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1 Summary

1 Summary

The honeybee (Apis mellifera L.) is an ideal model for studying social behaviors and
navigation. Social activities and navigational flights are two key aspects to regulate the
function of social community. These complex processes usually involve dance
communication, antennation, trophallaxis (social behaviors), and orientation and
foraging flights (navigation). As group-living animals, honeybees are known to rely
mainly on social information to help make decisions on whether, how and where to
forage for food. However, honeybees may also constantly integrate their own
experience with the information from other bees to make a final decision. Therefore,
the degree to which bees follow the information from other individuals or apply their
own knowledge would be age-dependent and experience-dependent on an individual
basis.

Meanwhile, honeybees, in particular living in a colony with small size, may be
vulnerable to the external natural environment. There is no knowledge yet about how
the development of the indoor and outdoor behaviors is and how the previously
mentioned social and non-social factors influence bees’ behaviors indoors and
outdoors, in particular how social behaviors influence the outdoor activities and vice
versa. Therefore, the aim of the current study is to find the answers to these questions.
This study combined the advantages of Raspberry Pi with video cameras by aid of
infra-red illumination on one side, and harmonic radar on the other side to record the
social behaviors inside of the colony without disruption and monitor flight trajectories
outdoors in real-time. The social behaviors and flights were recorded over the bees’
lifetime within 15 days.

In summary, each individual bee possesses their own rhythms with different levels of
variation in responding to both social and non-social factors at both group and
individual levels. The age dependence and experience dependence of the indoor and
outdoor behaviors were found, however, of which the degrees of such dependence
were various for different behaviors among different individuals and within an individual
over the lifetime. Within the small community, my results showed that there was a small
group of ‘elite’ bees that outperformed in both social interaction and flights, which in
some sense reflect the collective characteristics and exquisite labor division in the
eusocial community. Dance communication is known to convey vector information
about the food sources that bees discover during foraging flights. Importantly, my

studies firstly discovered that dance communication transmit both motivational and



2 Zusammenfassung

instructive role in the orientation and foraging flights, of which, the influence of
information of direction and distance on the orientation and foraging flights in some
degree was different. My result firstly discovered that dance communication plays
important roles in both motivation and vector roles in bees’ orientation and foraging
flights. Noise of information transfer is universal in dance communication. However, its
influence on the orientation and foraging flights were not similar which depended on
the different purposes of orientation and foraging flights. Honeybees could selectively
determine to use flight information form dance communication.

For the future, | suggest collecting more datasets about social behaviors to enrich the
current conclusions. However, this is critically necessary to rely on an automatically

tracking method with high accuracy and fast computing speed.

2 Zusammenfassung

Die Honigbiene (Apis mellifera L.) ist ein idealer Modellorganismus zur Untersuchung
des Sozialverhaltens und der Navigation. Soziale Aktivitdten und Navigationsfliige sind
zwei Schlusselaspekte, die das Funktionieren der sozialen Gemeinschaft regeln. Zu
diesen komplexen Prozessen gehdren die Tanzkommunikation, Antennation und
Trophallaxis (Sozialverhalten) sowie Orientierungs- und Sammelfliige (Navigation).
Als in Gruppen lebende Tiere verlassen sich Honigbienen bekanntermal3en
hauptsachlich auf soziale Informationen, um zu entscheiden, ob, wie und wo sie auf
Nahrungssuche gehen. Allerdings kbnnen Honigbienen auch unentwegt ihre eigenen
Erfahrungen mit den Informationen anderer Bienen kombinieren, um eine endgdltige
Entscheidung zu treffen. Inwieweit Bienen den Informationen anderer Individuen
folgen oder ihr eigenes Wissen anwenden, ist daher individuell alters- und
erfahrungsabhangig.

In der Zwischenzeit sind Honigbienen, insbesondere wenn sie in einem kleinen Volk
leben, anféllig fir die aufRere natlrliche Umgebung sein. Es gibt noch keine
Erkenntnisse daruber, wie sich das Verhalten in innerhalb und auf3erhalb des Volkes
entwickelt und wie die zuvor genannten sozialen und nicht-sozialen Faktoren das
Verhalten der Bienen innerhalb und aul3erhalb beeinflussen, insbesondere wie das
soziale Verhalten die Aktivitdten im Freien beeinflusst und umgekehrt. Ziel der

vorliegenden Studie ist es daher, Antworten auf diese Fragen zu finden.



2 Zusammenfassung

In dieser Studie wurden die Vorteile des Raspberry Pi mit Videokameras mit Hilfe von
Infrarot-Beleuchtung auf der einen Seite und harmonischem Radar auf der anderen
Seite kombiniert, um das Sozialverhalten innerhalb der Kolonie ohne Unterbrechung
aufzuzeichnen und die Flugbahnen im Freien in Echtzeit zu Uberwachen. Das
Sozialverhalten und die Flige wurden Uber die gesamte Lebensdauer der Bienen
innerhalb von 15 Tagen aufgezeichnet.

Zusammenfassend hat jede einzelne Biene ihren eigenen Rhythmus, der sowohl auf
Gruppen- als auch auf Individualebene unterschiedlich stark auf soziale und nicht-
soziale Faktoren reagiert. Es wurde eine Alters- und Erfahrungsabhangigkeit des
Innen- und Aul3enverhaltens festgestellt, wobei das Ausmal} dieser Abhangigkeit fur
verschiedene Verhaltensweisen bei verschiedenen Individuen und innerhalb eines
Individuums im Laufe des Lebens unterschiedlich war. Innerhalb der kleinen
Gemeinschaft des Versuchsstockes zeigten meine Ergebnisse, dass es eine kleine
Gruppe von "Elite"-Bienen gab, die sowohl bei der sozialen Interaktion als auch bei
den Fligen die Leistungen anderer Ubertrafen, was in gewisser Weise die kollektiven
Merkmale und die exquisite Arbeitsteilung in der eusozialen Gemeinschaft
widerspiegelt. Weiter ist bekannt, dass die Tanzkommunikation Vektorinformationen
Uber die Nahrungsquellen vermittelt, die die Bienen wé&hrend ihrer Flige zur
Futtersuche entdecken. Bedeutsam ist, dass meine Studien zunachst zeigen, dass die
Tanzkommunikation sowohl eine motivierende als auch eine anweisende Rolle bei der
Orientierung und den Futterfligen spielt, wobei der Einfluss von Richtungs- und
Entfernungsinformationen auf die Orientierungs- und Sammelfliige zu einem gewissen
MalRe unterschiedlich war. Meine Ergebnisse zeigen weiterhin, dass die
Tanzkommunikation sowohl eine motivierende als auch eine weisende Rolle bei den
Orientierungs- und Sammelfliigen der Bienen spielt. Ein Rauschen ist universell in der
Informationsiibertragung der Tanzkommunikation. Der Einfluss auf die Orientierungs-
und Suchflige war jedoch nicht gleich, was von den unterschiedlichen Zielen der
Orientierungs- und Sammelfliige abhing. Honigbienen konnten selektiv entscheiden,
ob sie Fluginformationen aus der Tanzkommunikation verwenden.

Fur zukunftige Studien schlage ich vor, weitere Datensatze Uber das Sozialverhalten
zusammen um die aktuellen Schlussfolgerungen zu erganzen. Dazu ist es jedoch
unbedingt erforderlich, sich auf eine automatische Trackingmethode mit hoher

Genauigkeit und schneller Rechengeschwindigkeit zu stitzen.
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3 Chapter 1 Automatic identification of

behaviors inside the colony in the honeybees

3.1 Abstract

Tracking honeybees’ behaviors inside the colony precisely over a long-time scale is a
fundamental but time-consuming work. Ideally it allows collecting enormous data of
social behaviors and provides a powerful tool for revealing various behavioral
features and mechanisms in the honeybees. The honeybees occupy in a high-
density community, increasing the difficulty and complexity to automatically record
and classify various behavioral types. The application of the published methods of
automatic behavioral tracking to my study is investigated. The result showed that the
current techniques are not applicable in my analyses and only manual tracking can

be used to collect real-time behavioral data in the honeybees.
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3.2 Introduction

Honeybees with complex and efficient social organization have fascinated
neurobiologists, behavioral ecologists, social behavioral scientists and computation
scientists. Although there is no central control of how work is allocated for each
individual, the honeybees are standing out with self-organization manner,
sophisticated labor division and remarkable decision making that are emerging from
efficient social interactions, e.g., dance communication, trophallaxis, antennation,
defense and cleaning. However, knowledge about how each individual plays a role in
their tasks and how they make the social connection to make the colony function
remain poorly understood. This is mainly due to major difficulties in collecting
guantitative, real-time and precise behavioral data of fast-moving and small sized
honeybees in a dense society. To solve the problem, more and more biologists and
technical scientists cooperated to develop multiple methods to facilitate the
monitoring of behaviors.

Tracking the honeybees automatically within a colony is challenging. Most of the
automatic tracking in observational studies of honeybee behaviors were based on
videotape and computation estimation. Achieving high accuracy of behavioral
tracking automatically required several main difficulties to be overcome. 1) 3D
locomotion, 2) tracking of multiple body parts, 3) simultaneous tracking of multiple
bees, 4) intermittent occlusions and motion blur, 5) thousands of the honeybees in a
dense environment, 6) real-time monitoring of long-duration videos, 7) pose
estimation via multiple cameras, 8) processing speed with large images and videos
(~3.5 GB/per one), 9) differentiation of a specific behaviors from multiple similar
behaviors, 10) differentiation of behaviors that consist of several sequential physical
motions, i.e., waggle dances consist of a series of movement: bees arch to right,
waggle, arch to left, waggle and so on (von Frisch 1967). Almost all current automatic
tracking techniques could only produce trajectories of motions for a single specific
behavior, e.g., dance (Blut et al. 2017, Boenisch et al. 2018, Watrio et al. 2015),
trophallaxis, antennation (Blut et al. 2017, Shen et al. 2015, Wild et al. 2021) or in-
and-out behaviors (Tu et al. 2016). Although a few methods could recognize the
specific behaviors, most of the automatic tracking techniques could only identify
motions (Table 1) which required additional behavioral classifiers like JAABA (Kabra
et al. 2013) and Ctrax (Branson et al. 2009) to categorize behaviors. Among these

automatic systems, some were developed for tracking bees based on shape, color or
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segmentation without marking of number tags. Some were applied to track bees with
specific 2D barcodes (Blut et al. 2017, Boenisch et al. 2018, Crall et al. 2015, Wario
et al. 2015, Wild et al. 2021). Although a few programs did not required bees marking
with specific barcodes (Bozek et al. 2021, Kimura et al. 2014), they were confined to
immobile bees, small sizes of videos or small sizes of animal groups with less
complicated behaviors. A few programs recognized bees by specific 2D barcodes
under natural condition providing fundamental advantage over other techniques.
However, they were not open-source and user-friendly. The accuracy of behavioral
estimation remained to be improved.

