data). Flowers
of one colour contained a reward (i.e., 33 % sugar solution), whereas flowers of the other
colour only contained tapwater. The rewarding colour was alternated between different
experimental rounds to rule out any potential confounding effects of flower colour and reward.
The females were left to forage on the artificial flowers inside the cage for about three hours
and the sequence of their flower visitations, the colour of the visited flowers, and their general
behaviour (i.e., time to first visit, number of visited flowers per time, and the covered flight
distance according to a grid raster across which artificial flowers were arranged) were recorded
(Fig. 6). The arrangement of the flowers was randomized every hour. The experimental
procedure with this setup was repeated 14 times during April, May and June in different
experimental rounds with new sets of bees in each round in order to gather enough replicates

(i.e., 25-30 bees) per treatment.
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Fig. 6: The experimental setup: 15 yellow and 15 pink flowers (i.e., a total of 30) were randomly arranged on a
gridded area consisting of 30 grid cells. The flowers of one colour were filled with 0.5 ul of 33 % sugar solution, the
flowers of the other colour with 0.5 ul of tapwater.

2.2 Preparation of study organismand training setup

Female O. bicornis provided by Wildbiene + Partner AG were left to hatch from their cocoons
at room temperature from April 2021 according to their experimental round (Fig. 7). As soon
as enough bees of a corresponding experiment group hatched, they were marked by attaching
numbered plates to their thorax (Fig. 8) and released in one of the three 1.4 m x 1.4 m
experimental flight cages, which were placed in a greenhouse at Agroscope Reckenholz (Fig.
2).

Fig. 7: According to their experimental round, a total of 80 female O. bicornis were left to hatch from their cocoons
at room temperature.
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Fig. 8: Every female O. bicornis was individually marked by attaching numbered plate to its thorax. The marking
was done in a climate room at 4 °C in order to calm the bees and make handling easier.

For the females to get used to locating and handling the artificial flowers, they were held inside
the cage for one week (duration tested in pre-experiments in 2020). A total of 35 white artificial
flowers (i.e., circular paper flowers with a diameter of 4.5 cm on wooden cylinders (4 cm x 4
cm) and a modified Eppendorf tube; Fig. 9) containing 33 % sugar solution were provided and
re-filled daily. Additionally, fresh apple tree pollen (purchased from I’Abeille Heureuse), and a
fresh water dish were offered. The bottom of the cage was covered with green paper to imitate
meadow (see also Boff et al., 2021). Moreover, a wooden bee home with cavities for roosting
was installed inside the cage (Fig. 10). The bees acclimatised quite well to the artificial setting
(i.e., food intake via artificial flowers) and survived the acclimatisation phase in acceptable

numbers (i.e., approximately 50 out of the initially 80 released bees survived on average).

4cm

Fig. 9: Artificial flower used in acclimatisation cages: circular paper flowers with a diameter of 4.5 cm on wooden
cylinders (4 cm x 4 cm) holding the Eppendorf tube (diameter of cavity: 0.75 cm, depth 1.3 cm).
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Fig. 10: Acclimatisation setup: White artificial flowers containing 33 % sugar solution were placed with a cup of fresh
apple tree pollen and a fresh water dish inside a cage in the greenhouse at Agroscope. A wooden bee home with
cavities for roosting was placed in one corner of the cage.

| used white flowers during the acclimatisation week to prevent the bees from already
developing colour preferences for pink or yellow during acclimatisation. The assumption
developed that bees might have individual preferences during the acclimatisation week, which
means that if they learn that their first preference (e.g., yellow) is always rewarding, they do
not change their first choice in colour for the experimental session. Moreover, they might be
confused when their always rewarding colour choice suddenly only contains water during the
experimental session (i.e., they could doubt the honest signal; Knauer & Schiestl, 2015). For
these reasons, the bees only became acquainted with the coloured flowers during the
experimental session. The fact that the bees might miss the white flowers from the training
session during the experiment was dismissed due to the stronger natural preference for yellow
and pink flowers (as confirmed by extensive pretests at Agroscope, unpublished data).

2.3 Pesticide exposure

As active ingredients of pesticide products, the pure substances azoxystrobin and sulfoxaflor
were used in this experiment, rather than products also containing additional substances such
as dissolvents. Azoxystrobin (100 mg, PESTANAL analytical standard) was purchased from
Sigma Aldrich, Switzerland. Sulfoxaflor (10 mg, reference standard) was purchased from
Greyhound Chromatography, UK. For preparation of solutions, substances were first solved in
acetone and subsequently diluted with 33 % sugar solution to the desired concentrations. The
bees’ pesticide exposure happened once on the corresponding experimental day using NICOT
systems (Fig. 5). The bees were once given a dose of 2000 ppb azoxystrobin (azo), 100 ppb

sulfoxaflor (sul), a combination of these two (mix) or 33% sugar solution with acetone only
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(con) on the experimental day (i.e., four experimental groups). For all treatments, | used non-
distilled water (i.e., tapwater) and acetone which imitate the natural exposure of bees to
pesticides due to their solubility in diet (Wilkins et al., 2013). In line with comparable prior
studies (see Siviter et al., 2019; Siviter et al., 2018b; Thompson et al., 2014), there was no
‘water only’ control group. Since a bee drinks approximately 30 pl per day (Azpiazu et al., 2019)
but only 5 pl are fed to the bees in the NICOT-systems, the 6-fold concentration was contained

in these 5 pl (see appendix for calculations).

2.3.1 Pre-experiment to define sulfoxaflor dose

The aim of the pre-experiments was to find a dose that can be considered worst case field-
realistic and that could potentially influence the bees’ behaviour without being lethal to some
bees. However, studies report different residue levels of sulfoxaflor found in nectar (Cheng et
al., 2018; Appeltauer, 2017; Siviter et al., 2018b) and different dosages have been suggested
to represent field-realistic exposure levels for bees (Azpiazu et al., 2021; Boff et al., 2021,
Siviter et al., 2019). In the study of Appeltauer (2017), apple trees were treated with a dosage
of 48 g a.i. sulfoxaflor (i.e., highest permitted spray rate) to investigate pesticide residues in
nectar. After one day of application, the residual level in nectar was 170 ppb. This value was
defined as worst case scenario. Based on this worst case value and the study of Boff et al.
(2021) who observed first sublethal effects at a repeated exposure of 50 ppb sulfoxaflor in O.
bicornis, the pre-test concentrations were defined as follows: 50 ppb, 100 ppb and 150 ppb.

Fig. 11: The pre-experiment took place in a 0.5 x 0.5 m cage with real flowers, where the bees were observed for
about two hours after receiving their corresponding sulfoxaflor dose (50 ppb, 100 ppb or 150 ppb) in the NICOT-
systems.

In a pre-experiment conducted on 12" April 2021, a total of 45 females O. bicornis were

assigned to three treatment groups in which bees were exposed to different sulfoxaflor doses
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after starvation overnight: i.e., 50 ppb, 100 ppb and 150 ppb; 15 bees per treatment). A total
of 39 out of 45 bees consumed their 5 pl 33 % sugar solution with the corresponding sulfoxaflor
dose in their NICOT system and were used as ‘feeders’ in the subsequent experiment (Fig.
11). The behaviour of the bees was assessed qualitatively for about two hours. Differences in
general behaviour, flying and foraging across the three treatments could be observed. Many
bees of the 150 ppb treatment group were apathetic, while bees in the 50 ppb treatment group
seemed to be hardly affected. The bees with the 100 ppb treatment showed occasional
apathetic behaviour but the majority of the bees from this treatment showed normal flight
behaviour and a general normal foraging behaviour. Based on these observations, we decided

to use a dosage of 100 ppb sulfoxaflor in the following experiments.

2.4 Experimental session

Two days before the experimental pesticide exposure, all artificial flowers of the acclimatisation
phase were removed from the cage. Only the water dish remained for the pre-day of the
experiment in order to maximise the probability that the bees would consume high enough
guantities of differently treated sugar water (Fig. 12). The water was deliberately not filled into
the flowers to prevent false conditioning (i.e., the artificial flowers should always be associated
with sugar water (e.g., reward)). Moreover, the evening before the pesticide exposure, the bee
home containing the roosting females was covered with a fine mesh and placed at 4 °C
overnight. On the experimental day, the NICOT systems were prepared by pipetting 5 yl of
one of the four solutions (azoxystrobin, sulfoxaflor, mix or control) into the provided cup. Then,
the marked females were individually and randomly placed into the systems in the climate
chamber. Subsequently, they were positioned at room temperature and left to feed on the
corresponding solution for one hour (Fig. 12). The cups in the NICOTs from which females
consumed the differently treated sugar water were afterwards inspected and bees were
classified as feeders or non-feeders, depending on whether they completely consumed the
solution or not (i.e., on average, two to three bees per treatment and per experimental round
did not eat the corresponding solution). Only feeders were included in the experiment.
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Fig. 12: Osmia bicornis females were individually and randomly placed into the NICOT systems and were positioned
at room temperature and left to feed on 5 ul of one of the four solutions (azoxystrobin, sulfoxaflor, mix or control)
for one hour.

2.5 Study procedure
On the experimental day, the artificial ‘flower meadow’ was prepared as follows: 15 yellow and
15 pink flowers (i.e., total of 30) were randomly arranged on a grid. To each inflorescence, a
modified Eppendorf tube was attached, where small quantities of sugar water could be filled in
such a way that the bees were able to reach it. The flowers of one colour were filled with 0.5
Ml of 33 % sugar solution, flowers of the other colour with 0.5 ul of tapwater (the colour assigned
to the sugar solution treatment was alternated across experimental rounds). After the NICOT-
system and the complete consumption of the corresponding solution, O. bicornis females were

released inside the cage (Fig. 13).
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Fig. 13: Study procedure: The females O. bicornis were released in a cage with 30 artificial flowers, 15 of them
yellow, the other 15 pink. The flowers of one colour were filled with 0.5 ul of 33 % sugar solution (i.e., rewarding
flowers), flowers of the other colour with 0.5 ul of tapwater (i.e., non-rewarding flowers). The bee’s colour choice
and grid position were then observed and recorded for each flower visit over approximately three hours.

Subsequently, the colour and grid position of each visited flower, the sequence in which bees
visited the flowers and the general foraging behaviour of the bees were recorded during the
experimental session using a voice recorder and transcribed afterwards. After each visit, the
flowers that contained sugar water were re-filled with 0.5 ul of water or sugar solution. Due to
the gridded artificial meadow, the corresponding position of the flower was known each time
the bee visited the flower (Fig. 14).

A+ |B+ |C+ |D+ |E+ |F+

A- |B- |Cc- |D- |E- |F-

Aa Be Ce De Ee Fe

A* B* C* D* E* F*

Ax Bx Cx Dx Ex Fx

Fig. 14: The grid of the ‘artificial meadow”: letters (i.e., A, B, C, D, E and F for the horizontal axis)and signs (i.e., +,
-, @, * and x for the vertical axis) were deliberately used here to avoid confusion with the bee numbers during
recording.

The position of the flowers on the grid were randomized regularly (e.g., every hour) to prevent
that the females learn the spatial position of rewarding flowers within the cage. The experiment
ran for approximately three hours. To get enough replicates (i.e., 25-30 feeders per treatment
group which actually could be observed while foraging on the artificial flowers during the

experimental session), the whole experimental setup was repeated 14 times from April to June.
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2.6 Statistical analysis

To address the research questions, | applied Linear Mixed-Effect models and Generalised
Linear Mixed-Effect models using the statistical software R (R Development Core Team, 2020)
with the package Ime4 (Bates et al., 2015). Dependent on the characteristics of the response
variable, | checked the data for normal distribution using the Shapiro-Wilks Test and QQ-Plots.
In case of a non-normal distribution of continuous response variables, | applied a square root
transformation to the data or assumed a particular distribution of the data (i.e., Poisson error
distribution for count data; Binomial error distribution for proportional and success-failure data).
To evaluate whether the pesticides had a significant influence on the response variables,
likelihood ratio tests via the function dropl (i.e., dropl, single term deletions using
Satterthwaite’s method; R Development Core Team, 2020) were used (Luke, 2017; Zuur et al.,
2009). In all statistical analyses, a significance level of a = 0.05 was considered to represent

significant differences.