There were a few automatic systems tracking other insects except for honeybees
(Table 1). Both bear advantages and limitations. In this study, | will focus on tracking
multiple complex social behaviors: dance communication, trophallaxis, antennation,
sleep, queen caring and feeding. Although my experimental colony was relatively
smaller than normal ones, it still was packed with bees. The number tags attached to
the bees’ thorax were required to enable the experimenter at the hive exit recognize
the focal bees and perform the catch-and-release experiment. However, the
barcodes required in the former tracking systems were neither easy for observers to
recognize bees at the exit, nor convenient for bees to fly. Videos from two sides of
the comb were recorded simultaneously. It required higher robustness of machine
learning to label and train the images of videos of two sides to more precisely
recognize the focal bees. Therefore, DeepLabCut (Nath et al. 2019) and JAABA were
investigated to automatically extract the spatial trajectory dataset of the focal bees
and classify behaviors of dance communication, trophallaxis, antennation, sleep,

gueen caring and feeding within colony, respectively.

3.3 Methods
3.3.1 Video recording

Videos monitoring social behaviors of honeybees were recorded with Raspberry Pi
(Raspberry Pi3 Model B, 1.2 GHz QuadCore, 64Bit CPU) and two infrared Camera
Modules (v2 Pi NoIR) fixed on each side of the observation hive (More details in
‘Materials and Methods’, Chapter 3). Each video was 15 fps and 1920 x 1080 pixels.
The raw video streams were packaged with H264 codec and converted into mp4
format. 372 videos were recorded over 15 days of experiment. Each video had a

duration of 1 hour and a size of 3.56 GB.
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3.3.2 Automatic tracking with DeepLabCut

High Performance Computing (HPC) system in the Freie University Berlin was
applied to improve the speed of automatic tracking system. Docker environment was
built to use GPU to run DeepLabCut. To maximize the tracking performance of
DeepLabCut, a neural network of model ResNets-50 (or ResNets-101) was used with
1030000, 1500000, 3000000 and 4000000 iterations, respectively. To improve the
tracking accuracy, 8 body parts of each focal bee in each frame and 200 frames for
each video were labeled. Two videos were labeled for the training procedure for each

focal bee.

3.4 Analyses and Results

It took around 3 hours to label 400 frames with 8 body parts of one focal bee and at
least three days to finish the training procedure for two videos (~ 4 GB for each
video) (Table 2). Training results with four different iterations showed not obvious
improvement in accuracy (Table 2). To compare the training efficiency and accuracy,
addition training procedures with compressed videos via ffmpeg were done. Although
the time for training with compressed videos was shorter and the training accuracy
were similar (not data shown here), it required amounts of time for compression
videos. Therefore, the training with original video without compression was
determined. Although all training results showed extremely low errors (Table 2), the
focal bees recognized in the labeled videos generated after the training procedure
were mislabeled. The labeled points on its body parts also jumped to another bee

(Figure 1, e.g., focal bee 201).

3.5 Discussion

DeepLabCut was the most promising candidate among the available automatic
tracking techniques that would be suitable for our study. It has provided user-friendly
application in fruit flies, fish and mosquitoes under both 2D and 3D behavioral space.
The current version can track multiple marker-less animals simultaneously. Here its
potential use was tested in studying whether the automatic tracking system is more
applicable than manual tracking in monitoring social behaviors in the honeybees.
However, the automatic tracking performance was not as fast and accurate as what it

was expected. Therefore, | preferred to rely on manual tracking rather than on the
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automatic tracking method to collect social behavioral data of the honeybees within
colony over days for further analyses.

Quantifying behavior is a fundamental procedure to understand behavioral
development, consistency, plasticity, diversity and its biological and evolutionary
function. Automatic approaches provide high-throughput quantification advantages for
advancing behavioral study in animals. To understand how honeybees initiate a
behavioral action inside and outside the colony involves procedures of learning,
memory, motivation, sensory perception and cognition. For instance, how do different
types of social behaviors develop over the life span of individual honeybees? What
happens within a social community before bees start an orientation flight or a foraging
flight? What is the potential relation between the sociality and flight performance among
different bees? how is the interactive influence between bees’ social experience inside
the colony and the flight experience outside of the colony? Underpinning the
mechanisms of these diverse behaviors accurately will benefit from the development of
automatic monitoring techniques. However, social behaviors inside the bee colony are
complicated and dynamic. Even the criteria to categorize a social behavior via manual
observation and measurement, i.e., dance and dance following, would be hard to be
applied accurately across different experiments. Most of the current automatic
monitoring techniques are only applied to the specific experimental problems. The
accuracy of automatic tracking remains to be improved. Meanwhile, a few applicable
programs may be less user-friendly and expensive that they require super high
investment in hardware and software to improve computation speed. These limitations
are likely to impede our comprehensive understanding about diverse behaviors within
the bee colony under the natural environment. However, the emergence of these
techniques in automatic monitoring of behaviors of honeybees sheds a light on
developing more applicable and accessible programs. To accurately map the patterns
of diverse behaviors of honeybees and explore how a social group functions, more work

requires to be invested in future.
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Table 1. Open sources of computer-based automatic tracking for classify insect behaviors

Name Validated Animal Output Limit Advantage
Unnamed (Feldman 2003) honeybee trajectory, | confined to small training dataset and short video, failed to | track sequential motions of multiple
behavior differentiate similar behaviors, failed to track bees with bees
switching behaviors
JAABAKabra etal. 2013) honeybee, behavior required trajectory input of animals from other programs, good performance for bees that don’t
drosophila offline processing of data move linearly, higher accuracy than
Ctrax
K-TrackKimuraetal. 2014) | honeybee trajectory confined to small areas where bees interact higher accuracy than Ctrax in tracking
multiple bees, markerless tracking
LocoTracker(Shenetal. honeybee, ant behavior confined to immobile bees could estimate the trajectories of insect
2015) body parts even under merge
conditions
BEEtag(©rall etal 2015) bumble bee trajectory | confined to bees with 2D barcodes, challenges of data good performance for complex
storage and process, tracking performance depending condition
substantially on uneven light, animal posture and tag
cleanliness
Unnamed Boenisch etal. honeybee trajectory confined to bees with 2D barcodes could automatically detect dance-
2018, Waro et al. 2015, Wild et al. following and trophallaxis behaviors
2021)
BBASGlutetal. 2017) honeybee trajectory confined to bees with 2D barcodes, limited to small groups | relative high accuracy
of bees (<100 bees)
Unnamed(®ozeketal 2021) | honeybee trajectory confined to low frame rates and small sizes of videos detected bees in dense group
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Table 1. Open sources of computer-based automatic tracking for classify insect behaviors

CADABRAankertetal. drosophila behavior confined to small groups of animals tracked multiple behaviors
2009) simultaneously, easy and cheap to use
the system
CtraxBranson etal. 2009) drosophila, fish, trajectory, | failed to deal with complex occlusions, lower accuracy than | tracked multiple animals and behaviors,
cockcroach behavior K-Track and JAABA, failed to track complex, various and tracked videos with long duration,
dis-continuous behaviors, challenges of processing high-
throughput data
UnnamedMersch 2013) ant trajectory confined to animals with specific matrix codes, failed to tracked videos with long duration,
deal with complex occlusions, required high quality of robust to image loss, high accuracy
videos
IdTracker(PerezEscuderoet | qrgsgphila, fish, trajectory confined to small groups of animals, failed to track videos makerless tracking
al. 2014) ant with long duration
DeeplLabCutMathetal. drosophila, fish, trajectory required basic programing skills to build environment for markerless tracking, tracked multiple
2019) mosquitoe training with GPU animals, applied in wide range of
species, analyzed multiple videos
simultaneously, user-friendly
DeepPoseKitcravingetal. | grosophila, behavior limited to individual post estimation in each image easy-to-use, tracked multiple animals,
2019) zebras’ fish, fast and robust animal post estimation
locust,

10
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Table 2. Training performance of DeepLabCut with four types of iterations for one video

Neural Training iterations Train error(px) Test Label number  Number of bodies Training Duration
Network error(px) labeled (Days)
ResNet-101 1030000 2.09 2.87 200 8 4

ResNet-50 1500000 2.05 2.56 200 8 3

ResNet-50 3000000 2.00 2.47 200 8 6

ResNet-50 4000000 1.87 2.40 200 8 8

11
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Figure 1. Post estimation of focal bee 201 with DeepLabCut after 4000000 iterations with 200 labels from 8 body parts of focal bee

201. The letters in red present the sequential motions of the bee 201 over time. Dots with colors from pink to yellow indicate the
different labeled parts on the body of focal bee 201. The sequential movements showed that some dots which should be on the

body of the bee 201 disappeared (Figure 1D) or jump to another bee (Figure 1F, 1G, 1H).

12
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4 Chapter 2: Non-social factors influence
behaviors at the hive exit when bees leave the

colony

4.1 Abstract

Trade-off between staying inside the colony and leaving the colony for outside
activities of environment exploration (orientation flight) and food collection (foraging
flight) is a challenge to each individual bee. Using information sources from personal
learning experience and social communication (e.g., waggle dance) are the most
well-known and important mechanisms to drive bees’ decision-making on outdoor
activities. However, abiotic factors such as climate, colony morphology and the
availability of food sources in a changing environment as well as other biotic factors,
such as a bee’s age, time-sense of day and frequencies of behavioral events also
affect a bee’s outdoor activities. In this chapter, | recorded various outdoor behaviors
from 87 bees including 17 bees which performed orientation or foraging flights in a
tiny colony. Bees’ behaviors at the hive exit (‘Out’) were categorized into four states:
‘LR’, ‘OW’, ‘FR’ and ‘FL’. ‘FL’ was differentiated into orientation and foraging flights.
Multivariate regression mixed models were applied to explore how the above abiotic
and biotic factors regulate a bee’s outdoor behaviors over life history. The analysis of
variability and consistency of behaviors responding to the above non-social factors at
inter- and intra-individual levels were analyzed. These behaviors expressed
differently to different factors. Age and time only regulated ‘Out’ rather than drove
their flight decision. A bee’s decision to fly was not related with the frequency of ‘Out’.
However, bees flew shorter distances as they aged. When bees flew more trips, they
flew longer and faster in the orientation flight, and flew longer in the foraging flight.
Bees were more sensitive to weather condition in initiating ‘Out’ and foraging flight.
Space usage of the comb was also essential in regulating bees’ outdoor activities.
Meanwhile, each individual possessed their own rhythm with different level of

variation in response to non-social factors at between- and within-individual levels.

15



Chapter 2

4.2 Introduction

Flight activity is a key component of foraging food to determine a colony’s fitness.
Honeybees are unique navigators communicating flight information through waggle
dances (von Frisch 1967). Successful foragers returning from the visited food
sources would communicate information of distance and direction to other bees via
dance (Dyer 2002, von Frisch 1967). Bees that followed the dances may leave the
colony to forage food. Within a foraging flight, bees can memorize the shape, odor of
floral sources and landmarks in the surroundings (Scheiner et al. 2004). With
increased number of flights, bees gained more and more individual experience (Klein
et al. 2019). Orientation flights performed by naive bees usually occur before
foraging flights. It helps bees to be familiar with sun’s azimuth and to remember
visual information of the hive’s surrounding areas, enabling bees to get back home
from foraging flights. When the experienced bees failed or was disrupted in a
foraging flight (Degen et al. 2018), they could switch from foraging to orientation flight
to update navigation memory.

To make a decision to forage, bees mainly rely on social information about the
location and quality of food sources via dance (Couvillon et al. 2012, Dyer 2002, von
Frisch 1967) or use private experience to the old food places where they visited
before (Al Toufailia et al. 2013, Van Nest & Moore 2012). They also can integrate
social information from dances and their own flight experience to make an
intermediate decision (Menzel et al. 2011). The odorant cues that bees learning
during dance following (Farina et al. 2005, 2007) via trophallaxis or food sources
uploaded in the hive may also stimulate bees to collect food (Griter & Farina 2009).
Bees can also make use of other social signals, such as the stop signal (Kietzman &
Visscher 2015, Seeley et al. 2012) or the trembling dance (Kirchner 1993, Seeley
1992) to stop foraging activity. Several studies have suggested that orientation flight
can be also initiated by odor learnt via trophallaxis (Chaffiol et al. 2005, Ikeno et al.
2014). However, the threshold to food-associated stimuli (e.g., specific location,
smell, visual cues) can be different among bees (Scheiner et al. 2004), the decision-
making to perform a flight would thus be different.

Despite intrinsic factors including social learning and response threshold mainly
determine a bee’s decision on whether to leave the colony and perform a flight, bees
also adjust their behaviors flexibly in response to a changing environment (Hamilton

et al. 2019). This adaptive process usually accompanies with biotic factors including
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age-dependent physiological adaptation (e.g., development of flight muscle) (Roberts
& Elekonich 2005) and activity bouts. The external environmental abiotic factors
include colony size, usage of hive space and the availability of food storage
(Hamilton et al. 2019, Robinson et al. 1992), the quality and quantity of food sources
(Gruter & Farina 2007, Polatto et al. 2014, Seeley 1992), climate factors (e.g.,
temperature, cloudiness and wind speed) (Clarke & Robert 2018, Polatto et al. 2014).
Honeybees’ time sense is highly adaptive, allowing bees to synchronize the foraging
activity with the daily floral rhythms (Moore 2001, Moore et al. 1989). The circadian
rhythms always depend on age (Toma et al. 2000), biotic and abiotic environmental
factors (Hut & Beersma 2011), which may regulate bees’ outdoor activities.
Variations of behavioral phenotypes across species, across populations of the same
species, across individuals of the same population and across repeated observations
of the same individual are the most striking features in the natural world (Sih et al.
2004). Within a social community, phenotypic variability among individual bees gives
rise to labor division. Unlike queens and drones specializing in producing offsprings,
workers take part in non-productive tasks (e.g., nursing, cleaning, building and
defending, scouting and foraging). Labor division is a colony feature whereas task
specialization is an individual characteristic (Pasquaretta & Jeanson 2018). Workers
show within-caste and within-individual variations in behavioral phenotypes which is
termed as polytheism (Evans & Wheeler 2001, Whitman & Agrawal 2009). That is
individuals specialise in subsets of tasks based on physiological changes that is
correlated with age (Jones et al. 2020, Khamis et al. 2015, Robinson 1992),
morphology difference (Wang et al. 2010), colony need and external environmental
change. For a long time, intra- and inter-individual variations have been recognized
as ‘noise’ rather than meaningful phenotypic variation (Guscelli et al. 2019).
Heterogeneity, both among- and within-individual could provide new insights into how
individual animals evolve and how the behavioral patterns develop in an environment
with fluctuating challenges. Between-individual variation concerns with individual
animals’ average behavioral expression while within-individual variation refers to
behavioral plasticity in response to biotic and abiotic environment changes (Hertel et
al. 2020). Questions about within- and between-individual variation require that
phenotypic (co)variation be partitioned into variance components (Lynch & Walsh
1998).
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Biological and ecological datasets are often highly structured and hierarchical in
nature (Harrison et al. 2018) that fall outside the scope of basic statistics (Bolker et
al. 2009). They are always binary and non-normally distributed or count data. Where
basic statistics quantifies effects of each predictor, it often involves random effects
that exists across temporal and spatial observation studies. To handle these limits,
mixed models provide a good tool to flexibly estimate the biological effects of interest.
It incorporated components of both fixed factors which are used to define systematic
influence and random effects, which account for variability among individuals around
the systematic relationships captured by the fixed effects (Bolker et al. 2009) provide
an efficient tool for examining between- and within-individual differences. On the
individual level, individuals’ average phenotypic behavioral types can be interpreted
by repeatability (R) (the random-intercept variation of reaction norm) (Hertel et al.
2020). Within-individual variation under specific context or temporal can be explained
by random slope, explaining individual animal’s response to changes in specific
environment (Hertel et al. 2020, Nakayama et al. 2016).

These early studies (Clarke & Robert 2018, Griter & Farina 2007, Hamilton et al.
2019, Polatto et al. 2014, Robinson 1992, Seeley 1992) on the influences of non-
social factors of abiotic and biotic factors on bees’ behaviors did provide evidences to
understand better about bees’ adaptability to external environment, but these studies
viewed bees’ behavioral response as a single group unit. Recently, several studies in
the bumble bees (Klein et al. 2017) and one study in the honeybees (Walton & Toth
2016) have shed light on bees’ behavioral variation on consistent inter- and intra-
individual levels. However, these studies did not focus on exploring how non-social
factors regulate individual bees’ leaving the colony and approaching the hive exit.
The honeybees’ behavioral response to environment changes differs depending on
the colony size (Beekman et al. 2004, Bonoan et al. 2020, Smith et al. 2017). My
observation bee colony equipped with one comb (~ 800 bees) to observe social
behaviors inside colony. Flight activity is a cost-consuming, gain and risk-coexist
process in a highly variable environment that requires bees to flexibly take strategies
to minimize costs and optimize energetic efficiency (Stabentheiner & Kovac 2014,
2016). Therefore, this chapter will ask how the non-social factors, such as weather
condition, age, colony demography i) bees’ leaving the colony to the hive exit, 2) how
orientation and foraging flights are performed in response to these factors, 3) how

these outdoor behaviors vary among and between individual bees.
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4.3 Methods
4.3.1 Colony

The bee colony was kept in a tiny observation hive equipped with a frame. Compared
to a full standard frame of ‘Zander’ type as 2*20*40 cm with 2*1000 bees and 2*3200
cells and ‘German normal’ type as 2*20*35 cm with 2*900 bees and 2*2800 cells, the
observation frame with 20*14.5 cm was fully composed of a queen, 1160*2 cells
(including brood and food) and 370*2 adult workers. Eighty-seven newly emerged
bees aged ‘day 1’ attached with number tags on the bees’ thorax in order to
recognize bees’ identities were introduced into the colony. These 87 bees with
number from 201 to 297, excluding the numbers that could be confused when
experimenter read them upside-down, were the focal bees for behavioral study. Over
200 bees without knowing ages (with number among 1 ~ 197, 301 ~ 397 and 401 ~
497 depending on the orientation of the number tag) were marked in order to induce
dances during training procedure. Daily behaviors of the honeybees inside the colony
were recorded with Raspberry Pi 3. The video recording was started at around 9:00
am and ran till 9:00 pm. Although the colony was tiny, it remained a great difficulty to
count the number of bees for the whole colony. Currently, there is not a 100%
precise way to measure the colony size. Therefore, | referred to ‘Liebefeld Method’
(Dainat 2020) and the official Agroscope website:

https://lwww.agroscope.admin.ch/agroscope/en/home/topics/livestock/bees/biologie/v

olksentwicklung/bienen-schaetzmethode.html to estimate the colony strength. The

relative strength of the colony with brood cells, honey cells, empty cells and adult
workers over each day were subjectively measured.

4.3.2 Monitoring of behaviors outside the colony

Focal bees’ behaviors at the hive exit were recorded. When bees appeared at the
inside of the hive exit, the time and additionally note whether they immediately return
into the colony or continue to go out to the outside of the hive exit were recorded.
When bees appeared at the outside of the hive exit and tended to rush out for flights,
they were caught immediately and released after a transponder was attached to the
bee’s thorax. After that, the status of the released bees was noted down. Here, ‘Out’
described status of the honeybees leaving the colony. This behavior was
differentiated into 4 subclasses: ‘LR’, ‘'OW’, ‘FR’ and ‘FL’. ‘LR’ indicated bees
appeared at the inside of hive exit but soon returned into the colony. ‘OW’

represented bees that left the colony were caught and released with a transponder
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attached but did not fly up. ‘FR’ described the bees returned to the hive exit after
flying up close to the hive exit in the immediate surroundings. ‘FL’ characterized the
bees performing successful flights with the radar transponder. ‘FL’ was discriminated
between flight to explore the surrounding environment around the hive (‘Orientation’)
and flight to collect food (‘Foraging’). ‘OW’ and ‘FR’ with status of ‘Can’t’ and ‘Won’t’
were also noted. ‘Can’t’ characterized those bees were physically unable to fly
because they were visibly too weak to fly. ‘Won’t’ characterized bees did not fly up
because the number tag or transponder interfered with their fight motivation. When
there were too many bees appearing at the hive exit, they were demotivated by
placing each respective bee in a separate device under a black cover for around 5
minutes bees and let them walk back into the hive. A few bees returned from an
extended flight without transponder and some bees did not return to colony at all. All
the above cases were reliably recorded with a complete protocol (Table 3)

4.3.3 Weather recording

The climate conditions of temperature, wind speed and weather (clear, partial cloudy,
most cloudy and overcast) from 9:00 am to 21:00 over a day between 24" July and
7t August, 2018 for the local Marburger Ring, Kirchhain, Hesse, Germany was
referred on the website: https://darksky.net/forecast/40.7127,-74.0059/us12/en.

4.3.4 Data preparation and cleaning

According to the protocol about different cases of behaviors at the hive exit, the
cases of bees that were physically unable to fly or got arbitrary demotivated were
excluded. Successful flight, i) the bees did not return back to colony, ii) the bees
performed successful flights while the transponders was lost during the flight or iii)
they escaped to fly before a transponder for radar tracks was attached were
excluded. Data cleaning was shown in the Table 3.