2.6.1 Foraging performance
The effects of sulfoxaflor, azoxystrobin and their potential interaction effects on the foraging
performance of O. bicornis were tested focusing on four response variables (i.e., visitation rate,
time to first visit, total distance and relative distance per bee per treatment). ‘Visitation rate’
describes how many flowers, regardless of their correctness (i.e., visits of rewarding flower
colour are considered as ‘correct’, visits of non-rewarding flower colour are considered as
‘incorrect’) and dependent on the observation time, were visited per bee and per treatment.
‘First visit’ expresses the time period from the release of a bee in the flight cage until it was
first observed foraging on an artificial flower. The ‘total distance’ represents the sum of all flight
distances covered by the bee when flying from flower to flower while foraging according to the
spatial distribution of flowers across the gridded meadow. Therefore, the single distances are
derived from the flower positions in the defined grid and are relative to the previous flower visit
(see Fig. 15). For example, if a bee has flown from the flower position Axto the flower positions
A*, B* or By, these distances are assigned a value of 1 (i.e., first neighbour). If, on the other
hand, it flew to A@, Be, Ca, C* or Cx, these distances are assigned a value of 2 (i.e., second
neighbour), and so on. The maximum distances from Ax could have been reached in the fields
F+, F-, F@, F* and Fx and are rated 5, but if the bee returned to the same flower as before, this
distance is scored 0. However, the total distance does not say anything about whether the
bees flew many small distances or a few large distances from flower to flower. Therefore, |
also used the average flight distance from flower to flower over all visits of a bee, i.e. the

‘relative distance’ as a response variable.
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A+ | B+ | C+ | D+ |E+ | F+ 4 |4 |4 |4 |4 |5
A |B |c |D- |E |F 3 |3 [3 |3 |4 |5
Ae | Be | Ce | Do | Ee | Fo » 2 |2 |2 |3 |4 |5
A+ | B* |C* |D* |EX |F* 1 |1 |2 [3 |4 |s
Ax | Bx | Cx |Dx |Ex |Fx % 1 |2 |3 |4 |5

Fig. 15: The gridded area with 30 grid cells on the left shows the original arrangement of grid cells with the absolute
letter-symbol combinations as field labels whereas the gridded area on the right shows the relative distance ratings
to the position of the bee in field Ax. If the bee flies for example, from Ax to Fx, this is evaluated as 5. (The colours
in this illustration only serve to illustrate the distance rating.)

For the variables ‘visitation rate’ and ‘first visit’, Linear Mixed-Effect models with sulfoxaflor
(factor with two levels: Sulfoxaflor present or not), azoxystrobin (present or not) and their
interaction as explanatory fixed effects, and the experimental sampling round as a random
factor were used. To standardise visitation rate, the number of total visits per bee per treatment
was divided by the total observation time. In the Linear Mixed-Effect model for the variable
‘total distance’, which does not differ in its general structure from the models for the variables
first visit’ and ‘visitation rate’, the observation time is not used for normalization but taken into
account as fixed covariate in the model (in addition to the sulfoxaflor and azoxystrobin factors).
The variable ‘relative distance’ follows a Poisson distribution (all bees flew relative distances
between 1 and 2, using poisson.test; R Development Core Team, 2020). Therefore, a
Generalised Liner Mixed-Effect model with the same fixed effects (i.e., sulfoxaflor,
azoxystrobin and their interaction), including unique bee ID, nested within sampling round as

random factors was run.

2.6.2 Learning
To check for effects of sulfoxaflor, azoxystrobin and their interaction on learning ability, | coded
each flower visit made by the bees as ‘correct’ (1) or ‘incorrect’ (0), depending on the rewarding
colour (i.e., yellow or pink) in a particular experimental round. From this binominal data, a
‘proportion correctness’ could be derived over all visits. Thus, learning was assessed as the
change (slope) of correctly probed flowers (i.e., flowers of the colour offering a reward) by an
individual bee over the sequence of subsequently visited flowers during the observation time
of an experimental round. Hence, a significant interaction term of this ‘learning curve’ with
pesticide treatments (sulfoxaflor, azoxystrobin) indicates significant effects of pesticides on
learning (Fig. 20; see also Amaya-Marquez et al., 2008). For comparability across treatments,
| defined thresholds to the number of visits: For each treatment, at least 15 bees should have
completed the corresponding visit and a visual saturation should have been visible in the
learning curves. The saturation, which was visually inspected in plots of learning curves across

pesticide treatments, and the minimum number of 15 bees per treatment were firstly given at
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the 45™ visit. Therefore, visits after the 45™ visit were excluded from the analyses, as they were
considered not reflecting learning anymore since the saturation of learning curves was
reached. To model ‘learning’, | used a Generalised Liner Mixed-Effect model with binomial
error distribution. The increase in ‘correct’ flower visitation decisions (i.e., visits of flowers of
the ‘correct’ colour that provide sugar water rewards) with increasing number of probed flowers
over time (i.e., number of visits) were included as fixed effects in the model. In addition to the
experimental sampling round and the unique bee ID as random factors, the number of visits
was integrated as a random slope (Heisig & Schaeffer, 2019) in the model. By including a
random slope, the learning model takes into account that the learning ability of each individual

bee is different per se.
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3. Results

A total of 14 experimental rounds were conducted from April to June 2021. In seven rounds,
the rewarding artificial flower colour was pink, while it was yellow in the other seven rounds.
During the experiments, data from 198 bees (i.e., feeders, consumed the corresponding

solution), were collected (i.e., control: 60, sulfoxaflor: 44, azoxystrobin: 50, mix: 44).

3.1 Foraging performance

3.1.1 Visitation rate per bee per treatment
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Fig. 16: The visitation rate per bee per treatment results from the number of total visits per bee divided by the total
observation time per round, and its square root values are found on the y-axis. The x-axis shows if azoxystrobin is
present (azo+, on the right) or not (azo-, on the left). The coloured plots indicate if sulfoxaflor is present (sul+,
purple) or not (sul-, black). From this, the four treatment groups can be derived as follows, from left to right: control
(sul-, azo-), sulfoxaflor (sul+, azo-), azoxystrobin (sul-, azo+) and mix (sul+, azo+). In the model prediction, a 95%-
confidence interval is used and the raw data are plotted as points.

On average over all treatments, the bees had a visitation rate of My reatments= 11.46 visits per
observation time (SD =11.89). The averaged visitation rates for the individual treatment groups
are as follows: Mcontroi= 11.73 (SD = 10.50), Msuifoxafior= 17.15 (SD = 16.22), Mazoxystrobin = 12.04
(SD = 9.96), and Mnix= 13.75 (SD = 9.99). The visitation rate across pesticide treatments is
not significantly different from the control treatment (see p-values in Table 1: sul (sul+, azo-) =
0.102, azo (sul-, azo+) = 0.965, sul:azo (sul+, azo+) = 0.625). Visually, there are also no major

differences in the dispersion of the data points of the four treatment groups (Fig. 16).
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Table 1: Summary of dropl single term deletions using Satterthwaite’s method for the sqrt response variable

visitation rate.

Treatment Classification npar AIC LRT Pr(Chi) Sig.
<none> 764.1
sul (sul+, azo-) 1 764.7 2.671 0.102
azo (sul-, azo+) 1 762.1 0.002 0.965
<none> 765.8
sul:azo (sul+, azo+) 1 764.1 0.239 0.625
Signif. codes: ="*** 0.001**, 0.01 *’,0.05.", 0.1’ ‘1
3.1.2  First visit per bee per treatment
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Fig. 17: The first visit per bee per treatment with the y-axis of the sqrt time it took for the first visit and the x-axis of
azoxystrobin present (azo+, on the right) or not (azo-, on the left). The coloured plots indicate if sulfoxaflor is present
(sul+, purple) or not (sul-, black). From this, the four treatment groups can be derived as follows, from left to right:
control (sul-, azo-), sulfoxaflor (sul+, azo-), azoxystrobin (sul-, azo+) and mix (sul+, azo+). In the model prediction,
a 95%-confidence interval is used and the raw data are plotted as points.

After an average of Mg reaments = 58.26 minutes (SD = 52.88), the first flower visit took place
across all treatment groups (i.e., Mconroi= 53.31 (SD = 51.17), Msuifoxafior=57.16 (SD = 51.50),
Mazoxystrobin = 52.27 (SD = 51.26), and Mmix= 72.91 (SD = 57.23)). The time needed until the first
visit took place is not significantly different from the control group in any pesticide condition
(see p-values in Table 2: sul (sul+, azo-) = 0.227, azo (sul-, azo+) = 0.534, sul:azo (sul+, azo+)

= 0.938). The distribution of the data points of the four treatments also does not seem to
significantly differ optically (Fig. 17).
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Table 2: Summary of dropl single term deletions using Satterthwaite’s method for the sqrt response variable first
visit

Treatment Classification  npar AlC LRT Pr(Chi) Sig.
<none> 1018.5

sul (sul+, azo-) 1 1018.0 1.463 0.227

azo (sul-, azo+) 1 1016.0 0.386 0.534

<none> 1020.5

sul:azo (sul+, azo+) 1 1018.5 0.006 0.938

Signif. codes: ="*** 0.001**, 0.01 *’,0.05.", 0.1’ ‘1

3.1.3 Total distance per bee per treatment
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Fig. 18: The total distance per bee per treatment with the y-axis of the sqrt total distance and the x-axis of
azoxystrobin present (azo+, on the right) or not (azo-, on the left). The coloured plots indicate if sulfoxaflor is present
(sul+, purple) or not (sul-, black). From this, the four treatment groups can be derived as follows, from left to right:
control (sul-, azo-), sulfoxaflor (sul+, azo-), azoxystrobin (sul-, azo+) and mix (sul+, azo+). In the model prediction,
a 95%-confidence interval is used and the raw data are plotted as points.

On average, the bees flew a total distance of Mgy reaments = 61.59 (SD = 54.42) across all
treatment groups (i.e., Mcontol= 53.08 (SD = 47.64), Msulfoxaflor= 74.23 (SD = 67.91), Mazoxystrobin
= 56.52 (SD = 48.61), and Mmix= 66.30 (SD = 53.21)). The total distances across pesticides
treatments are not significantly different from the control treatment (see p-values in Table 3:
sul (sul+, azo-) = 0.170, azo (sul-, azo+) =0.782, sul:azo (sul+, azo+) = 0.731). The observation
time has no significant influence on the total flight distance either (h_observationtime = 0.580
and 0.561; see Table 3). Taking the graph into account (Fig. 18), no significant differences can
be identified either.
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Table 3: Summary of dropl single term deletions using Satterthwaite’s method for the sqrt response variable total
distance.

Treatment Classification npar AlIC LRT Pr(Chi) Sig.
<none> 1103.4

sul (sul+, azo-) 1 1103.3 1.879 0.170

azo (sul-, azo+) 1 1101.5 0.076 0.782
h_observationtime 1 1101.7 0.306 0.580

<none> 1105.3

h_observationtime 1 1103.7 0.338 0.561

sul:azo (sul+, azo+) 1 1103.4 0.118 0.731

Signif. codes: ="*** 0.001**, 0.01 *’,0.05"", 0.1’ ‘1

3.1.4 Relative distance per bee per treatment
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Fig. 19: The relative distance per bee per treatment with the y-axis of the relative distance per bee and the x-axis
of azoxystrobin present (azo+, on the right) or not (azo-, on the left). The coloured plots indicate if sulfoxaflor is
present (sul+, purple) or not (sul-, black). From this, the four treatment groups can be derived as follows, from left
to right: control (sul-, azo-), sulfoxaflor (sul+, azo-), azoxystrobin (sul-, azo+) and mix (sul+, azo+). In the model
prediction, a 95%-confidence interval is used. Since this variable involves several values per bee per distance, the
raw data is not presented as points.

The averaged relative distance across all treatment groups is Majireatments = 1.68 (SD = 1.08).
As the plot (Fig. 19) shows, the bees flew relative distances between 1.6 and 1.8 in each
treatment on average (i.e., Mconroi= 1.69 (SD = 1.08), Msuifoxatior= 1.64 (SD = 1.06), Mazoxystrobin
= 1.69 (SD = 1.12), and Mpix= 1.67 (SD = 1.05)). The relative distance is not significantly
different from the control group in any pesticide condition (see p-values in Table 4: sul (sul+,
azo-) = 0.183, azo (sul-, azo+) =0.861, sul:azo (sul+, azo+) = 0.837).
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Table 4: Summary of dropl single term deletions for the response variable relative distance.