4.4 Data statistical analyses

R packages including ‘Ime4’, ‘ImerTest’, ‘optimx’, ‘car’, ‘MuMIn’, ‘pIm’, ‘DHARM’,
‘mlogit’, ‘performance’ and ‘sjPlot’ were applied to perform statistical analyses in R
v4.0.2 (R Core Team 2020). The packages ‘Ime4’ and ‘ImerTest’ were used to build
linear models (LMs), linear mixed models (LMMs), generalized linear mixed models
(GLMMs) and generalized linear model (GLMs). Step regression method and manual
establishment were combined to construct models. Types and structures of models
were designed based on the questions to be addressed and the distribution of

response variables. The package ‘optimx’ was applied to optimize the regression
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models accompanied with the iterative algorithm optimizer ‘BOBYQA'’. The package
‘car’ was applied to calculate type-Il or type-lll analyses-of-variance for models
depending on whether interactive factors were established. The package ‘MuMIn’
was used for calculating marginal and conditional R? to explain the proportion of
variance by the fixed effects and by both the fixed and random effects respectively in
the mixed models. The package ‘plm’ was conducted for determining whether panel
variables can be fixed effect or random effect in the panel dataset. AIC (Akaike
information criterion) and BIC (Bayesian information criterion) were mainly used to
select fitted model. To further confirm the model fit, diagnostic plots to detect the
linearity of data, normality of residuals, homogeneity of residuals variance and
independence of residuals variance error terms were checked for LMs.
glm.diag.plots() function in the package ‘boot’ was applied to evaluate GLMs.
Marginal R? [variance explained by the fixed factors and covariates, R?(G)LMM (m)],
conditional R? [variance explained by the fixed and random factors, R?(G)LMM (c)]
and visual inspection of model diagnostic were combined to evaluate the fitted
models of GLMMs and LMMs. Overdispersion of (G)LMMs caused by zero-inflation,
aggregation was detected via the package ‘DHARMA'. The vif() function in the
package ‘car’ was used to test multicollinearity among the predicted variables. Some
predicted variables were necessarily excluded when correlation between two
predicted variables was extremely high. When the residuals showed bad normal
distribution and the models were over-fitted, the response variables were log-
transformed, and the data was re-modeled.

To analyze a single model, deviance analyses was performed by Chisq test with
Anova() function in the package ‘car’ in the GLM(M)s while F test for variance
analyses with anova() function in the package ‘stats’ in LM(M)s. LRT (Likelihood
Ratio Test) was applied to compare two nested models. The package ‘mlogit’ was
used to establish multinomial logistic regression models when the response variables
were more than two levels.

To explore the influences of the non-social factors (i.e., daytime, bee age, frequency
of activity event, temperature, wind speed, weather, colony condition including
temporal distribution of capped brood, empty cell, honey cell and adult workers) on
bees’ outdoor activities, the following stepwise questions were addressed: whether
these non-social factors influenced bees’: step 1) leaving the colony to the hive exit
(‘Out), step 2) preference on ‘LR’, ‘OW’, ‘FR’ and ‘FL’, step 3) frequency of the
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orientation flight (‘O’) or foraging flight (‘F’), step 4) flight performance on the
orientation and the foraging flights including the parameters of flight speed, duration,
range and loops.

All the above model analyses firstly included the variable of individual bees (‘BeelD’)
as the random effect for accounting the non-independence of measurements on the
same individual through time. When ‘BeelD’ showed no significant variance in the
random effects, it was excluded from the random effect in the GLMMs and LMMs and
LM and GLM were considered. When necessary, the influences of age, daytime and
frequency of behavioral events nested in the random effect along with ‘BeelD’.

On the basis of the best-fit models, how the between- and within-individual variances
varied across multiple behaviors was discussed. Multivariate mixed models provided
powerful tools to decompose the observed behavioral variation into components of
the fixed effects and random effects (Araya-Ajoy et al. 2014). ‘BeelD’ as random
intercept and context-specific variables as random slope and their correlation allowed
to estimate whether the individual bees differed in i) behavioral type based on the
random intercept and ii) behavioral plasticity across specific contexts based on
random slope. To assess the inter- and intra-individual difference, | tested for the
significance of random intercept and random slope effects by applying a likelihood
ratio test (LRT), comparing the models with random intercept or slope with models
without random effects. To quantify inter- and intra-individual variability, adjusted
intra class correlation (ICC) and behavioral repeatability (R) were calculated to

examine the consistency of different behaviors among individual bees.

4.5 Results
4.5.1 Data cleaning

Data for each step of analyze before starting model building was cleaned. The
purposes for these four steps are listed (Table 3). In the first step, two focal bees
never appeared at the hive exit in their whole life (‘Bee not out’). Hence, 85 focal
bees were included into model building. In the second step, two out of 87 focal bees
appeared at the hive exit were manually demotivated due to a high activity at the exit
and long waiting time which lead to a delay in releasing these bees (‘Bee
demotivated’). In the third step, four focal bees rushed out too quickly to be caught
from the hive exit (‘Bee escaped without transponder’) without flight trajectories
recorded from the radar. Four bees flew out with transponder but did not return back
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to the colony (‘Bee not back with transponder’). One bee flew out with transponder
but the transponder dropped and no flight trajectory was recorded from the radar
(‘Bee with transponder lost’). Two bees flew out without any information from the
radar track protocol (‘Unsure’). Eight bees appeared at the hive exit but did not carry
out a flight in their life (‘Bee without flight’).

Chapter 2 was focused on investigating bees’ outdoor activities at the hive exit while
the next chapter 3 was focused on investigating the relation between the indoor
social behaviors and the outdoor flights. However, manual tracking of the social
behaviors over the focal bees’ life history was a marathon job. It required a large
amount of time to collect the data of 87 bees’ social behaviors over their life span. To
compare the frequency and age when bees performed the orientation and foraging
flights and the patterns of activities at the hive exit (e.g., some bees appearing at the

hive exit frequently, but did not perform any successful flight), 17 bees were studied.

23



Chapter 2

Table 3. Clean data for the analyses of the behaviors at the hive exit

Step 1_‘Out’: to examine whether the non-social factors influence bees' decision whether to leave from  Numbers
colony to hive exit

Total marked focal bee 87
Bee not out 2
Bee for model 85
Step 2_‘LR/OW-FR-FL’: to examine whether the non-social factors affect bees' behavioral switch Numbers
among 'LR’, 'OW', 'FR" and 'FL'

Total marked focal bee 87
Bee demotivated 2
Bee for model 85
Step 3_“O-F': to examine whether the non-social factors affect bees' behavior to perform orientation Numbers
flight or foraging flight

Total marked focal bee 87
Bee escaped without transponder 4
Bee not back with transponder 4
Bee with transponder lost 1
Unsure 2
Bee without flight 8
Bee with orientation flight 75
Bee with foraging flight 5
Bee for models 17

Note: number of the bees excluded from each step and the bees remained for further model analyses

are listed.
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Table 3. Clean data for the analyses of the behaviors at the hive exit

Step 4_Flight performance: to examine whether the non-social factors affect bees' performance in Numbers

orientation and foraging flights

Total marked focal bee 87
Bee escaped without transponder 4
Bee not back with transponder 4
Bee with transponder lost 1
Unsure 2
Bee without flight 8
Bee with orientation flight 75
Bee with foraging flight 5
Bee for models 17

Note: number of the bees excluded from each step and the bees remained for further model analyses
are listed.

4.5.2 Overall variation in behaviors outside colony among individual

bees over life history

Out of the 87 focal bees, 85 bees appeared at the hive exit after leaving the colony.
Of which, 75% appeared at the hive exit for 1 ~ 5 times, while only 9% appeared at
the hive exit 10 ~ 38 times within 15 days, including bees 216, 221, 244, 257, 267,
271, 275 and 282 (Figure 2). The first time when bees left the colony to the hive exit
were mostly at the age between 6™ ~ 7! days. However, the early age of day to leave
the colony could also at 3™ day after bees’ emergence (Figure 3a). Most of the 85
focal bees started to leave the colony in the midafternoon and reduced the outdoor
activities by the nightfall (Figure 3b).

When the bees appeared at the hive exit, they behaved differently which were
differentiated into 4 patterns. A few bees returned into the colony immediately after
appearing at the hive exit (‘'LR’). ‘OW’ was when the bees rushed out from the inside
hive exit but did not fly up after release. Although a few bees flew up close to the hive
exit, they immediately returned to the colony. This case was called as ‘FR’. ‘FL’

meant the focal bees performed successful a flight.
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When the 85 focal bees appeared for the first time at the hive exit, 55 bees flew up
(‘FL’), 19 bees walked around the hive exit without flying up (‘OW’) and 11 bees
returned to the colony immediately (‘LR’). Nine bees leaving the colony did not
perform flights within 15 days (Figure 4a). In particular, bees 257 (12 ‘Out’: 12 ‘OW’),
275 (12 ‘Out’: 8 'LR’, 4 ‘OW’) and 282 (10 ‘Out’: 10 ‘OW’) appeared at the hive exit
over 10 times without flights. As for the 76 bees performed successful flights, a few
bees performed the first flights in the early age of 4 days old, while most were at the
age of 6 ~ 7 days old. The daytime when the bees initiated ‘LR’, ‘OW’, ‘FR’ or ‘FL’
was not in a sequential order. Bees could perform ‘LR’, ‘OW’ or ‘FL’ in the early time
of a day and returned to the hive exit immediately after flying up (‘FR’) in the mid-
afternoon even though they have performed multiplel flights before (Figure 4b). Of
them, 83 bees performed flights after leaving the colony. Ninety-three percent of
them only performed the orientation flights and only 5 bees (i.e., bees 216, 244, 262,
267, 271 and 276) performed the foraging flights (Figure 5a). Bees typically
performed orientation and foraging flights after the age of 6 and 9 days old,
respectively. However, they could also start to perform these two types of flights as
early as at the age of 4 and 6 days old, respectively (Figure 5a). Bees could switch
between orientation and foraging flights. Interestingly, all the other bees started the
first foraging flight only after orientation flights, except that bee 263 initiated foraging
flight before the first orientation flight (Figure 5a). Within different time periods of a
day, bees performed orientation and foraging flights randomly without a specific

sequence (Figure 5b).
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The size of red circle indicates the frequency for each bee at different daytime over dates. Number

ranging from 201 to 297 represents the identity of the 85 focal bees
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of hive exit, but do not fly up after being released with transponder; ‘FR’, bees fly up close to the hive
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exit with transponder, but soon return to the hive; ‘FL’, bees with transponder flw away from the hive

exit and perform successful flights. The size of circle indicates the frequency of behaviors.

10
8.
6<
4
2.
0.

10
8.
6.
4.