Treatment Classification npar AIC LRT Pr (Chi) Sig.
<none> 21407

sul (sul+, azo-) 1 21406 1.770 0.183

azo (sul-, azo+) 1 21405 0.030 0.861

<none> 21409

sul:azo (sul+, azo+) 1 21407 0.042 0.837

Signif. codes: ="*** 0.001**, 0.01 *’,0.05’.’, 0.1’ ‘1

3.2 Learning
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Fig. 20: Learning curves of all four treatments with the y-axis of proportion correctness and the x-axis of the number
of visits (a maximum of 45 visits predefined). A 95%-confidence interval is shown for each learning curve in the
respective treatment colour.

The learning curve, and thus the learning itself, of all four treatment groups increases with the
number of flower visits. This relationship is highly significant (p = < 0.001; Table 5) for the fixed
effect visit.nr. The varying slopes of the learning curves (Fig. 20) indicate differences in the
bees’ learning behaviour among the four treatment groups. The curve of the azoxystrobin (sul-
, azo+) bees is most similar to the learning curve of the control (sul-, azo-) bees, which is
reflected in insignificant differences for azo (p = 0.556; Table 5) and azo:visit.nr (p = 0.517;
Table 5). For the sulfoxaflor (sul+, azo-) bees, the starting point of the learning curve, thus the
proportion correctness value, is higher than for the other three curves, meaning that the
sulfoxaflor bees approach the rewarding flower colour insignificantly (p = 0.201; Table 5) more

often at the beginning. However, the slope of the curve is flatter and the interaction between
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sulfoxaflor and visit number (sul.visit.nr), is significant on learning (p = 0.017; Table 5).
Therefore, the sulfoxaflor bees seem to start with an insignificantly higher proportion
correctness value but their learning is significantly lower afterwards. The fact that sul:visit.nr is
significant also influences the slope of the mix learning curve since the mix solution consists
of 50% sulfoxaflor (Fig. 21). The slope of the mix learning curve also seems to be flatter than
the learning curve of the control bees, but does not significantly differ from the slope of the
control treatment (sul:azo:visit.nr = 0.432; Table 5). The mix bees simply start at an
insignificantly lower (sul:azo = 0.179; Table 5) proportion correctness value (Fig. 20). Most
likely, the trend of the mix curve is also influenced by azoxystrobin (i.e., the other 50% of the
mix solution; Fig. 22) which has shown, as already demonstrated, no significant effect on the

learning curve’s slope.
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Fig. 21: The course of the learning curves with (sul+) and without (sul-) sulfoxaflor. The y-axis indicates the
proportion correctness value and the x-axis the number of visits (a maximum of 45 visits predefined). The course
of the learning curves is influenced by the presence or absence of sulfoxaflor. A 95%-confidence interval is shown
for the learning curve with and without sulfoxaflor in the corresponding color.
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Fig. 22: The course of the learning curves with (azo+) and without (azo-) azoxystrobin. The y-axis indicates the
proportion correctness value and the x-axis the number of visits (a maximum of 45 visits predefined). The course
of the learning curvesis influenced by the presence or absence of azoxystrobin. A 95%-confidence interval is shown
for the learning curve with and without azoxystrobin in the corresponding color.

Table 5: Summary of dropl single term deletions for the response variable learning (modelling with random slope)

Treatment Classification npar AIC LRT Pr (Chi)  Sig.
<none> 2726.6

sul (sul+, azo-) 1 2726.2 1.64 0.201

azo (sul-, azo+) 1 2724.9 0.35 0.556

visit.nr 1 3076.4 351.84 <0.001 ik
<none> 2637.5

sul:azo (sul+, azo+) 1 2637.3 1.803 0.179
sul:visit.nr 1 2641.1 5.650 0.017 *
azo:visit.nr 1 2635.9 0.420 0.517

<none> 2638.8

sul:azo:visit.nr 1 2637.5 0.617 0.432

Signif. codes: ="*** 0.001**, 0.01 *’,0.05"", 0.1’ ‘1

These graphs and statistics result from the learning model with a random slope (i.e., visit
number as a fixed as well as a random effect; m_slope). A comparison based on the Akaike
Information Criterion (AIC, an established method for comparing the adequacy of models;
Akaike, 1973) reveals that a learning model without a random slope (AIC = 2708.6; Table 6),
which therefore does not account for differences in individual bees, fits the data significantly (p
=< 0.001; Table 6) worse than the model with a random slope (AIC = 2637.5; Table 6). While
the model with the random slope is thus better at describing the response variable learning,
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modelling the data without a random slope shows that the treatment seems to have an effect.
It results in a highly significant fixed effect visit number (visit.nr, p = < 0.001; Table 7) and
interaction between sulfoxaflor and visit number (sul:visit.nr, p = < 0.001; Table 7). However,
referring to the model with random slope indicates that these differences can be explained

mainly by the variance in the individual bees (Heisig & Schaeffer, 2019).

Table 6: Comparison of the two models (without and with random slope) using a one-way ANOVA.

Models npar  AIC BIC logLik deviance Chisq Df Pr(>Chisq)  Sig.
m_without 9 2708.6 2768.2 -1345.3 2690.6
m_slope 13 2637.5 2723.6 -1305.7 2611.5 79.18 4 < 0.001 il

Signif. codes: =***,0.001**, 0.01 *’,0.05’., 0.1’ ‘1

Table 7: Summary of dropl single term deletions for the response variable learning (modelling without random
slope)

Treatment Classification npar AlC LRT Pr (Chi) Sig.
<none> 2726.6

sul (sul+, azo-) 1 2726.2 1.64 0.201

azo (sul-, azo+) 1 2724.9 0.35 0.556

visit.nr 1 3076.4 351.84 < 0.001 ok
<none> 2708.6

sul:azo (sul+, azo+) 1 2708.3 1.684 0.195
sul:visit.nr 1 2728.8 22.174 < 0.001 ok
azo:visit.nr 1 2708.6 1.931 0.165

<none> 2709.7

sul:azo:visit.nr 1 2708.6 0.989 0.32

Signif. codes: ="***,0.001™*, 0.01 *’,0.05".", 0.1" “1
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4. Discussion

Across all O. bicornis foraging performance variables (i.e., flower visitation rate, first visit of a
flower, total distance, and relative distance covered between flowers), there was no significant
single or combined effect of sulfoxaflor and azoxystrobin. In case of learning, however,
sulfoxaflor exposed O. bicornis bees learned less quickly to discriminate between rewarding
from non-rewarding flowers of distinct colour (i.e., their learning curve was flatter compared to
the one of the control group). A similar effect that was, however, likely attenuated by the
influence of azoxystrobin could be observed for bees that were exposed to a mix of sulfoxaflor
and azoxystrobin (see Fig. 21 and Fig. 22). Thus, the hypothesis that azoxystrobin would
influence learning and foraging performance, or interactively aggravate negative impacts of
sulfoxaflor on learning (i.e., mix), has to be rejected. However, the findings of my experiment
confirm the hypothesis that sulfoxaflor impairs learning in O. bicornis. However, sulfoxaflor had

no significant negative effects on the tested foraging performance variables.

4.1 Learning behaviour

The results of my experiment show that O. bicornis are capable of learning to discriminate
between rewarding and non-rewarding flowers of different colour during a relative short time
and small number of visited flowers during foraging. Flower constancy (i.e., the tendency of
individual pollinators to exclusively visit certain flower species, even when other rewarding
types are accessible; Waser, 1986) is usually important for bees (Amaya-Marquez et al., 2008).
Once they have learned which flower species or type recognized through its colour,
morphology, scent or other cues (Knauer & Schiestl, 2015; Muth et al., 2016) contains the
highest reward, they concentrate on exploiting it (Waser, 1986; Amaya-Marquez et al., 2008;
Howell & Alarcon, 2007; Ahrenfeldt, 2019). In my experimental setup, the only cue | used was
the different colour of the artificial flowers. This eliminated the influence of other cues, which
restricted the bees’ learning possibility to flower colour. In addition, by randomising the flower
positioning every hour, | sought to prevent the bees from foraging based on the flower’s
position instead of the flower’s colour. Nevertheless, some O. bicornis bees chose the wrong
(i.e., non-rewarding) flower even after a high number of visits in my experiment. This may be
due to the fact that the composition of the ‘flower meadow’ was rearranged every hour,
resulting in random clusters. Due to the lack of good alternatives in the immediate vicinity,
which is what the bees primarily prefer, they once again flew to a ‘wrong’ flower. This may have
led the bees to forage on a non-rewarding flower, even though this is energetically expensive
(Williams & Tepedino, 2003). Learning of bees that had been exposed to sulfoxaflor was
impaired significantly compared to the other treatment groups. Interestingly, bees that had
been exposed to sulfoxaflor started with a higher proportion of ‘correctly’ probed flowers at the

beginning than the other treatment groups and reached the learning saturation at the same
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time as the other treatments, but the slope of their learning curve was significantly flatter. The
impact of sulfoxaflor on learning fits in with the assumptions about the mode of action of the
insecticide (Cutler et al., 2013; Babcock et al., 2011; Sparks et al., 2013). Its disruption of the
acetylcholine neurotransmitter signalling at the corresponding nicotinic acetylcholine receptors
in the mushroom bodies (Peng & Yang, 2016; Bicker, 1999) can cause (sub-)lethal effects
(Hille-Rehfeld, 2020; Beiras, 2018). What Yang et al. (2012) and Smith et al. (2020) observed
in honeybees and bumblebees after the exposure to imidacloprid (i.e., reduced olfactory
learning ability and impaired learning performance) can also be derived from the learning curve
bees that were exposed to sulfoxaflor. Reduced learning ability can influence foraging
efficiency and thus also pollination. However, it seems implausible that they are also less likely
to respond to a sucrose reward as observed by Smith et al. (2020) because of the high
proportion correct value at the beginning. The observation that sulfoxaflor led to a significantly
flatter learning curve may also explain the flatter learning curve of bees that were exposed to
a mix of sulfoxaflor and azoxystrobin. Given that the learning curve in the mix condition was
steeper than in the sulfoxaflor condition is in line with the finding that azoxystrobin only did not
have a significant effect on learning and speaks against negative synergistic effects between
sulfoxaflor and azoxystrobin. My finding of impaired learning in O. bicornis after sulfoxaflor
exposure contradicts findings of Siviter et al. (2019), who could not find any negative effect of
sulfoxaflor on bumblebees’ and honeybees’ olfactory conditioning or working memory.
However, Siviter et al. (2019) worked with honeybees and bumblebees in their study and with
odour as honest signal. Azpiazu et al. (2021) compared the effects of sulfoxaflor on bee
mortality of honeybees, bumblebees and O. bicornis and found the highest sensitivity to the
substance in O. bicornis. Amaya-Marquez et al. (2008) states that especially the colour seems
to play an important role as a honest signal. Therefore, my findings differ from those of Siviter
et al. (2019) due to the more sensitive species (i.e., O. bicornis), the choice of cue (i.e., colour)

and other differences in the experimental setup.

4.2 Foraging efficiency

The number of flower visits can be interpreted as a measure of bee foraging efficiency and
bees’ motivation to forage. Many flower visits are often equated with a lot of pollen transfer
between flowers, which is one of the main reasons why research considers bees to be so
important for the environment (Vazquez et al., 2005; Richards et al., 2009; Woodcock et al.,
2013), and many visits can reflect the performance of a female bee to collect floral food
resources (i.e., pollen, nectar). A high visit rate is therefore generally positive (Richards et al.,
2009; Garibaldi et al., 2011; Woodcock et al., 2013), and a reduced visit rate is interpreted
negatively. Boff et al. (2021) observed in their study (i.e., long-term exposure of female O.

bicornis to different sulfoxaflor doses with following observation of foraging behaviour on
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artificial flowers) a decrease in visitation rate of bees that had received a repeated sulfoxaflor
dose of 50 ppm over five days. Moreover, the study by Lamsa et al. (2018) reported reduced
motivation in bumblebees’ foraging behaviour (i.e., the pesticide-treated bumblebees visited
fewer robotic flowers, did not visit all flower colours equally often and were slower to start
foraging than the non-treated bumblebees) after the exposure of a low-dose (1 ppb)
imidacloprid. However, my data contradict these observations and the assumption that the
significant impaired learning behaviour influences foraging efficiency. In my experiment, the
average visitation rate of bees that had been exposed to sulfoxaflor was even slightly (but
insignificantly) higher than in other treatment groups. These different observations may be
related to the bee species (i.e., bumblebees instead of O. bicornis) and the choice of pesticide
(i.e., sulfoxaflor is likely less toxic than imidacloprid; Azpiazu et al., 2021) in the case of Lamsa
et al. (2018) but these arguments do not apply to Boff et al. (2021). Unlike Boff et al. (2021), |
observed my bees only once over a foraging period of three hours and not repeatedly over five
days for 10 minutes. Different periods of observation can matter: Studies on other insecticides
(i.e., flupyradifurone) suggest that bee behaviours can change during the observation period.
Tosi & Nieh (2019) observed hyperactivity in bees shortly after the exposure to flupyradifurone
(1 hour), but they described the bees’ behaviour as apathetic after four hours of observation
time. The variable ‘first visit’ indicates how quickly bees are observed foraging on the artificial
flowers. Therefore, this response variable could indicate any hyperactive behaviour of bees
that were exposed to sulfoxaflor. However, bees in the sulfoxaflor condition were not quicker
in starting with foraging. Another indicator of hyperactivity could be the flower handling time
(i.e., how long bees stay on individual flowers; Schmid-Hempel, 1984), which | could not study

in my experiment.

4.3 Among-flower distances moved by bees

Similarly to ‘visitation rate’, no significant effect of pesticide treatments was found on the total
distance between visited flowers. This is not unexpected, as the variables are not entirely
independent of each other. If many visits take place, it is more likely that the bees cover a
greater total distances between visited flowers. With the variable total distance, however, itis
impossible to say whether there were many small distances or fewer large ones. For this, the
relative distance must be taken into account. Based on my results, it can be said that, for their
next visit, bees across all treatment groups prefer those flowers which are the first or second
closest neighbouring flower to the one they have just visited (see Fig. 15). This confirms
predictions by optimal foraging theory and empirical observation for solitary bees (Hofmann et
al., 2020). Short distance movements cost less energy and thus increase efficiency in energy
use of bees for foraging (Zurbuchen et al., 2010; Hofmann et al., 2020). Thus, generalist bees

nesting near certain flower species tend to collect more pollen and nectar of these plants than
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bees nesting at a greater distance (Williams & Tepedino, 2003). Moreover, adequate distances
between nesting and feeding sites are essential for the persistence of populations (Hofmann
et al., 2020).

4.4 General comments

The aim of my study was to investigate the effect of the pure form of the substances (i.e.,
sulfoxaflor, azoxystrobin and their mix) under controlled conditions and not the commercially
available product used in practice (e.g., products such as ‘Closer’ with the active ingredient
sulfoxaflor or ‘Amistar’ with the active ingredient azoxystrobin). This has the advantage that
possible effects can be clearly attributed to sulfoxaflor or azoxystrobin, whereas using
commercially available products would imply an uncertainty whether other substances
contained in the product also have an effect on bees. On the other hand, using pure
substances does not reflect reality perfectly, given that the commercially available products —
and not the pure substances — are used in real-life. Prior work suggests that the admixtures in
the final product and not the pure substances may be harmful to bees (Straw & Brown, 2021).
According to Tamburini et al. (2021a; 2021b), who have tested Closer and Amistar for their
influence on the development and foraging behaviour of honeybees (Tamburini et al., 2021a)
and bumblebees (Tamburini et al., 2021b) in two different studies with the same experimental
approach, these products have an negative impact on pollination services of bumblebees
(Tamburini et al., 2021b), but no notable risk on the development and foraging behaviour could

be found for honey bees (Tamburini et al., 2021a).

Furthermore, it should also be noted that | have only exposed the bees to pesticides once in
an artificial setup. In real-word systems, bees may come into contact with pesticides several
times (see Boff et al., 2021). Repetitive foraging on a low concentration of a pesticide may
result in an accumulation of the toxin (Peng & Yang, 2016). Besides that, | have tested the
pesticide solution only on newly hatched O. bicornis females. In nature, however, bees can
already come into contact with pesticide-spiked pollen and nectar in the larval stage (Mullin et
al., 2010; Sanchez-Bayo & Goka, 2014; Yang et al., 2012). How the chosen concentrations
would affect O. bicornis in the larval stage remains unanswered in my study. Additionally, |
conducted the experiment over three months (i.e., April to June) and the fithess of the hatched
bees is not the same in every month (Danforth et al., 2019; Westrich, 2021; Dietzsch et al.,
2015). Finally, it remains unclear whether the effect of the pesticides is independent of the
season. For example, Christen et al. (2019) observed that exposures to the neonicotinoid
chlorothanolin showed different reactivity at different times of the year (i.e., reactions were

faster and often stronger in April than in June).
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5. Conclusions and outlook

In conclusion, there is a strong evidence of impaired learning (i.e., sublethal effect) after field-
realistic exposure to sulfoxaflor, but there are no significant effects on studied descriptors of
foraging performance. Moreover, there are no significant effects of azoxystrobin alone or in
combination with sulfoxaflor (i.e., mix) on learning behaviour or on any foraging performance
variable. Therefore, the assumption that the combination of the two pesticides (i.e., mix
treatment) would cause synergistic negative effects was not confirmed. In the current risk
assessment, sublethal effects are hardly considered, although negative consequences for
bees cannot be excluded. More studies, also under (semi-)natural conditions and with a range
of model pollinator species, are needed on this topic to ensure that the hum on the fields
continues in the future and that the pollinator health and their vital pollination function is not at

risk by impaired learning and foraging behaviour due to pesticides.
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Appendix

The appendix contains the supplements to:
- Pesticide dosage calculations (one page)
- R-script (16 pages)

- Data sheet of all experimental rounds (109 pages)



Master's thesis appendix Calculations pesticide concentrations Experimental sessions (April - June 2021)

Calculations of pesticide concentrations (sulfoxaflor, azoxystrobin, mix and control) in 5ul (experimental oral exposure in NICOT-systems)

Azoxystrobin Sulfoxaflor Step 1: Dissolve the pesticide powder in acetone
Quantity of substance (mg) 100 10 10 10
Quantity of substance (ug) 100000 10000 10000 10000
Purity of substance (proportion) 1 1 1 1
Quantity of substance after purity correction 100000 10000 10000 10000
Dissolve in X mL acetone (mL) 2 1 1 1
Density of acetone (g/cma =g/mL) 0.7899 0.7899 0.7899 0.7899
Weight acetone of the solution (g) 1.5798 0.7899 0.7899 0.7899
Concentraion mother solution (ug/mL) (w/v) (ppm) 50000 10000 10000 10000
Concentraion mother solution (ug/g) (w/w) (ppm) 63299.15179 12659.83036 12659.83036 12659.83036
Density 30% w/w sugar solution (g/cm® = g/mL) 1.127 1.127 1.127 1.127 30% w/w sugar solution: 300g sugar + 700g water (=1kg solution)
Volume of 1 g sugar solution (mL) 0.887311446 0.887311446 0.887311446 0.887311446 1.127 g sugar solution = 1 mL -> 1g sugar solution =1 mL / 1.127 =
However, since a bee drinks approximately 30 pl per day (Azpiazu et al. 2019) and
we only give the bees 5 pl (1/6) to drink, we need to administer 6 times the daily
Target concentration in final solutions and mix (ug/g) (w/w) (ppm) 12 0.9 0.6 0.3 ration (2000 ppb, 50 ppb, 100 ppb, 150 ppb) in it
Target concentration in final solutions and mix (ug/mL) (w/v) (ppm) 13.524 1.0143 0.6762 0.3381
Stock solution: Double target concentration, so it can then be mixed for the mix.
Target concentration stock solution (ug/g) (w/w) (ppm) 24 1.8 1.2 0.6 Pesticides are pipetted directly into sugar solution
Target concentration stock solution (ug/mL) (w/v) (ppm) 27.048 2.0286 1.3524 0.6762 calculated on the volume of the sugar water
Target volume stock solution (mL) 100 100 100 100
Transfer from mother solution to reach target concentration (mL) 0.054096 0.020286 0.013524 0.006762 c1*V1=c2*V2->V1=c2*V2 /c1
Transfer from mother solution to reach target concentration (uL) 54.096 20.286 13.524 6.762
Concentration stock solution (control) (ug/mL) (ppm) 27.048 2.0286 1.3524 0.6762 c2=c1*V1/V2
Transfer from mother solution = acetone content, as mother solution is based on
Proportion of acetone in stock solution (mL/mL) 0.00054096 0.00020286  0.00013524  0.00006762 acetone
Preparation Mix: 50 mL stock solution (Azo) + 50 mL stock solution (Sul) = 100 mL
Volume mix (mL) 100 100 100 100 Mix
Transfer stock solution (mL) 50 50 50 50
Concentrations in mix (control, must be half conc. of stock solution) (ug/mL) 13.524 1.0143 0.6762 0.3381 ok
Volume acetone in mix by corresponding stock solution (mL) 0.027048 0.010143 0.006762 0.003381
Total volume of acetone in mix (mL) 0.037191 0.037191 0.03381 0.030429
Proportion of acetone in mix (mL/mL) 0.00037191 0.00037191 0.0003381  0.00030429
% acetone in mix (%) 0.037191 0.037191 0.03381 0.030429
Volume stock solution (mL) (transfer) 50 50 50 50
Quantity of acetone from transfer stock solution (mL) 0.027048 0.010143 0.006762 0.003381 see above
Dilution 50 mL stock solution with 50 mL sugar solution + acetone content of the
Volume additonal sugar solution for dilution (mL) 50 50 50 50 other stock solution
Final volume final solution (mL) 100 100 100 100
Target acetone content for additional sugar solution (mL/mL) 0.00020286 0.00054096  0.00054096  0.00054096
Prepare: (Azo): 1.69 ul acetone in 50 mL sugar solution; (Sul): 4.5 ul acetone in 50
Target amount of acetone from 50 mL added sugar solution(mL) 0.010143 0.027048 0.027048 0.027048 mL sugar solution
Total quantity of acetone in final solution (mL) 0.037191 0.037191 0.03381 0.030429
Final proportion of acetone in final solution (mL/mL) 0.00037191 0.00037191 0.0003381  0.00030429
% acetone in final solution (%) 0.037191 0.037191 0.03381 0.030429
Concentrations in final solutions (control, must be half conc. of stock solution) (ug/mL) 13.524 1.0143 0.6762 0.3381 ok

Prepare sugar solution control treatment: 6.198 ul acetone in 100 mL sugar solution
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Master's thesis appendix (April - June 2021) R script Experimental sessions

#### All R codes (incl. inspect rax data, learning curves and models)
### Masters Thesis Nicole Arnet

# set working space
setwd ("C:/Users/fanta/Documents/Studium/MSc Experimente/R")
#setwd ("C:/Users/janin/Documents/1 Doktorat/WORKING FOLDER/Learning")

library (dplyr)
library (tidyr)
library (ggplot?2)
library (lubridate)
library (1lme4)
library (lmerTest)
library (emmeans)
library (multcomp)
library (pbkrtest)
library (car)
library (effects)
library (zoo)
library (nlme)
library (visregq)
library(lattice)
library (ggthemes)
library (ggeffects)
library (DHARMa)
library (chron)
library (survival)
library (survminer)
library (plotrix)
library (stringr)
library (standardize)
library(sjPlot)
library(sjstats)
library(sjmisc)
library(sjlabelled)
library (coxme)
library (visregq)
library(jtools)
library(interactions)

# read in data
learning.data <- read.csv ("R _extended data.csv", header=T, sep=";")
#data perbee <- read.csv("data perbee.csv", header=T, sep=";")