- 24

c o

K=

™ 1g-

e)] 6:
£ 4
o 2
g 0
(]
w g
°
c
©
c
(]
B
T 1
b
c
2
S
o
S
(o]
> 1
1)
c
)
S
o
o

w 4

1

1

oONbO®O

oONbMOXO

oONbOO

oONMOIOO

oONAOO

oONbOO

200 || 202 || 203 || 20a || 205 || 200 |[ 210 || 21 || 212

L B lll "N I o " mEm "N " o an " B EEm " l
23 || 24 || 25 || 26 || 27 || 28 |[ 209 || 220 || 22
" " il I | ] an llIIl | I | £ 1] 1 L] a o | | " EEn BR anuER
22 || 224 || 25 || 226 || 227 || 228 |[ 220 || a || 22
B N En n =l H EE EEEE I | | an m L .. Ll | B
233 || 24 || 235 || 23 || 237 || 2 || 20 || 20 || 24

s ...-I. n I.- B am " ROAE B | I | | I | ki hic) " | B B .I
242 || 243 || 244 || 245 || 206 || 247 || 28 || 249 || 250
14 o l .I ll l o mEm L a l o o o an " e
250 || 252 || 253 || 2sa || 255 || 286 || 288 || 289 |[ 260
u " an " e El a o l 9 | | L N | -]
261 || 262 || 263 || 264 || 265 || 267 || a1 || 23 || 214

Ll ‘ EEn i ng -ij i IIILI ks o | I I
276 || 2rr || as || 29 || 288 || 285 || 287 || 200 || 22

LB B = LN B ] u L) a a ll. o El B
24 |[ a5 |[ 2 5791113 5791113 5791113 5791113 5791113 57 91113

Flight
ey .'.'! — ——— . Forage

579113 5791113 5791113

Age

. Orientation

Figure 5a. Frequency of orientation and foraging flights among the 83 focal bees over

ages.

32



Chapter 2

Date
July28 July29 July30 July31l Augstl Augst2 Augst3 Augstd AugstS Augst6 Augst?7 CO:"“
’ e o ~a 4
. . Flight
. c < M Forage
g & M Orientation
Go o :
. . o :-. LN J
° eoe L] s o ae 2 .
: oo ] ° o.u e ) .'. e o
@
° ° ° x> X e 9 o o e

o ° o0

812162081216208121620812162081216208121620812162081216208 1216208 1216208 1216 20
Time

Figure 5b. Events of orientation and foraging flights among the 83 focal bees during

daytime. The size of circle indicates the frequency of flights.
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4.5.3 Influence of non-social factors on bees’ outdoor behaviors
Given the variation in the different behavioral expression over daytime and age (Fig 2
~ 5b), whether individual bees differed in the way they shifted between different
behaviors were tested by fitting random slopes of daytime and age and nested them
into the random factors along with bee identities (‘BeelD’). Whether non-social
factors influenced bees’ behaviors at the hive exit was investigated. These non-social
factors were: age, ‘Age’; frequency of bees’ leaving the colony to the hive exit: ‘NoO’;
frequency of the flights: ‘NoF’; the daytime when a behavior occurred: ‘Time’;
temperature: ‘Temp’ (°); wind speed: ‘Wind’ (mph); weather condition: ‘Weather’
(clear, partial cloudy, most cloudy and overcast), colony constitution: brood: ‘Brood’;
empty cells: ‘Empty cell’; honey cells: ‘Honey cell’ and adult workers: ‘Worker’.
4.5.3.1 Bees left the colony to the hive exit

The dataset of ‘Out’ were binary, therefore, GLMM was applied to test whether the
aforementioned non-social factors (i.e., ‘Age’, ‘Time’, ‘Temp’, ‘Wind’, ‘Weather’,
‘Brood’, ‘Honey cell’, ‘Empty cell’ and ‘Worker’) motivated the bees to leave the
colony to the hive exit (‘Out’). The most common concern for applying GLMMs is
over-dispersion, under-dispersion and zero-inflation, therefore, performance of the
best fitted model was checked (Table S1). ‘Time’ nested in the random effect of a
model that failed to converge (Table 4, model H2) was excluded from the random
effects. After a better model (H5) was fitted (Table 4, in grey), a more complicated
model with interaction factors between fixed effects were investigated
(‘Temp*Worker’ in the model H6) to see whether temperature co-influence with
colony’s temporal distribution on ‘Out’. Although the interaction factor improved
model fitting with lower AIC and BIC compared to the model H5, no significant
differences were found for influence of the interaction on ‘Out’ (‘Temp*Worker’ in the
model H6: Chisq = 3.53, df = 1, p = 0.06). Therefore, model H5 was the best fitted
model. Within model H5, marginal R?cLmm (R_GLMM (m?)) indicated 86% of the
variance can be explained by the fixed effects (Table 4). ‘Out’ differed significantly in
response to ‘Age’ (Chisq =23.9,df =1, p<0.01), “Temp’ (Chisg=9.7,df =1, p <
0.01), ‘Wind’ (Chisq =26.1, df =1, p <0.01), ‘Empty cell’ (Chisg=8.2,df=1,p <
0.01), Worker’ (Chisq =13.6, df =1, p < 0.01) and ‘Time’ (Chisq = 187.5, df =12, p <
0.01). As expected, frequency of ‘Out’ increased as bees aged (Figure 6A) while
higher temperature and stronger wind would reduce the possibility of ‘Out’ (Figure

6B, C). With more comb space available and lower number of workers, bees were

34



Chapter 2

more likely to leave the colony to the hive exit (Figure 6D, E). A quadratic relationship between time and ‘Out’ was also found

(Figure 6F). Focal bees started to increase outdoor activities in the midday, reach a peak in the late afternoon and gradually

decrease activity of ‘Out’ in the early evening.

Table 4. Influence of age, colony population, and daytime on ‘Out’ of the 83 focal bees’ leaving the colony to the hive exit

Tested Models AlC BIC R GLMM R _GLMM Random effect
(m)2 (c)? Group Variance Std.Dev.
Null: Out ~ (1|BeelD) 3717.7 3732.8 0.14 BeelD 0.52 0.72
H1: Out ~ (Age|BeelD) 3491.1 35214 0.22 BeelD 1.02 1.02
Age 0.04 0.21
H2: Out ~ (Time|BeelD) 3540.3 4235.6 / / BeelD / /
Time / /
H3: Out ~ Age + Temp + Wind + Weather + Brood + Honey cell + Empty cell  2929.8 3126.3 0.86 0.89 BeelD 1.16 1.08
+ Worker + Time + (Age|BeelD)
Age 0.03 0.19
H4: Out ~ Age + Temp + Wind + Weather + Brood + Honey cell + Empty cell 2997.1 3178.5 0.85 0.88 BeelD 0.77 0.88
+ Worker + Time + (1|BeelD)
H5: Out ~ Age + Temp + Wind + Empty cell + Worker + Time + (Age|BeelD) 29449 3103.6 0.86 0.89 BeelD 0.73 0.85
Age 0.02 0.15
H6: Out ~ Age + Temp*Worker + Wind + Empty cell + Time + (Age|BeelD) 2943.2 3109.5 0.86 0.89 BeelD 0.74 0.86
Age 0.02 0.15

Note: R_GLMM(m?) and R_GLMM(c?) provide the variance explained only by fixed effects and by the entire model, respectively. AIC and BIC are used for

model selection, with lowest index is selected. Variance of random effect indicates the how much variability is between individuals across all treatments
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Figure 6. Predicted probabilities of bees’ leaving the colony to hive exit plotted

against temperature, wind speed, distribution of empty cells, number of workers and

daytime

4.5.3.2 Preference of bees to perform ‘LR’, ‘OW’, ‘FR’ and ‘FL’

When bees appeared at the hive exit (‘Out’), they would behave differently. A few

bees returned into the colony immediately after appearing at the hive exit (‘LR’).

When bees rushed out from the inside hive exit but did not fly up after being

released, this behavior called ‘OW’. Though a few bees flew up, they flew close to

the hive exit and would immediately return back to the hive exit. This behavior was

‘FR’. ‘FL’ indicated focal bees performed a flight. Next, the influence of a series of

non-social variables on bees’ preference to behave ‘LR’, ‘OW’, ‘FR’ or ‘FL’ was

investigated. These variables were: bee age (‘Age’), frequency of leaving the colony

(‘NoOut’), daytime (‘Time’), temperature ((°), ‘Temp’), wind speed ((mph), ‘Wind’),

weather (clear, partial cloudy, most cloudy and overcast), distribution of brood cells

(‘Brood’), empty cells (‘Empty cell’), honey cells (‘Honey cell’) and adult workers

(‘Worker’) within the hive. Frequency of ‘FR’ was extremely low (2%) compared to
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that of ‘FL’ (69%), ‘OW’ (19%) and ‘LR’ (10%). Therefore, ‘FR’ was excluded from
regression analyses and focused on comparing analysis between ‘LR’ and ‘OW’
(Table 5), between ‘OW’ and ‘FL’ (Table 6). Age and NoOut were tested in the
random effect along with BeelD. Age as random factor in LR/OW and OW/FL
analyses induced extremely high multicollinearity (model H1 in the Table 5 and 6)
and caused zero variance in Age:BeelD as a random intercept (model H2 in the
Table 5 and 6). NoOut produced zero variance in NoOut:BeelD as random intercept
(model H4 in Table 5 and 6) and showed no significant effect as random slope
among all the models. Therefore, ‘Age’ and ‘NoOut’ were excluded from the random
effect. After model diagnostics (Table S2, S3), model H7 in ‘LR’/OW’ (Table 5, in
grey) and model H6 in ‘OW’/‘FL’ analyses (Table 6, in grey) were the best fitted
models, respectively. Marginal R?cLmm (R_GLMM (m?)) showed that 34% of variance
could be explained by fixed effects in the model H7 (Table 5) for ‘LR’-‘OW’ analyses.
Compared to ‘OW’, the frequency of ‘LR’ was significantly higher when temperature
increased (Chisq = 7.49, df = 1, p < 0.01) and more adult bees were inside the colony
(Chisq = 5.56, df = 1, p =0.02) (Figure 7A, B). Bees’ preference to behave ‘LR’ or
‘OW’ was not influenced by the frequency of ‘Out’ (Chisq = 2.24, df = 1, p = 0.13).
Marginal R%cLvum (R_GLMM (m?)) in the analyses of ‘OW’-‘FL’ suggested that 10% of
the variance was explained by the fixed effects (Table 6, H6). Though higher wind
speed (Chisq = 2.25, df = 1, p = 0.13) and more workers (Chisq =3.23,df=1,p =
0.07) reduced bees’ tendency to carry out successful flights, compared to ‘OW’, the
impact was not significant. As expected, when bees were older (Chisq = 14.8, df = 1,

p <0.01), they performed more successful flight (Figure 8).
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Table 5. Influence of bee age, external and internal colony condition and daytime on individual bees’ preference to perform ‘LR’ or
(OW!