# data structure and set format
str (learning.data)

learning.data$date <- as.Date(learning.data$date) # and date as date (needs
to be e.g. 2020-09-06 in csv for R to read)

learning.data$round <- as.factor(learning.data$round) # e.g. set cage as
factor

learning.dataSrewarding.color <- as.factor (learning.data$rewarding.color)
learning.dataSrewarding.color.nr <-

as.integer (learning.data$rewarding.color.nr)

learning.dataStreatment <- as.factor (learning.data$treatment)
learning.dataScolor <- as.factor(learning.data$color)
learning.dataSunique.beeid <- as.factor (learning.data$unique.beeid)
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Master's thesis appendix (April - June 2021) R script Experimental sessions

# NICOLE

learning.data$number.startbees <-

as.integer (learning.data$number.startbees)

learning.dataS$prop.sunny....<- as.integer (learning.dataS$prop.sunny....)
learning.data$sul <- as.factor (learning.data$sul)

learning.data$azo <- as.factor (learning.data$azo)

learning.dataS$feeder <- as.integer (learning.data$feeder)
learning.dataS$visit.nr <- as.integer (learning.data$visit.nr, na.rm = TRUE)
learning.data$correct <- as.integer (learning.data$correct, na.rm = TRUE)
learning.data$dist.rel <- as.numeric(learning.data$dist.rel, na.rm = TRUE)
learning.data$time..hh.mmss. <- format(learning.data$time..hh.mmss., 19,
na.rm = TRUE)

#pollination$s past midnight <- period to seconds (hm(pollinationSdaytime))
#calculates "seconds after midnight, numeric variable, packagelubridate
#pollination$h past midnight <- pollination$s past midnight/3600
#calculates "hours after midnight, numeric variable, package lubridate

learning.data$time.min <- as.numeric(learning.data$time.min, na.rm = TRUE)
learning.data$time.difference <- format (learning.data$time..hh.mmss., 19,
na.rm = TRUE)

learning.data$time.diff.min <- as.numeric(learning.data$time.diff.min,
na.rm = TRUE)

# order treatment factor
learning.dataS$treatment <- factor (learning.data$treatment,
levels = c("con","sul", "azo", "mix"))

#### 1. FORAGING PERFORMANCE
FHAAA A A A A A A R R

total.visits <- learning.data %>% group by (unique.beeid, treatment) %>%
filter (feeder==1) %>%
summarize (total.visits = n())

summary (total.visits)

plot(total.visitsS$Stotal.visits) # many low numbers

boxplot (total.visits ~ treatment, data = total.visits) # looks identical
across treatments

total.visits.mean.se <- total.visits %>% group by (treatment) 3%>%

summarize (mean = mean (total.visits), se = std.error(total.visits))
ggplot (total.visits.mean.se, aes(x=treatment, y =mean))+

geom point()+

geom_errorbar (aes (ymin=mean-se, ymax=meantse))+

theme bw () +

ylab ("Mean +- SE of total flowers visited per bee")+

xlab ("Treatment")

# slightly less visits in AZO? The most visits in SUL?

total.visits.median.se <- total.visits %>% group by (treatment) 3%>%
summarize (median = median(total.visits), se = std.error(total.visits))
ggplot (total.visits.median.se, aes(x=treatment, y =median))+
geom point()+
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Master's thesis appendix (April - June 2021) R script Experimental sessions

geom errorbar (aes (ymin=median-se, ymax=mediantse))+

theme bw () +

ylab ("Median +- SE of total flowers visited per bee")+

xlab ("Treatment")

# I can remember that SUL had two times bees with visits over 100. So,
these bees are raising the mean.

# But still, AZO is low but now similar to SUL.

# CON has the most visits, MIX.median looks quite similar to MIX.mean

# DISTANCE ##i##
# How far did a bee fly
total.distance <- learning.data %>% group by (unique.beeid, treatment) %>%
filter (feeder==1) %>%
summarize (total.distance = sum(dist.rel, na.rm = TRUE))
learning.data <- learning.data %>% left join(total.distance,
by=c ("unique.beeid", "treatment”)) #total distance as new column

summary (total.distance)
plot(total.distance$total.distance)
boxplot (total.distance ~ treatment, data = total.distance)

total.distance.mean.se <- total.distance %>% group by (treatment) %>%

summarize (mean = mean (total.distance), se = std.error(total.distance))
ggplot (total.distance.mean.se, aes(x=treatment, y =mean))+

geom point()+

geom_errorbar (aes (ymin=mean-se, ymax=meantse))+

theme bw () +

ylab ("Mean +- SE of total distance per bee")+

xlab ("Treatment")

#SUL and CON bees flew slightly further than MIX and AZO.

# FORAGING PERIOD
# time between first and last visit
total.time <- learning.data %>% group by (unique.beeid, treatment) %>%
filter (feeder==1) %>%

summarize (total.time = sum(time.diff.min, na.rm = TRUE))
learning.data <- learning.data %>% left join(total.time,
by=c ("unique.beeid", "treatment")) #total time as new column

summary (total.time)
plot (total.timeStotal.time)
boxplot (total.time ~ treatment, data = total.time)

total.time.mean.se <- total.time %>% group by (treatment) %>%
summarize (mean = mean (total.time), se = std.error (total.time))
ggplot (total.time.mean.se, aes(x=treatment, y =mean))+
geom point()+
geom_errorbar (aes (ymin=mean-se, ymax=meantse))+
theme bw () +
ylab ("Mean +- SE of total time/foraging period per bee")+
xlab ("Treatment")

#SUL has the shortest foraging period. - Most visits in the shortest amount
of time? - MIX similar

#COn has the longest foraging period

#AZO has a longer foraging period than SUL and MIX, however less visits
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# FIRST VISIT
# How much time past till the first visit took place? ;How long did the
bees wait to forage?

first.visit <- learning.data %>% group by (unique.beeid, treatment) %>%

filter (feeder==1) %>%
filter(visit.nr == 1) %>%
summarize (first.visit = sum(time.min, na.rm = TRUE))

learning.data <- learning.data %>% left join(first.visit,
by=c ("unique.beeid", "treatment")) #first visit as new column

summary (first.visit)
plot(first.visit$first.visit)
boxplot (first.visit ~ treatment, data = first.visit, ylab = 'first visit
[min] ")
first.visit.mean.se <- first.visit %>% group by (treatment) %>%
summarize (mean = mean (first.visit), se = std.error(first.visit))
ggplot (first.visit.mean.se, aes(x=treatment, y =mean))+
geom point()+
geom_errorbar (aes (ymin=mean-se, ymax=meantse))+
theme bw () +
ylab ("Mean +- SE of first visit [min] per bee")+
xlab ("Treatment")

# MIX bees took the most time till they started foraging, followed by SUL
# Con and AZO similar

#Which visits took place within the first hour? TOTAL
visits.60min <- learning.data %>% filter (time.min <= 60) %>%
filter (feeder==1) %>%

total.visits.60min <- visits.60min %>% group by (unique.beeid, treatment)
>%

summarize (total.visits.o0min = n())
plot(total.visits.60minStotal.visits.60min)
boxplot (total.visits.60min ~ treatment, data = total.visits.60min) #looks
similar across treatments

#Which visits took place within the first half hour? TOTAL
visits.30min <- learning.data %>% filter (time.min <= 30) %>%
filter (feeder==1) %>%

total.visits.30min <- visits.30min %>% group by (unique.beeid, treatment)
>%

summarize (total.visits.30min = n())
plot(total.visits.30minStotal.visits.30min)
boxplot (total.visits.30min ~ treatment, data = total.visits.30min)

#### 2. CORRECTNESS
# proportion of correct visits in first 15 visits of bees; DETAILED

FHAFHHH A HF AR A A R A
# join total number of flower visits that each bee did to original table

learning.data <- learning.data %>% left join(total.visits,
by=c ("unique.beeid", "treatment")) #total visits as new column
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# select only bees with 15 or more visits (>= 15)
visits.morelb <- learning.data %>% filter (total.visits >= 15)
# filter the data to only get visits 1-15 (in order to have comparable
results)

visitsl5 <- visits.morel5 $>% filter(visit.nr <= 15)

# calculate for each bee the proportion of correct visits during these 15

visits
n.corrl5 <- visitsl5 %>% group by (unique.beeid, treatment) 3%>%
filter (correct == 1) %>%

summarize (n.corrl5 = n())

n.wronglb5 <- visitsl5 %>% group by (unique.beeid, treatment) %>%
filter (correct == 0) %>%
summarize (n.wronglb = n())

n.corr.wrongl5 <- n.corrld %$>% left join(n.wrongl5,

by=c ("unique.beeid", "treatment™)) #new column
n.corr.wronglb5[is.na(n.corr.wronglb5)] <- 0

n.corr.wronglb$n.total = n.corr.wronglb$n.corrl5 + n.corr.wrongl5$n.wrongl5
#total number of visits as a sum of corr and wrong
n.corr.wrongl5$prop.correctl5 <- n.corr.wrongl5Sn.corrl5/
n.corr.wrongl5$n.total # proportion correct visits

plot (n.corr.wrongl5$prop.correctl5) # a lot of bees with 100% correct
visits
boxplot (prop.correctl5 ~ treatment, data = n.corr.wronglb) #SUL seems so
have the highest correctness within these 15 visits
prop.corr.mean.sel5 <- n.corr.wronglb %$>% group by (treatment) 3%>%

summarize (mean = mean (prop.correctlb), se = std.error(prop.correctlb))
ggplot (prop.corr.mean.sel5, aes (x=treatment, y =mean))+

geom point ()+

geom_errorbar (aes (ymin=mean-se, ymax=meantse))+

theme bw () +

ylab ("Mean +- SE prop. correct in first 15 visits")+

xlab ("Treatment")
# SUL has the highest correctness within the first 15 visits, Mix the
lowest correctness

#show me the ones with correctness '1l'
n.corr.100 <- n.corr.wrongl5 $>% group by (treatment) %>%

filter (prop.correctlb==1) %>%

summarize (n.corr.100 = n())
boxplot (n.corr.100 ~ treatment, data = n.corr.100, ylab = 'Single choice
bees")
#SUL has the highest amount of bees with just one choice in color; 100%
correctness

# exclude bees with 100% correctness?
n.corr.wrong.nogeniusbees <- n.corr.wrongl5 $>% filter (!prop.correctl5==1)

#'!' schliesst 'l' aus
boxplot (prop.correctl5 ~ treatment, data = n.corr.wrong.nogeniusbees) #
well well...

prop.corr.mean.se.nogenius <- n.corr.wrong.nogeniusbees %>%
group_ by (treatment) %>%
summarize (mean = mean (prop.correctlb), se = std.error(prop.correctlb))
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ggplot (prop.corr.mean.se.nogenius, aes(x=treatment, y =mean))+

geom point()+

geom_errorbar (aes (ymin=mean-se, ymax=meantse))+

theme bw () +

ylab ("Mean +- SE prop. correct in first 15 visits no genius bees")+

xlab ("Treatment")
# SUL has still the highest correctness, however not that clearly; smaller
gaps
# The order of these four treatments is pretty much the same as when the
'single choice bees' were included

# Another visit range? - Maybe the learning happens after 15, around 20°?
# select only bees with 20 or more visits (>= 20)
visits.more20 <- learning.data %>% filter (total.visits >= 20)

# filter the data to only get visits 1-20 (in order to have comparable
results)

visits20 <- visits.more20 %$>% filter(visit.nr <= 20)

# calculate for each bee the proportion of correct visits during these 20

visits
n.corr20 <- visits20 %>% group by (unique.beeid, treatment) 3%>%
filter (correct == 1) %>%

summarize (n.corr20 = n())

n.wrong20 <- visits20 %>% group by (unique.beeid, treatment) %>%
filter (correct == 0) %>%
summarize (n.wrong20 = n())

n.corr.wrong20 <- n.corr20 %$>% left join(n.wrong20,

by=c ("unique.beeid", "treatment™)) #new column
n.corr.wrong20[is.na(n.corr.wrong20)] <- 0 #for NA values; if NA than 0
n.corr.wrong20$n.total = n.corr.wrong20$n.corr20 + n.corr.wrong20$n.wrong20
#total number of visits as a sum of corr and wrong
n.corr.wrong20$prop.correct20 <- n.corr.wrong20Sn.corr20/
n.corr.wrong20$n.total # proportion correct visits

plot (n.corr.wrong20$prop.correct20) # a lot of bees with 100% correct
visits

boxplot (prop.correct20 ~ treatment, data = n.corr.wrong20) #SUL seems so
have the highest correctness within these 15 visits

prop.corr.mean.se20 <- n.corr.wrong20 %$>% group by (treatment) 3%>%

summarize (mean = mean (prop.correct20), se = std.error(prop.correct20))
ggplot (prop.corr.mean.se20, aes (x=treatment, y =mean))+

geom point()+

geom_errorbar (aes (ymin=mean-se, ymax=meantse))+

theme bw () +

ylab ("Mean +- SE prop. correct in first 20 visits")+

xlab ("Treatment")

#SUL has still the highest correctness within 20 visits, however not that
obvious

#SUL, AZO and CON behave similarly with increasing visit number (increasing
correctness); approach each other

#However, MIX is obviously different. MIX has the lowest correctness even
if I'm changing the visit nr to 40

#time it took for 15 visits
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Q

visited.1l5 <- learning.data %>% filter(visit.nr == 15) %>%

time.1l5visits <- visited.1l5 %>% group by (unique.beeid, treatment) %>%
summarize (time.1l5visits = sum(time.min, na.rm = TRUE))

learning.data <- learning.data %>% left join(time.lbvisits,

by=c ("unique.beeid", "treatment"))

plot(time.15visitsS$time.15visits)
boxplot (time.1l5visits ~ treatment, data = time.l5visits)

time.l5visits.mean.se <- time.l5visits %>% group by (treatment) 3%>%

summarize (mean = mean (time.l5visits), se = std.error(time.l5visits))
ggplot (time.l5visits.mean.se, aes(x=treatment, y =mean))+

geom point()+

geom_errorbar (aes (ymin=mean-se, ymax=meantse))+

theme bw () +

ylab ("Mean +- SE of time it took for 15 visits")+

xlab ("Treatment")

#SUL and MIX took longer as CON and AZO to complete 15 visits; MIX almost
twice as long

#In general, we had more visits form SUL and MIX, however these bees did
not complete the 15 visits each

#How long was the foraging period for these 15 visits? - First visit till
completion of 15 wvisits
foraging.period.1l5 <- learning.data %>% group by (unique.beeid, treatment)

$>% filter(visit.nr == 15) %>%
summarize (foraging.period.1l5 = sum(time.l5visits,na.rm=TRUE) -

sum(first.visit,na.rm=TRUE) )
learning.data <- learning.data %>% left join(foraging.period.l5,
by=c ("unique.beeid", "treatment"))

plot (foraging.period.15$foraging.period.15)
boxplot (foraging.period.1l5 ~ treatment, data = foraging.period.l5, ylab =
'foraging period for 15 wvisits')

foraging.period.l5.mean.se <- foraging.period.l5 %>% group by (treatment)
>%
summarize (mean = mean(foraging.period.1l5), se =
std.error (foraging.period.15))
ggplot (first.visit.mean.se, aes (x=treatment, y =mean))+
geom point ()+
geom_errorbar (aes (ymin=mean-se, ymax=meantse))+
theme bw () +
ylab ("Mean +- SE of foraging period for 15 visits")+
xlab ("Treatment")

#similar distribution as visited.15
# select visits within the first hour

visits.60min <- learning.data %>% filter (time.min <= 60)
# calculate for each bee the proportion of correct visits during the first

hour
n.corr.60min <- visits.60min %$>% group by (unique.beeid, treatment) 3%>%
filter (correct == 1) %>%

summarize (n.corr.o0min = n())
n.wrong.60min <- visits.60min %>% group by (unique.beeid, treatment) %>%
filter (correct == 0) %>%

Nicole Lisa Arnet Learning and foraging performance O. bicornis Page 7 of 16



Master's thesis appendix (April - June 2021) R script Experimental sessions

summarize (n.wrong.60min = n())

n.corr.wrong.60min <- n.corr.60min %$>% left join(n.wrong.60min,

by=c ("unique.beeid", "treatment™)) #new column
n.corr.wrong.60minf[is.na(n.corr.wrong.60min)] <- 0
n.corr.wrong.60min$n.total = n.corr.wrong.60min$n.corr.60min +
n.corr.wrong.60min$n.wrong.60min #total number of visits as a sum of corr
and wrong

n.corr.wrong.60min$prop.correct.60min <- n.corr.wrong.60min$n.corr.60min/
n.corr.wrong.60min$n.total # proportion correct visits

plot(n.corr.wrong.60min$Sprop.correct.60min) # a lot of bees with 100%
correct visits

boxplot (prop.correct.60min ~ treatment, data = n.corr.wrong.60min) #SUL
seems so have the highest correctness within these 15 wvisits

prop.corr.mean.se.60min <- n.corr.wrong.60min %>% group by (treatment) 3%>%
summarize (mean = mean (prop.correct.60min), se = std.error (prop.correct.
60min))
ggplot (prop.corr.mean.se.60min, aes(x=treatment, y =mean))+
geom point ()+
geom_errorbar (aes (ymin=mean-se, ymax=meantse))+
theme bw () +
ylab ("Mean +- SE prop. correct in first hour")+
xlab ("Treatment")
# SUL still the best

fexclude bees with 100% correctness (always same color choice)
n.corr.wrong.dummies <- n.corr.wrong.60min $>% filter (!prop.correct.60min
==1)

boxplot (prop.correct.60min ~ treatment, data = n.corr.wrong.dummies) # well
well...

prop.corr.mean.se.dummies <- n.corr.wrong.dummies %>% group by (treatment)
>%

summarize (mean = mean (prop.correct.60min), se = std.error (prop.correct.
o0min) )
ggplot (prop.corr.mean.se.dummies, aes(x=treatment, y =mean))+

geom point()+

geom_errorbar (aes (ymin=mean-se, ymax=meantse))+

theme bw () +

ylab ("Mean +- SE prop. correct in first hour dummies")+

xlab ("Treatment")

#not that much difference

# How many feeders did participate
total.bees.pervisit <- learning.data %>% group by (visit.nr, treatment) 3%>%
filter (feeder==1) %>%

summarize (total.visits = n())

# A) FORAGING PERFORMANCE

Nicole Lisa Arnet Learning and foraging performance O. bicornis Page 8 of 16



Master's thesis appendix (April - June 2021) R script Experimental sessions

#HHEHH
#1. VISITATION RATE

# including total.obeservationtime as a factor; however, first transform
the data

learning.dataSs observationtime <-

period to seconds (hm(learning.dataStotal.oberservationtime))
learning.dataSh observationtime <- learning.data$s observationtime/3600
learning.data <- learning.data %>% dplyr::select (-s_observationtime)

# standardization; total.visits/observationtime; visitation rate
learning.data$visits.per.observation <- learning.data$total.visits/
learning.dataSh observationtime
visits.per.observation <- learning.data %>% filter (!
is.na(visits.per.observation)) %>% filter(!visits.per.observation == Inf)
$>% filter (feeder==1) %>%
group_ by (round, unique.beeid, treatment, h observationtime, sul, azo) %>%
summarize (visits.per.observation = first(visits.per.observation))

mean (visits.per.observation$visits.per.observation) #average over all
treatment groups
sd(visits.per.observation$visits.per.observation)

visits.per.observation pertreatment <- visits.per.observation 3%>%
group_ by (treatment, visits.per.observation) %>% filter (treatment ==

'con') #change for each treatment

mean (visits.per.observation pertreatmentS$visits.per.observation)

sd(visits.per.observation pertreatment$visits.per.observation)

# Normal distribution?

gqgnorm (visits.per.observation$visits.per.observation)
gqgline (visits.per.observation$visits.per.observation)
hist(visits.per.observation$visits.per.observation) #no

ggnorm (sqgrt (visits.per.observation$visits.per.observation))
gqgline (sgrt(visits.per.observation$visits.per.observation))
hist (sgrt(visits.per.observation$Svisits.per.observation)) #yes

visits.per.observation$visits.per.observation <-
as.numeric (visits.per.observation$visits.per.observation, na.rm = TRUE)
shapiro.test (sqrt(visits.per.observation$visits.per.observation)) #yes

# Linear Mixed-Effect Model

ml <- Imer (sqgrt(visits.per.observation) ~ sul*azo + (l|round), data =
visits.per.observation)

ml.2 <- Imer (sqgrt(visits.per.observation) ~ sul+azo + (l|round), data =
visits.per.observation)

E <- resid(ml)

Fit <- fitted(ml)

plot (x=Fit, y=E, xlab="Fitted values", ylab="Residuals", main= "Residuals
vs. fitted values of sgrt(visitation rate) lmer")

ggnorm (E, main='Normal Q-Q Plot of sqgrt(visitation rate) 1lmer')

ggline (E)

hist (E, main='Histogramm of sqgrt(visitation rate) lmer')
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simulationOutput <- simulateResiduals (fittedModel = ml)
plot (simulationOutput)
testDispersion (simulationOutput)

# Effects?

summary (ml)

Anova (ml)

dropl (ml, test="Chisg", ddf="1lme4")
dropl (ml.2, test="Chisqg", ddf="1lme4")

# Plot
cat plot(ml, "azo", "sul", interval=T, int.type = "confidence", int.width =
0.95, partial.residuals = F, plot.points = T,

errorbar.width = 0.4, colors = c("black", "purple"), dodge.width

0.6,
y.label ="sqgrt (visitation rate)",
outcome.scale = "response",point.size = 1, line.thickness = 1.2)+
theme bw () +
theme (legend.position = ¢ (0.95,0.95),
legend.justification = c("right","top"),
legend.background = element rect(fill=alpha ("white",0)),
legend.title = element text('sul'),
text = element text (size=16),
axis.title.x= element text('azo'),
axis.title.y = element text(size =
margin=margin (t=0, r=4, b=0, 1=0)),

14, angle = 90,

axis.text.x = element text (size = 14),
axis.text.y = element text (size = 14),
title = element text(size = 16))

plot (allEffects(ml))

FHEFHHESHH
# 2. FIRST VISIT

# no standardization needed; skip observationtime as a variable in the
model
first.visit <- learning.data %>% filter(!is.na(first.visit)) %>%
filter (feeder==1) %>%
group_ by (round, unique.beeid, treatment, h observationtime, sul, azo) %>%
summarize (first.visit = first(first.visit))

mean (first.visit$first.visit) #average over all treatments
sd(first.visit$Sfirst.visit)

first.visit pertreatment <- first.visit %>% group by (treatment,
first.visit) %>%
filter (treatment == 'con') f#change for each treatment
mean (first.visit pertreatmentSfirst.visit)
sd(first.visit pertreatment$first.visit)

# Normal distribution?

ggnorm (first.visit$first.visit)
ggline (first.visit$first.visit)
hist(first.visitS$Sfirst.visit) #no
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ggnorm (sgrt (first.visit$first.visit))
ggline (sgrt (first.visit$first.visit))
hist(sgrt(first.visit$first.visit)) #more or less yes

first.visit$first.visit <- as.numeric(first.visit$first.visit, na.rm =
TRUE)
shapiro.test (sqrt(first.visit$first.visit)) #yes

# Linear Mixed-Effect Model

m2 <- lmer (sqgrt(first.visit) ~ sul*azo +(l|round), first.visit) #with
interaction; ML instead of REML

m2.2 <- lmer (sqgrt(first.visit) ~ sul+azo + (l|round), first.visit) #with
interaction; ML instead of REML

E <- resid(m2)

Fit <- fitted(m2)

plot (x=Fit, y=E, xlab="Fitted values", ylab="Residuals", main= "Residuals
vs. fitted values of sgrt(first visit) 1lmer")

ggnorm(E, main='Normal Q-Q Plot of of sgrt(first visit) 1lmer')

ggline (E)

hist(E, main='Histogramm of of sqgrt(first visit) lmer')

simulationOutput <- simulateResiduals (fittedModel = m2)
plot (simulationOutput)
testDispersion (simulationOutput)

# Effects?

summary (m2)

Anova (m2) # approx.p values

dropl (m2, test="Chisg", ddf="1lme4")
dropl (m2.2, test="Chisqg", ddf="1lme4")