Tested Models AlC BIC R_GLMM R_GLMM Random effect
(m)2 (c)? Group Variance Std.Dev.
Null: Out_riow~(1|BeelD) 1194 125.0 0 0.76 BeelD 10.66 3.27
H1: Out_,riow~(Age|BeelD) 123.2 1345 0 0.76 BeelD 6.31 2.51
Age 0.007 0.08
H2: Out_ row~(1|BeelD/Age) 1214 129.8 0 0.76 BeelD 1.07 3.27
Age:BeelD <0.0001 <0.0001
H3: Out_.riow~(NoOut|BeelD) 116.8 128.0 0 0.95 BeelD 11.42 3.38
NoO 0.99 0.99
H4: Out_,riow~(1|BeelD/NoOut) 1214 129.8 0 0.76 BeelD 10.66 3.27
NoO:BeelD 0 0
H5: Out | riow~Temp + Wind + Weather + Brood + Honey 99.1 157.9 0.63 0.98 BeelD 60.43 7.77
cell + Empty cell + Worker + Age + NoOut + Time +
(1|BeelD)
H6: Out | riow~Temp + Wind + Weather + Brood + Honey  101.7 138.1 0.4 0.99 BeelD 170.1 13.04
cell + Empty cell + Worker + Age + NoOut + (1|BeelD)
H7: Out_ Lriow~Temp + Worker + NoOut + (1|BeelD) 103.5 1175 0.22 0.84 BeelD 13.24 3.64
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Table 6. Influence of age, external and internal colony condition and daytime on individual bees’ preference to perform ‘OW’ or ‘FL’

Tested Models AlC BIC R GLMM R _GLMM Random effect
(m)? (c)? Group Variance Std.Dev.
Null: Out_ owr~(1|BeelD) 278.3 286.2 0 0.68 BeelD 7.02 2.65
H1: Out_owr.~(Age|BeelD) 264.6 280.4 0 0.79 BeelD 78.05 8.83
Age 0.34 0.59
H2: Out_owrL~(1|BeelD/Age) 280.3 292.1 0 0.68 BeelD 7 2.64
Age:BeelD 0 0
H3: Out_owr~(NoOut|BeelD) 276.7 2925 0 0.78 BeelD 19.50 4.42
NoO 0.05 0.21
H4: Out_ owr~(1|BeelD/NoOut) 280.3 292.1 0 0.68 BeelD 7.02 2.65
NoO:BeelD 0 0
H5: Out_ owr~Temp + Wind + Weather + Brood + Honey 280.7 363.4 0.35 0.82 BeelD 8.29 2.88
cell + Empty cell + Worker + Age + NoOut + Time +
(1|BeelD)
H6: Out_ owrL~Wind + Worker + Age + (1|BeelD) 262.6 282.3 0.10 0.70 BeelD 6.7 2.59
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Predicted probabilities of LR compared to OW

100%i

75%

25%

0%

27 30 33 36 04 0.5 0.6 0.7 0.8 0.9
Temp Worker

Figure 7. Predicted probabilities of LR compared to OW against temperature and

number of workers in the colony. ‘LR’, when bees left the colony to the hive exit, but soon

returned back into colony. ‘OW’, bees did not fly up after they rushed out from colony to the outside of

hive exit, were caught and attached the transponder on the thorax.
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Figure 8. Predicted probabilities of OW compared to FL against age. ‘FL’, when bees
perform flights after being caught, attached the transponders on their thorax and released at the hive

exit
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4.5.3.3 Bees’ preference to perform orientation or foraging flights

Eleventeen focal bees with flights were compared to analyze whether a set of non-
social variables would impact bees’ preference to perform orientation or foraging
flights. These variables included: temperature ((°), “Temp’), wind speed ((mph),
‘Wind’), weather (clear, partial cloudy, most cloudy and overcast), percentage of
brood cells (‘Brood’), empty cells (‘Empty cell’), honey cells (‘Honey cell’) and
workers (‘Worker’) within the colony, time (‘Time’), age (‘Age’) and frequency of
flights (‘NoF’). General linear mixed models (GLMM) were applied to analyses. Three
bees 257, 272 and 282 did not perform any flight and only 5 bees 216, 244, 262, 267
and 271 performed both orientation and foraging flights over ages (Figure 5a).
Therefore, whether ‘Age’ and ‘NoF’ should be nested in the random effect with
‘BeelD’ was explored. Although ‘Age’ nested in the random slope increased model fit
with lower AIC, it produced extremely high multicollinearity (Table 7, model H1).
‘NoF’ caused ‘BeelD’ to produce zero variance in the random effect (Table 7, model
H2). Nesting ‘Age’ and ‘NoF’ in the random intercepts with ‘BeelD’ was studied.
Results showed that ‘NoF:BeelD’ produced zero variance (Table 7, model H4).
Hence, ‘NoF’ from the random effect with ‘Age’ in the random intercept nested within
‘BeelD’ was excluded. Goodness-of-fit test without significant dispersion, zero-
inflation and outlier (Table S4) were checked. Model H6 was the best fitted (Table 7,
H6). Marginal R%cimm (R_GLMM (m?)) showed 65% of variance could be explained
by fixed effects. As bees gained more flight experience, they tended to perform
foraging flight (Chisq = 19.8, df = 1, p < 0.01) (Figure 10A). When number of workers
in the colony increased, the workers reduced foraging flight and switched to
orientation flight (Chisq = 4.8, df = 1, p = 0.03) (Figure 10B). This result suggested

that workers could adjust foraging activity by following the colony’s morphology.
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Table 7. Influence of age, flight frequency, external and internal colony condition on bees’ preference to perform orientation and

foraging flights

Tested Models AlIC BIC Rz GLMM Rz GLMM Random effect
(m) (©) Group Variance Std.Dev.
Null: Flight ~ (1 | BeelD) 148 153 0 0.59 BeelD 4.53 2.13
H1: Flight ~ (Age | BeelD) 133 144 0 0.95 BeelD 4.06 2.01
Age 0.88 0.94
H2: Flight ~ (NoF | BeelD) 113 124 0 0.87 BeelD 0.00 0.00
NoF 0.09 0.31
H3: Flight ~ (1| BeelD/Age) 131 139 0 0.78 BeelD 6.20 2.49
Age:BeelD 5.55 2.36
H4: Flight ~ (1| BeelD/NoF) 150 158 0 0.78 BeelD 4.72 2.17
NoF:BeelD 0.00 0.00
H5: Flight ~ NoF + Temp + Wind + Weather + Brood + Honey 100 155 0.97 0.99 BeelD 6.00 2.45
cell + Empty cell + Worker + Time + (1 | BeelD/Age)
Age:BeelD 0.49 0.70
H6: Flight ~ NoF + Temp + Honey cell + Worker + (1 | 89 107 0.65 0.83 BeelD 3.22 1.80
BeelD/Age) Age:BeelD 0.40 0.63
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Predicted probabilities of Flight
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Figure 10. Predicted probabilities of foraging flight compared to orientation flight

against the number of flight and workers. ‘NoF’, number of flight; ‘Worker’, number of workers.

4.5.3.4 Performance of orientation and foraging flights

How non-social factors influenced bees’ flight performance were studied during
orientation and foraging flights with parameters of ‘NoF’, ‘Loops’, ‘Duration’,
‘MaxDist’, ‘MedianDist’, ‘AccuDist’ and ‘AvrgSpeed’ (Figure S1). These factors were:
temperature ((°), ‘Temp’), wind speed ((mph), ‘Wind’), weather (clear, partial cloudy,
most cloudy and overcast), percentage of brood cells (‘Brood’), empty cells (‘Empty
cell’), honey cells (‘Honey cell’) and workers (‘Worker’), time (‘Time’), age (‘Age’) and
frequency of flights (‘NoF’). Flight patterns in orientation and foraging flights were
different, therefore, regression analyses for orientation and foraging flights were
separately performed. Types of models (GLMM, LMM, LM, GLM) were selected
based on the distribution of dataset of different parameters (Figure S1). Predictors of
‘Empty cell’, ‘Honey cell’, ‘Brood’ and ‘Worker’ were highly correlated. The high
correlation indicated a redundancy between predicted variables which would induce
a problem of multicollinearity. Hence, some of these predicted variables were
removed when necessary. Models were built for orientation (Table 8) and foraging

flights (Table 9). Since there were only 5 bees performed foraging flight. BeelD in the
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random effect produced negative coefficient variation which was therefore excluded
from the random effect.

Orientation flight (Table 8) was not significantly influenced by weather compared to
foraging flight (Table 9). During the orientation flights, individual bees performed
more flight trips (‘NoF’) when temperature was higher (‘Temp’: 0.08 £ 0.02
(estimate+SE, same as followed), F@,s6) = 9.91, p < 0.01) and area of brood cells
decreased (‘Brood’: -38.31 + 9.44, F(1,62) = 16.46, p < 0.01). ‘NoF’ was not correlated
with bees’ age (‘Age’: 0.12 + 0.06, F,61) = 3.73, p = 0.06). As expected, with more
flights, bees flew further (‘MedianDist’: 0.07 £ 0.02, F(,s3 = 11.30, p < 0.01,
‘AccuDist’: 0.06+0.02, Fa,60) = 11.56, p < 0.01, ‘MaxDist’: 0.06£0.02, F@, 59 = 6.43, p
< 0.05) and faster (‘AvrgSpeed’: 0.04 £ 0.02, x2 = 5.83, p = 0.02). As bees were
older, they flew in shorter distance (‘AccuDist’: -0.24 £ 0.04, F, 39) = 35.35, p < 0.01;
‘MaxDist’: -0.27 + 0.08, F(1, 23) = 11.05, p < 0.01), less loops (‘Loops’: -0.08 + 0.04, x2
=4.52, p = 0.03) and shorter time (‘Duration’: -0.17 £ 0.03, x2 = 48.11, p < 0.01).
When there were more empty cells in the colony, bees extended flight range
(‘MaxDist’: 7.77 + 3.48, F(1, 35 = 4.99, p = 0.03).

Within foraging flights, as bees were older, they performed more flights (NoF: 0.19 +
0.03, x2 = 55.89, p < 0.01) and narrowed flight distances (MedianDist: -0.26 + 0.10,
X2 =6.41, p =0.01; AccuDist: -201.10 + 68.61, x2 = 8.59, p < 0.01, MaxDist: -0.12 +
0.03, x2 = 22.07, p < 0.01). When bees gained more experience via more flight trips
(NoF), they explored more remote areas by increasing flight distances in ‘MedianDist’
(0.06 £ 0.03, x2 =4.64, p = 0.03) and ‘AccuDist’'(54.61 £ 17.56, x2 = 9.67, p < 0.01).
More empty cells and honey cells encouraged bees to performed more forging flights
(‘Empty cell’: 49.18 + 19.00, x2 = 6.7, p < 0.01, ‘Honey cell’: 59.49 + 16.51, x2 =
12.99, p < 0.01) and longer in Duration (‘Empty cell’: 2.44 £ 1.10,x2 =4.93, p =
0.03). It was reasonable that more honey cells stimulated bees to perform more
foraging flights and fly with longer duration as the base distribution level of honey
cells was relatively low to satisfy the colony need (Figure S2). When wind was
stronger, bees would narrow flight areas (‘AccuDist’: -220.36 £ 61.25, x2 = 12.94, p <
0.01; ‘MaxDist’;: -0.11 + 0.04, x2 = 9.29, p < 0.01) and decrease flight duration
(‘Duration’: -0.007 + 0.002, x2 = 9.89, p < 0.01). Instead, bees flew longer
(‘MedianDist’: 0.55 £ 0.25, x2 = 4.76, p = 0.03), explored more (‘AccuDist’:
523.35+166.58, x2 = 9.87, p < 0.01) and flew faster (‘AvrgSpeed’: 1.11 + 0.31, X2 =
12.87, p < 0.01) during weather that was partially cloudy.
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Table 8. Influence of bee age, frequency of flight, external and internal colony condition on bees’ orientation flight

Model Method  Family AlC BIC R2_GLMM(m) R2_GLMM(c)
NoF (logio) ~ Age + Temp** + Wind + Brood** + (1|BeelD) LMM \ 1049 1198 0.52 0.86
MedianDist (logi0) ~ Temp + NoF** + (1|BeelD) LMM \ 176.8 187.4 0.15 0.60
AccuDist (logio) ~ Age** + NoF** + Time + (1|BeelD) LMM \ 1376 163.1 041 0.56
MaxDist (logio) ~ Age** + Wind* + NoF* + Empty cell* + LMM \ 1726 189.7 0.27 0.41
Time+ (1|BeelD)
Loops ~ Age* GLM poisson (link="log) 161.7 1659 \ \
Duration ~ Age** GLM Gamma (link="log") 346.1 3525 \ \
AvrSpeed ~ NoF* GLM Gamma (link="log") 142.7 149.0 \ \

Note: marginal R?and conditional R? are only calculated for GLMM and LMM with random effects.

" (p <0.05) and ** (p < 0.01) showed significant difference.

Table 9. Influence of bee age, frequency of flights, external and internal colony condition on bees’ foraging flight
Model Method Family AlC BIC
NoF ~Age* + Temp + Weather_partialcloudy + Wind + Empty cell* + Honey cell* + Worker GLM poisson(link="log’) 211.2 220.3
MedianDist ~Age* + Weather_partialcloudy* + Wind + NoF* GLM gaussian(link="identity") 1129 1238
AccuDist ~Age** + Weather_partialcloudy** + Wind** + NoF** GLM gaussian(link="identity") 710.2 721.2
MaxDist ~Age** + Wind** GLM Gamma(link="log’) 609.1 616.4
Duration ~Wind** + Empty cell* GLM Gamma(link="log’) 316.4 323.7
AvrgSpeed ~Temp* + Weather_partialcloudy** GLM gaussian(link="identity") 137.2 1445

Note: *’ (p < 0.05) and ** (p < 0.01) show significant difference.
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4.5.4 Between- and within-individual variation and repeatability

across honeybees over life history

On the basis of the best fitted models built in the above results for different
behaviors, | used the likelihood ratio test (LRT) to assess inter- and intra-individual
differences. Random effects were tested by comparing between the best fitted and
the models without random effects (Table 10). Calculated by dividing between-
individual variance relative to the total phenotypic variance (Nakagawa & Schielzeth
2010), repeatability (R) measures the proportion of total variance accounted for by
difference among groups (Rohlf 1995). Intraclass correlation coefficients (ICCs)
calculated by dividing random effect variance by the total variance can be interpreted
as proportion of variance explained by grouping structure in a population (Nakagawa
et al. 2017). The ICC includes both conditional and adjusted ICCs. Of which, the
former takes the fixed effects variances into account while the latter only takes all
random effects into account (Nakagawa et al. 2017). Here | reported on behavioral
variation between- and within-individual bees. Behavioral index studied were listed in
the Table 11, those were: ‘Out’: whether bees left the colony to the hive exit;
‘LR/OW’: when bees appeared at the inside of the hive entrance, whether bees
returned into the colony soon or rushed out from the exit but without flying up after
release; ‘OW/FL’: whether bees only walked at the hive exit without flying up or
performed successful flights; ‘Orientation/Foraging’: whether bees performed
orientation or foraging flights. A few parameters of orientation flights were calculated.
These parameters were: ‘NoF’: the frequency of flight; ‘MedianDist’: median distance
of a flight; ‘AccuDist’: accumulated distance of a flight; ‘MaxDist’: maximum distance
of a flight. Adjusted ICC, between- and within-individual variances, repeatability (R),
marginal Rz and conditional R? were calculated (Table 11).

With the exception of analysis on ‘MaxDist’, other analyses on ‘Out’, ‘LR/OW’,
‘OW/FL’, ‘Orientation/Foraging’, ‘NoF’, ‘MedianDist’ and ‘AccuDist’ were significantly
explained by inter-individual difference (Table 10). Although ‘MaxDist’ with and
without random effect did not show significant difference, it was wore fitted using
linear model (LM) rather than linear mixed model (LMM), therefore, the random effect
was more supportive. These results meant that bees showed consistent difference in
the average level of outdoor behaviors. Bees also differed in the level of intra-

individual variability (Table 10, ‘Out’ with random slope and intercept: (Age|BeelD)).
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A relatively low adjusted ICC estimate and repeatability in ‘Out’ among individual
bees (ICC =0.17, R = 0.19) were observed after accounting for 86% of the variance
by fixed effects. Although this result indicated the random effect explained less
variance for behavioral characteristic, 85 individual bees still displayed their own
rhythms of leaving the colony to the hive exit with 18% of interspecific variance
accounted for the partitioned variance. Eighty-one percent of the variance of random
effect within individual bee accounted for the behavioral variability. This behavioral
plasticity associated with individual bees’ age (Table 11, Figure 12). Instead, the
variability of bees’ behavioral preference to perform ‘LR’ or ‘OW’ (ICC =0.76, R =
0.78, Figure 13) and to perform ‘OW’ or ‘FL’ (ICC = 0.67, R = 0.69, Figure 14) were
highly accounted for by random effects. This result could be supported with the low
marginal R? and high conditional R? (Table 11). The variation of bees’ preference
between LR & OW (LR/OW), and between OW & FL (OW/FL) were highly consistent
within bees and various among individual bees, with inter-bee variation of 71% and
63% mainly explaining the random variance, respectively. These results were also
confirmed by large standard deviation and variance of intercepts (LR/OW: sd =
2.019, variance = 4.077, Figure 13; OW/FL: sd = 1.599, variance = 2.556, Figure 14).
With moderate random effects (ICC = 0.52, R = 0.51), 51% of the inter-individual
difference accounted for the variability of bees’ preference between performing
orientation or foraging flights. Of which, 46% of the inter-individual variation was
accounted for across individual bees (BeelD: sd = 0.992, variance = 0.984, Figure
15B). Bees also differed in levels of age and this difference caused 5% of the intra-
individual variability (Age:BeelD: sd = 0.135, variance = 0.018, Figure 15A).

Within orientation flights, frequency of flights at the within-individual level was highly
homogenous with only 28% of the variance, while at the between-individual was with
72% of the variance. This result supported the existence of high inter-variability in the
frequency of flights (ICC = 0.71, R = 0.71), with moderate standard deviation and
variance from intercept (BeelD: sd = 0.59, variance = 0.348, Figure 16A). | also found
moderate variance for “MedianDist’ of flights among individual bees (ICC = 0.53; R =
0.53) with 53% between-individual of the variance (BeelD: sd = 0.748, variance =
0.559, Figure 16B). Conversely, with low random effect (‘AccuDist’: ICC = 0.25, R =
0.25; ‘MaxDist’: ICC = 0.2, R = 0.2), ‘AccuDist’ and ‘MaxDist’ of orientation flights
varied highly within individual bee rather than between bees, with intra-individual

variance of 76% and 81%, respectively (Table 11). Correspondingly, the standard
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deviation and variance of the intercepts were relatively low (AccuDist: sd = 0.252,
variance = 0.064, Figure 16C; MaxDist: sd = 0.271, variance = 0.073, Figure 16D).
Although ICCs among a few behaviors and behavioral parameters (‘Out’, ‘AccuDist’
and ‘MaxDist’ parameters in the orientation flights) may be considered to low,
previous study has been interpreted the ICC values as low as 0.168 to be suggestive
of repeatability (Petelle, 2013). These results provided evidences that all the
behaviors and behavioral parameters listed in Table 11 were consistent and distinct

within and among individual bees.
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Table 10. Log-likelihood ratio test to estimate inter- and intra-individual variability on the outdoor behaviors.

Random effect Method df AIC Loglik L.Ratio P

HO: Out ~ Age + Temp + Wind + Empty cell + Worker + Time GLM 18 32239 -1594

Out ~ Age + Temp + Wind + Empty cell + Worker + Time + (Age|BeelD) GLMM 21 29449 -1451 285 < 0.01**
HO: LR/OW ~ Temp + Worker + NoOut GLM 5 116.7 -534

LR/OW ~Temp + Worker + NoOut + (1|BeelD) GLMM 6 103.4 -45.7 15.3 < 0.01**
HO: OWI/FL ~ Wind + Worker + Age GLM 4 354.6 -173.3

OW/FL ~ Wind + Worker + Age + (1|BeelD) GLMM 5 262.6 -126.3 93.9 <0.01*
HO: Flight ~ NoF + Temp + Honey cell + Worker GLM 5 96.6 -43.3

Flight ~ NoF + Temp + Honey cell + Worker + (1 | BeelD/Age) GLMM 7 89.3 -37.6 11.3 < 0.01**
HO: NoF (logio) ~ Age + Temp** + Wind + Brood** LM 6 137.1 -62.6

NoF (logio) ~ Age + Temp** + Wind + Brood** + (1|BeelD) LMM 7 104.9 -45.5 34.2 < 0.01**
HO: MedianDist (logio) ~ Temp + NoF** LM 4 185.6 -88.8

MedianDist (logio) ~ Temp + NoF** + (1|BeelD) LMM 5 176.8 -83.4 10.8 < 0.01**
HO: AccuDist (logio) ~ Age** + NoF** + Time LM 6 135.2 -62.6

AccuDist (logio) ~ Age** + NoF** + Time + (1|BeelD) LMM 5 1324 -602 49 0.03*
HO: MaxDist (logio) ~ Age** + Wind* + NoF* + Empty cell* + Time LM 7 172.9 -79.4

MaxDist (logio) ~ Age** + Wind* + NoF* + Empty cell* + Time+ (1|BeelD) LMM 8 172.6 -78.3 2.2 0.14

Note: the best fitted models (in grey) are compared with models (HO) without random slope and random intercept. Degree of freedom (df), Akaike Information
Criterion (AIC), Log-likelihood values (Loglik) and Log-likelihood ratio test (L.Ratio) are presented with the corresponding p-values. *’ and “** indicate

significant effect. ‘NoF’, ‘MedianDist’, ‘AccuDist’ and ‘MaxDist’ were the parameters of orientation flights.
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Table 11. Summary of adjusted ICC, variance of outdoor behaviors within and between individuals, and the corresponding

repeatability, marginal R? and conditional R?