# Plot
cat plot(m2, "azo", "sul", interval=T, int.type = "confidence", int.width =
0.95, partial.residuals = F, plot.points = T,

errorbar.width = 0.4, colors = c("black", "purple"), dodge.width

0.6,
y.label ="sqgrt (time until first visit)",
outcome.scale = "response",point.size = 1, line.thickness = 1.2)+
theme bw () +
theme (legend.position = ¢ (0.95,0.95),
legend.justification = c("right","top"),
legend.background = element rect(fill=alpha ("white",0)),
legend.title = element text('sul'),
text = element text (size=16),
axis.title.x= element text('azo'),
axis.title.y = element text(size =
margin=margin (t=0, r=4, b=0, 1=0)),

14, angle = 90,

axis.text.x = element text(size = 14),
axis.text.y = element text (size = 14),
title = element text(size = 16))

plot (allEffects(m2))

# no analysis of foraging period anymore, not really a use because we
cannot say if a longer
# foraging period is more useful or less efficient
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# furthermore, the standardization didn't work

FHHEHH
# 3. TOTAL DISTANCE

total.distance <- learning.data %$>% filter(!is.na(total.distance)) %>%
filter (feeder==1) %>%
group_ by (round, unique.beeid, treatment, h observationtime, sul, azo) %>%
summarize (total.distance = first(total.distance))

mean (total.distanceS$Stotal.distance) #average over all treatments
sd(total.distanceS$Stotal.distance)
total.distance pertreatment <- total.distance %>% group by (treatment,
total.distance) %>%

filter (treatment == 'con') f#change for each treatment
mean (total.distance pertreatmentStotal.distance)
sd(total.distance pertreatment$total.distance)

# Normal distribution?

ggnorm (total.distanceS$total.distance)
ggline (total.distanceS$total.distance)
hist (total.distance$total.distance) #no

ggnorm (sgrt (total.distance$total.distance))
ggline (sgrt (total.distance$total.distance))
hist (sgrt(total.distance$total.distance)) #yes

total.distance$total.distance <- as.numeric(total.distance$total.distance,
na.rm = TRUE)
shapiro.test (sqrt (total.distance$total.distance))

# Linear Mixed-Effect Model

m3 <- Imer (sqgrt(total.distance) ~ sul * azo + h observationtime + (1]
round), total.distance) #with interaction; ML instead of REML

m3.2 <- lImer (sgrt(total.distance) ~ sul + azo + h observationtime + (1]
round), total.distance) #with interaction; ML instead of REML

E <- resid(m3)

Fit <- fitted(m3)

plot (x=Fit, y=E, xlab="Fitted values", ylab="Residuals", main= "Residuals
vs. fitted values of sqgrt(total distance) lmer")

ggnorm (E, main='Normal Q-Q Plot of of sgrt(total distance) lmer')

ggline (E)

hist(E, main='Histogramm of of sqgrt(total distance) lmer')

simulationOutput <- simulateResiduals (fittedModel = m3)
plot (simulationOutput)
testDispersion (simulationOutput)

# Effects?

summary (m3)

Anova (m3)

dropl (m3, test="Chisg", ddf="1lme4")
dropl (m3.2, test="Chisqg", ddf="1lme4")

# Plot
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cat plot(m3, "azo", "sul", interval=T, int.type = "confidence", int.width =
0.95, partial.residuals = F, plot.points = T,
errorbar.width = 0.4, colors = c("black", "purple"), dodge.width

0.6,
y.label ="sqgrt (total distance)",
outcome.scale = "response",point.size = 1, line.thickness = 1.2)+
theme bw () +
theme (legend.position = ¢ (0.95,0.95),
legend.justification = c("right","top"),
legend.background = element rect(fill=alpha ("white",0)),
legend.title = element text('sul'),
text = element text (size=16),
axis.title.x= element text('azo'),
axis.title.y = element text(size =
margin=margin (t=0, r=4, b=0, 1=0)),

14, angle = 90,

axis.text.x = element text (size = 14),
axis.text.y = element text(size = 14),
title = element text(size = 16))

#HEHHH
# 4. RELATIVE DISTANCE

# try to anaylse individual distances per bee because standardization
# (total.distance/total.visits) did not work
relative.dist <- learning.data %>% filter(!is.na(dist.rel)) %>%
filter (feeder==1)%>%

group_ by (round, unique.beeid, treatment, h observationtime, sul, azo,
dist.rel)

mean (relative.distS$dist.rel) #average over all treatments
sd(relative.dist$dist.rel)

relative.dist pertreatment <- relative.dist %>% group by (treatment,
dist.rel) %>%
filter (treatment == 'con') f#change for each treatment
mean (relative.dist pertreatment$dist.rel)
sd(relative.dist pertreatmentSdist.rel)

# Normal distribution?

ggnorm (relative.dist$dist.rel)

ggline (relative.dist$dist.rel)
histogram(relative.dist$dist.rel, xlab="relative distance per
bee", ylab="percent of total", col="deepskyblue") #no

poisson.test (sum(relative.dist$dist.rel), length(relative.distS$dist.rel))

# Generalised Linear Mixed-Effect Model

m4 <- glmer (dist.rel ~ sul* azo + (1|round/unique.beeid), family = poisson,
relative.dist)

m4.2 <- glmer (dist.rel ~ sul + azo + (1l|round/unique.beeid), family =
poisson, relative.dist)

overdisp fun <- function (model) {
rdf <- df.residual (model)
rp <- residuals (model, type="pearson")
Pearson.chisqg <- sum(rp”2)
prat <- Pearson.chisqg/rdf
pval <- pchisqg(Pearson.chisq, df=rdf, lower.tail=FALSE)
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c (chisg=Pearson.chisq, ratio=prat, rdf=rdf, p=pval)
}

overdisp fun (m4)

# Effects?

summary (m4)

Anova (m4)

dropl (m4, test="Chisg")
dropl (m4.2, test="Chisqg")

# Plot
cat plot(m4, "azo", "sul", interval=T, int.type = "confidence", int.width
0.95, partial.residuals = F, plot.points = F,

errorbar.width = 0.4, colors = c("black", "purple"), dodge.width

0.6,
y.label ="relative distance",
outcome.scale = "response",point.size = 0.2, line.thickness = 0.5)
+
theme bw () +
theme (legend.position = ¢ (0.95,0.95),
legend.justification = c("right","top"),
legend.background = element rect(fill=alpha ("white",0)),
legend.title = element text('sul'),
text = element text (size=16),
axis.title.x= element text('azo'),
axis.title.y = element text(size =
margin=margin (t=0, r=4, b=0, 1=0)),

14, angle = 90,

axis.text.x = element text (size = 14),
axis.text.y = element text (size = 14),
title = element text(size = 16))
plot (m4)
plot (allEffects(m4), ylab = "relative distance per bee",
main = "Effect plot of Sul*Azo on relative flying distance per bee per
treatment")

allEffects (m4)

FHEA A A A R A A A R
# B) LEARNING
g dassaasdssasaaddiassdi

# learning data filtered: 45 visits

learning.data.45 <- learning.data %>% filter (visit.nr <= 45) %>%
filter (feeder==1)

# still 15 bees per treatment and saturation of the curves

# no overdispersion needed due to binary binominal data

FHHHHEHE
# 1. WITH random slope
# Random slope, bees are different per se

mS5 <- glmer (correct ~ sul * azo + sul*visit.nr +azo*visit.nr+ (l+visit.nr|

round/unique.beeid), family = binomial, learning.data.45,
control=glmerControl (optimizer="bobyga",

optCtrl=1list (maxfun=100000)))

m5b <- glmer (correct ~ sul + azo + visit.nr + (1|round/unique.beeid),

family = binomial, learning.data.45)
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m5c <- glmer (correct ~ treatment*visit.nr + (l+visit.nr|round/
unique.beeid), family = binomial, learning.data.45,

control=glmerControl (optimizer="bobyga",
optCtrl=1list (maxfun=100000)))

plot (mb5)
plot (allEffects(mb))
allEffects (m5)

summary (m5)

Anova (m5)

dropl (m5, test="Chisg")
dropl (m5b, test="Chisqg")
Anova (m5c)

# 3-times Interaktion; for completeness

# the connections are more difficult to understand in the triple

interaction

m6 <- glmer (correct ~ sul * azo * visit.nr+ (l+visit.nr|round/

unique.beeid), family = binomial, learning.data.45,
control=glmerControl (optimizer="bobyga",

optCtrl=1list (maxfun=100000)))

m6b <- glmer (correct ~ sul + azo + visit.nr + (1|round/unique.beeid),

family = binomial, learning.data.45)

m6c <- glmer (correct ~ treatment*visit.nr + (l+visit.nr|round/

unique.beeid), family = binomial, learning.data.45,
control=glmerControl (optimizer="bobyga",

optCtrl=1list (maxfun=100000)))

summary (m6)

Anova (m6)

dropl (m6, test="Chisg")
dropl (m6b, test="Chisqg")

# Plot
interact plot (m5,"visit.nr","sul", interval = F)
interact plot (m5,"visit.nr","azo", interval = T)

interact plot (mbSc,"visit.nr","treatment™)

interact plot (mbc,"visit.nr","treatment"”, y.label = 'proportion
correctness', x.label = 'number of visits')
interact plot (mbSc,"visit.nr","treatment”, interval = T, int.type =
"confidence", int.width = 0.95,

y.label = 'proportion correctness', x.label = 'number of
visits')

# Influence of SUL and AZO on MIxX curve as well

interact plot (m6,"visit.nr","sul", interval = T, int.type = "confidence",
int.width = 0.95,

y.label = 'proportion correctness', x.label = 'number of
visits')
interact plot (m6,"visit.nr","azo", interval = T, int.type = "confidence",
int.width = 0.95,

y.label = 'proportion correctness', x.label = 'number of
visits')

# post hoc for treatment; to know what the value of treatment means
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hsd <- glht (m2c, linfct = mcp(treatment = "Tukey", interaction average =
TRUE, covariate average = TRUE)); summary (hsd)

FHH4HH#H
# 2. WITHOUT random slope
m7 <- glmer (correct ~ sul * azo + sul*visit.nr +azo*visit.nr+ (1|round/
unique.beeid), family = binomial, learning.data.45)
m7b <- glmer (correct ~ sul + azo + visit.nr + (1|round/unique.beeid),
family = binomial, learning.data.45)
m7c <- glmer (correct ~ treatment * visit.nr+ (1|round/unique.beeid), family
= binomial, learning.data.45,

control=glmerControl (optimizer="bobyga",
optCtrl=1list (maxfun=100000)))

summary (m7)

Anova (m7)

dropl (m7, test="Chisg")
dropl (m7b, test="Chisqg")

# 3-times Interaktion; for completeness

# the connections are more difficult to understand in the triple
interaction

m8 <- glmer (correct ~ sul * azo * visit.nr+ (1|round/unique.beeid), family
= binomial, learning.data.4b5)

m8b <- glmer (correct ~ sul + azo + visit.nr+ (1|round/unique.beeid), family
= binomial, learning.data.4b5)

# MIX hat kein interaktiver Effekt

summary (m8)

Anova (m8)

dropl (m8, test="Chisg")
dropl (m8b, test="Chisqg")

# Plot
interact plot (m7,"visit.nr","azo", interval = F)
interact plot (m7,"visit.nr","sul", interval = T)
interact plot (mbSc,"visit.nr","treatment™)
interact plot (m7c¢c,"visit.nr","treatment”, y.label = 'correctness',6 x.label
= 'number of visits')
interact plot (m7c¢c,"visit.nr","treatment”, interval = T, int.type =
"confidence", int.width = 0.95,
y.label = 'correctness', x.label = 'number of visits')
FHHEHH

# Comparison with Random slope vs. without random slope

ml random <- glmer(correct ~ sul * azo + sul*visit.nr +azo*visit.nr+

(1+visit.nr|round/unique.beeid), family = binomial, learning.data.45,
control=glmerControl (optimizer="bobyga",

optCtrl=1list (maxfun=100000)))

m2 without <- glmer (correct ~ sul * azo + sul*visit.nr +azo*visit.nr+ (1]

round/unique.beeid), family = binomial, learning.data.45)

anova (ml random, m2 without)

# AIC lower for ml random, model is significally better than m2 without;
decision for 'with random slope'
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Experimental sessions (April - June 2021)

time.difference  time.diff.min
NA NA

NA NA

01:01:47 61.7833

: 2.3833

0.0333
3.4667
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time [hh:mmss]

01:45:55
01:46:35
01:46:42
01:46:52
01:46:58
01:47:04
01:47:25
01:47:59
01:48:16
01:48:18
01:48:29
01:48:36
01:48:43
01:48:49
01:48:54
01:49:04
01:49:19
01:49:36
01:49:40
01:49:46
01:49:48
01:49:52
01:50:00
01:50:03
01:50:12
01:50:20
01:50:40
01:50:49
02:19:51
02:21:52
02:22:38
02:23:06
02:25:25
02:48:20
02:50:18
02:52:42
02:53:47
02:54:09
02:54:50
02:55:21
02:55:43
02:56:05
02:56:27
02:56:45
02:56:54
02:57:14
02:57:22
02:57:26
02:57:33
02:57:45
02:57:53
02:58:05
02:58:13
02:58:29
02:58:41
02:58:58
02:59:13
02:59:22
02:59:34
02:59:51
02:59:58
03:00:21
03:00:38
03:00:47
03:00:51

NA

NA
02:18:29
02:20:25
02:22:04
02:22:15
02:22:45
02:22:48
02:23:20
02:23:33
02:24:42

time.min
105.92
106.58
106.7
106.87
106.97
107.07

Experimental sessions (April - June 2021)

time.difference

00:00:09
00:00:04
NA
NA
NA
00:01:56
00:01:39
00:00:11

time.diff.min
0.1167
0.6667
0.1167
0.1667
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time [hh:mmss]
02:24:54
02:25:12
02:25:36
02:25:52
02:26:03
02:26:29
02:26:39
02:26:54
02:26:58
02:27:12
02:27:30
02:27:49
02:28:10
02:28:24
02:28:50
02:29:03
02:29:26
02:29:44
02:30:02
02:30:10
02:31:07
02:31:33
02:31:59
02:32:38
02:33:04
02:33:16
02:33:34
02:33:41
02:33:55
02:34:11
02:34:31
02:34:49
02:34:58
02:35:10
02:35:33
02:35:43
02:35:45
02:36:10
02:36:26
02:36:28
02:36:41
02:37:01
02:37:31
02:37:54
03:21:01
03:21:15
03:21:27
03:21:31
03:21:45
03:21:57
03:22:16
03:22:37
03:23:00
03:23:12
02:16:24
02:29:48
02:32:50
02:52:14
02:55:39
02:55:54
02:57:05
02:57:19
02:58:20
02:58:37
02:58:56
02:59:20
03:00:02
03:00:24
03:00:49
03:01:09
03:01:17
03:01:35
03:01:44
03:02:10
03:02:39
03:02:45

time.min

Experimental sessions (April - June 2021)

time.difference

time.diff.min
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time [hh:mmss]
03:03:10
03:03:15
03:03:18
03:03:30
03:03:42
03:03:56
03:04:03
03:04:11
03:04:26
03:04:43
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03:05:08
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03:05:52
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183.25

Experimental sessions (April - June 2021)

time.difference
00:00:25
00:00:05

time.diff.min
0.4167
0.0833
0.05

0.1833
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time [hh:mmss]

02:22:18
02:23:18
02:23:35
02:24:07
02:24:26
02:25:34
02:26:12
02:28:38
02:28:52
02:29:12
02:29:22
02:29:35
02:29:55
02:30:08
02:30:49
02:30:52
02:31:10
02:31:19
02:31:43
02:32:13
02:32:42
02:33:13
02:33:25
02:33:43
02:34:10
02:34:26
02:35:14
02:35:26
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02:36:14
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02:36:44
02:36:50
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02:40:29
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NA
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01:40:02
01:40:05
01:40:19
01:40:23

time.min

Experimental sessions (April - June 2021)

time.difference

time.diff.min
0.1833
1

0.2833
0.5333
0.3167
1.1333
0.6333
2.4333
0.2333
0.3333
0.1667
0.2167
0.3333
0.2167
0.6833

0.05

0.2333
0.0667
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01:44:37
01:44:42
01:44:48
01:44:59
01:45:15
01:45:21
01:45:28
01:45:31
01:45:38
01:45:52
01:45:57
01:46:08
01:46:22
01:46:24
01:46:44
01:46:50
01:46:55
01:47:10
01:47:15
01:47:23
01:47:29
02:03:37
02:03:47
02:03:57
03:18:19
03:18:38
03:18:40
03:21:24
03:22:06
03:22:37
03:28:37
03:28:55
03:30:13
03:30:45
03:31:44
03:32:03
03:32:24
03:32:41
03:32:54
03:33:43
03:33:54
03:34:08
03:34:16
03:34:27
03:34:44
03:35:00
03:35:10
03:35:15
03:35:55
03:36:15
03:36:40
03:36:43
03:37:08
03:37:11
03:37:24
03:37:42
03:38:02
03:38:15
03:38:30
03:38:37
03:38:52
03:39:10
03:39:13

time.min

Experimental sessions (April - June 2021)

time.difference
00:00:07
00:00:04

time.diff.min
0.1167
0.0667
0.0833
0.25
0.15
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R10
R10
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R10
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R10
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R10
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R10
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R10

rewarding.color
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
pink
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end

total.oberservationtime

sunny [min]
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100
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100
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100
100
100
100
100
100
100
100
100
100
100
100
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cloudy [min]
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
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120
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120
120
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120

Raw data

rainy [min[  prop.sunny [%]
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
45
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45
45
45
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45
45
45
45
45
45
45
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time [hh:mmss]

03:39:19
03:39:35
03:39:46
03:39:58
03:40:00

NA
01:46:19
01:46:40
01:46:47
01:52:30
01:53:34
01:54:38
01:55:02
01:55:18
01:57:48
01:58:43
01:59:08
01:59:13
01:59:26
01:59:51
02:00:18
02:00:33
02:00:43
02:00:50
02:01:01
02:01:04
02:01:14
02:01:47
02:01:57
02:27:27
02:27:51
02:28:01
01:52:38
01:52:57
01:59:40
02:12:40
02:13:20
02:14:33
02:20:30
02:20:44
02:20:55
02:22:42
02:23:01
02:24:05
02:24:21
02:24:52
02:25:32
02:25:55
02:26:23
02:26:44
02:27:07
02:27:15
02:27:23
02:27:24
02:27:39
02:27:53
02:28:02
02:28:20
02:28:53
02:29:15
02:29:29
02:29:40
02:29:46
02:30:00
02:30:23
02:30:28
02:30:54
02:31:01
02:31:17
02:31:25
02:31:41
02:31:53
02:32:01
02:32:39
02:32:54
02:33:08

time.min
219.32
219.58
219.77
219.97
220

Experimental sessions (April - June 2021)

time.difference

time.diff.min
0.1
0.2667
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date
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round
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10
R10

rewarding.color
pink
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pink
pink
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pink
pink
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total.oberservationtime

sunny [min]
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cloudy [min]
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Raw data

rainy [min[  prop.sunny [%]
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time [hh:mmss]

02:33:27
02:33:35
02:33:49
02:34:28
02:34:42
02:34:54
02:35:21
02:35:27
02:35:48
02:35:57
02:36:12
02:36:19
02:36:37
02:36:56
02:37:06
02:37:13
02:37:36
02:37:46
02:38:05
02:38:14
02:38:20
02:38:24
02:38:31
02:38:35
03:09:04
03:09:21
03:09:54
03:09:59
03:10:14
03:10:32
03:11:06
03:11:12
03:11:18
03:11:34
03:11:46
03:11:52
03:12:10
03:12:22
03:12:38
03:12:46

NA
01:57:38
01:59:48
02:00:40
02:03:00
02:04:48
02:05:30
02:05:46
02:05:57
02:06:55
02:07:46
02:09:03
02:09:50
02:13:53
02:14:48
02:15:04
02:15:12
02:15:24
02:15:52
02:16:05
02:16:12
01:49:25
01:49:33
01:50:55
01:51:46
01:52:07
01:52:34
01:52:42
01:52:53
01:53:02
01:53:06
01:53:23
01:53:30
01:53:38
01:54:03
01:54:15

time.min

153.45
153.58
153.82
154.47

154.7

154.9
155.35
155.45

155.8
155.95

156.2
156.32
156.62
156.93

157.1
157.22

157.6
157.77
158.08
158.23
158.33

158.4
158.52
158.58
189.07
189.35

189.9
189.98
190.23
190.53

Experimental sessions (April - June 2021)

time.difference

00:00:07
NA
00:00:08

time.diff.min
0.3167
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Experimental sessions (April - June 2021)

time.difference

time.diff.min
0.2333
0.2333
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0.3833
0.0833
0.3167
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Experimental sessions (April - June 2021)

time.difference  time.diff.min
0.25
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0.1833
24.2833

00:00:39 0.65
NA NA
01:47:13 107.2167
: 1.2167

0.15
1.4167
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0.15
0.1167
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0.1167
0.1833
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visit.nr
30
31
32
33
34
35
36
37
38
39
40
41
42
43
a4
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
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74
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color
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correct field.id

1
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z
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dist.rel
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time [hh:mmss]

01:58:28
01:58:32
01:58:53
01:59:31
01:59:44
01:59:53
01:59:55
01:59:59
02:00:08
02:00:24
02:00:36
02:00:46
02:00:52
02:00:58
02:01:07
02:03:45
02:35:23
02:35:52
02:36:01
02:36:03
03:21:13
03:21:35
03:21:41
03:21:50
03:21:52
03:21:59
03:22:02
03:22:11
03:22:13
03:22:23
03:22:30
03:22:42
03:22:45
03:22:49
03:22:56
03:22:58
03:23:04
03:23:10
03:23:14
03:23:19
03:23:23
03:23:27
03:23:53
03:23:55
03:24:09
03:24:13
03:24:22
03:24:27
03:24:30
03:24:37
03:28:51
03:29:21

NA
02:15:55
02:17:41
02:18:10
02:18:18
02:18:53
02:20:52
02:21:35
02:22:31
02:24:13
02:24:26
02:24:45
02:25:09
02:25:46
02:26:25
02:27:00
02:27:42
02:27:57
02:28:06
02:28:31
02:28:44
02:29:04
02:29:17
02:29:37

time.min

118.47
118.53
118.88
119.52
119.73
119.88
119.92
119.98
120.13

120.4

120.6
120.77
120.87
120.97
121.12
123.75
155.38
155.87
156.02
156.05
201.22
201.58
201.68
201.83
201.87
201.98
202.03
202.18
202.22
202.38

148.1
148.52
148.73
149.07
149.28
149.62

Experimental sessions (April - June 2021)

time.difference

time.diff.min

0.1333
0.0667

035
0.6333
0.2167

0.15
0.0333
0.0667

0.15
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Raw data
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time [hh:mmss]
02:30:15
02:30:40
02:30:46
02:31:31
02:31:46
02:32:18
02:32:43
02:32:52
02:33:06
02:33:24
02:33:46
02:34:20
02:34:22
02:34:45
02:34:51
02:35:02
02:35:36
02:35:50
02:36:21
02:36:35
02:36:49
02:37:03
02:37:28
02:37:39
02:37:59
02:38:03
02:38:11
02:38:32
02:38:52
02:39:01
02:39:14
02:39:26
02:39:38
02:40:06
02:40:11
02:40:20
02:40:33
02:40:37
02:40:40
02:40:50
02:40:52
02:41:16
02:41:30
02:41:33
02:41:48
02:42:03
02:42:18
02:42:28
02:42:37
02:43:06
02:44:05
02:44:22
02:44:37
02:45:04
02:52:28
02:52:50
02:53:03
02:53:23
02:53:38
02:54:29
02:54:48
03:06:30
02:23:56
03:16:45
03:18:28
03:18:33
03:19:10
03:19:16
03:19:35
03:20:10
03:21:17
03:21:57
03:22:26
03:23:17
03:23:59
03:24:32

time.min

150.25
150.67
150.77
151.52
151.77

1523
152.72
152.87

153.1

153.4
153.77
154.33
154.37
154.75
154.85
155.03

155.6
155.83
156.35
156.58
156.82
157.05
157.47
157.65
157.98
158.05
158.18
158.53
158.87
159.02
159.23
159.43
159.63

Experimental sessions (April - June 2021)

time.difference

time.diff.min
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Experimental sessions (April - June 2021)

time.difference

time.diff.min
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