Random effect ICC Variance Variance R Rz GLMM(m) R2 GLMM(c)

adjusted  within between

individual individual

Out ~ Age** + Temp** + Wind** + Empty cell** + 0.17 0.81 0.18 0.19[0.02,0.32] 0.86 0.89
Worker** + Time** + (Age|BeelD)
LR/OW~ Temp** + Worker* + NoOut + (1|BeelD) 0.76  0.23 0.71 0.78[0.42,0.78] 0.34 0.85
OWI/FL~ Wind + Worker + Age** + (1|BeelD) 0.67 0.31 0.63 0.69[0.18,0.95] 0.10 0.70
Orientation/Foraging ~ NoF** + Temp + Honey cell  0.52  0.49 0.51 0.51[0.00, 0.79] 0.65 0.83
+ Worker* + (1|BeelD/Age)
NoF(logio) ~ Age + Temp** + Wind + Brood** + 0.71 0.28 0.72 0.71[0.59, 0.81] 0.52 0.86
(1|BeelD)
MedianDist(logio) ~ Temp + NoF** + (1|BeelD) 0.53 047 0.53 0.53[0.32,0.68] 0.15 0.60
AccuDist(logio) ~ Age** + NoF** + Time + (1|BeelD) 0.25 0.76 0.24 0.25[0.04, 0.45] 0.41 0.56
MaxDist(logio) ~ Age** + Wind* + NoF* + Empty cell* 0.20 0.81 0.19 0.20[0.00, 0.41] 0.27 0.41

+ Time+ (1|BeelD)

Note: The * and “** indicated significant difference (p < 0.05 and p < 0.01, respectively).

Repeatability (R) is given with 97.5%CI. Random effects are specified differently: (1|BeelD) containing intercept term, account for the intercepts differed
among individual bees (BeelD); (Age|BeelD) containing both random intercept and slope terms, account for the fact that effect of age (Age) differs with
individual bees (BeelD). (1|BeelD/Age) is equivalent to (1|BeelD) + (1|Age:BeelD), explaining the intercept differed among individual bees (BeelD) and among
age (Age) within an individual bee (BeelD). Marginal R2 considers only the variance of the fixed effects and conditional R2 takes both the fixed and random

effects into account.
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Figure 12. Random variance within individual bee and between individual bees
demonstrated within- and between-individual variation of leaving the colony to the

hive exit for potential outdoor behaviors. ‘BeelD’ represented bee identity. The variance in the
slope and intercept suggested that the variation of the behavior that bees leave the colony to hive exit
(‘Out’) could be attributed by the variance of the age (‘Age’) as random slope and individual bee

(‘BeelD’) as random intercept.
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Random effects
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Figure 13. Random intercepts among individual bees demonstrated the variation of

bees’ behavioral switching between ‘LR’ or ‘OW’
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BeelD Random effects
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Figure 14. Random intercept among bees demonstrated the between-individual

variation of bees’ behavioral switch between ‘OW’ or ‘FL’.
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Figure 15. Random intercepts between individual bees and between ages within
individual bee demonstrated variation of bees’ behavioral switching between orientation

or foraging flight. The variances in the intercept Age:BeelD and BeelD were suggested to explain the

variance of bees’ switch to perform orientation or foraging flight. Random intercept Age:BeelD also

suggested the effect of age on the variance was different across different bees.
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Figure 16. Random intercepts between individual bees demonstrated the between-

individual variation of parameters of orientation flight. Plot A, B, C, D represented the
random effect of BeelD on shaping bees’ orientation performance in NoF, MedianDist, AccuDist and

MaxDist, respectively.
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4.6 Summary and Discussion

Although intrinsic factors such as social learning and bees’ response to stimuli play a
key role in determining the honeybees’ outdoor activities, there are a series of biotic
and abiotic factors challenge bees, making them consequently adaptively adjust their
behaviors differently. Therefore, uncovering correlation between these non-social
factors and bees’ outdoor behaviors and investigating how they response to these
factors differently at the inter- and intra-individual levels may provide insights in fully
understanding the mechanism of how behavioral phenotypes evolve and context-
specific behavioral plasticity develops.

Here, the influences of non-social factors including the biotic and abiotic factors (i.e.,
bee age, time, sequence of behavioral event, climate, colony morphology and food
storage) on bees’ outdoor behaviors with 7 categories were studied. Outdoor
behavioral patterns that were repeatable within the life history and consistent across

life stages were further demonstrated.
4.6.1 Influence of non-social factors on outdoor behaviors

After bees left the colony to the hive exit, ‘Out’ was differentiated with ‘LR’, ‘OW’, ‘FR’
and ‘FL’. ‘LR’ indicated the bees appeared at the hive exit and returned into the
colony soon. ‘OW’ meant that bees appeared at the hive exit, did not fly up and only
walked around the hive exit after being released with a transponder on the thorax.
‘FR’ described that bees flew up after release, but turned back to the hive exit without
performing flights. Flights ‘FL’ were differentiated into orientation and foraging flights.
The frequency of ‘FR’ was extremely low. Therefore, | did not discuss it. To reveal
how the non-social factors influence bees’ outdoor behaviors, multivariate regression
methods were applied.

Age neither influenced bees’ initiating ‘LR’ or ‘OW’ nor to perform orientation or
foraging flights. It also was not critical to improve frequency of orientation flight.
However, during orientation flights, bees flew in shorter distances, with less loops
and shorter time as they aged. Within foraging flights, older bees flew more trips
within limited flight areas and distance. Reason to explain why age did not influence
the frequency of orientation flight which differed from that in foraging flight might be
due to different flight motivations. Foraging flight is for collecting food from a relatively
distant place requiring bees to fly more and gain more experience to maximize
foraging profitability. Conversely, orientation flight is to facilitate a bee’s homing

success from foraging flight. Within an orientation flight, bees flew around the hive

56



Chapter 2

surroundings to establish feature memories of the hive exit and familiarity with the
sun compass (Degen et al. 2015). Bees could perform re-orientation flight when they
were disrupted during foraging flight or moved to a new place (Degen et al. 2018).
Physical limits of age could be a similar factor to influence bees’ performance in both
orientation and foraging flights in distance, area and duration.

The sequence of behavioral events made no difference on whether bees leave the
colony performing ‘LR’, ‘OW’ or ‘FL’. However, it fostered bees to switch from
orientation flight to foraging flight. As expected, when. bees gained more experience
with more flight trips, they would increase flight distance in ‘MedianDist’ and
‘AccuDist’ of orientation and foraging flights. Bees speeded up and increased
maximum distance during orientation flight, which were not indicated in foraging
flight. This result was reasonable, since bees’ motivations for orientation and foraging
flights were different. To get more familiar with the nearby environment and improve
homing success, bees explored flight areas as large as possible with the least energy
consumption during orientation flights. Due to rare natural food sources, the artificial
food in the experiment was the major advertised food by dancers.

‘Out’ was the only behavior in the study that was influenced by the daytime. This
result indicated that bees’ leaving the colony to the hive exit was more predictable
while other behaviors might be regulated by other unpredictable factors.
Temperature and wind restricted bees to stay more inside the colony, suggesting that
bees were sensitive to the external climate condition. However, they did not influence
bees’ switch between ‘OW’ and ‘FL’, and between orientation and foraging flights.
This result indicated that bees’ initiation of a flight did not necessarily depend on
climate condition. However, bees’ performance during a flight was more influenced
by the climate. Of which, temperature significantly increased frequency of orientation
flights. This result was reasonable since the maximum temperature in the study was
35 °C. However, bees continued flying even the temperature were up to 37 °C.
However, the performance of foraging flight was more dependent on the environment
than orientation flight.

Frequency of flights (‘NoF’) was the only parameter during foraging flight that was not
influenced by external environment conditions (temperature, wind speed and
weather). Bees tended to extend distances and speeds of flights under a partial
cloudy day rather than on a sunny day. It was noteworthy that partial cloudy equally

termed as partial sunny that 3/8 ~ 5/8 of the sky is covered by clouds according to
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the National Weather Service (https://forecast.weather.gov/glossary.php?letter=p).

This interesting result for one aspect showed partial cloudy did not negatively
influence a bee’s performance during a foraging flight. It also might indicate that bees
may sense the relatively bad weather and work harder. This hypothesis may be
supported by the result in the study of He et al. (2015) that bees foraged longer
before rainy day. This result may also suggest that bees within a tiny colony were
more resistant to environmental changes due to survival stress for a small colony.
Apparently, my result showed that usage of space inside the colony was essential for
regulating bees’ outdoor activities. Bees were able to adjust behaviors by detecting
the colony need.

4.6.2 Intra- and inter-individual variation of outdoor behaviors
Understanding the inter- and intra-individual behavioral variability in a complex social
community may provide a specific insight into how individual animals develop their
social characteristics and the individuality. Variations of the outdoor behaviors among
individual bees were analyzed.

All the tested behaviors were repeatable across the life history and the behavioral
repeatability values range between 0.19 ~ 0.78 (Table 11). These behaviors were
expressed differently dependent on different non-social factors. Of which, variation of
‘Out’ was considerably (86%) explained by multiple non-social factors, including age,
temperature, wind speed, daytime, number of empty cells and workers. Variations of
preference between ‘LR’ and ‘OW’, between ‘OW’ and ‘FL’, and orientation flight
parameters ‘MedianDist’ and ‘MaxDist’ were slightly interpreted by non-social factors
with coefficient determination values between 10% ~ 35%. Variation of ‘NoF’ and
‘AccuDist’ of orientation and foraging flights could be intermediately illustrated by
non-social factors with R square ranging between 31% ~ 65%. As far as | know,
these results were the first time to characterize the extent of consistent behavioral
differences among individual bees in a series of outdoor behaviors helping us to
estimate all types of phenotypes.

| also demonstrated each individual bee was peculiar to their own rhythms with
different levels of variation to respond to non-social factors. The mixed models
revealed considerable within- or between-individual variation of different outdoor
behaviors. Bees possessed their own slope and intercept in the ‘Out’, indicating
bees’ flexibility in leaving the colony to the hive exit (Figure 12). The effect of age on

the frequency of ‘Out’ rely on the individual bees was observed. The standard
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deviations of random intercepts in the models were different for evaluating multiple
outdoor behaviors (Figure 12 ~ 16). All the standard deviations of the random factor
BeelD were large, in particular in the models to evaluate the frequency of switch
between ‘LR’ and ‘OW’, between ‘OW’ and ‘FL’, between orientation flight and
foraging flight, and ‘MedianDist’. These results suggested that except for the non-
social factors, different individuals behaved greatly differently in outdoor behaviors.
However, what would be the differences existed in individual bees that make them
behave differently among and within a group in outdoor behaviors?

Honeybees are capable of detecting and evaluating atmospheric conditions. They
can not only maintain a consistent collective behavior within a group but also develop
their own behavioral flexibility in the individual level. To figure out what and how
these within- and between-individual and investigate how each bee develops their
social roles within a colony, further studies are required for looking into the social

community.
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5 Chapter 3. Ontogeny of social behaviors and

flight in honeybee, Apis mellifera L.

5.1 Abstract

In honeybees, a trade-off between staying inside the colony and flying outdoor is
regulated by age-dependent and experience-dependent learning procedures. It is
therefore expected that individual bees behave differently depending on experiences
and ages. In particular, social contacts (e.g., dance communication) are expected to
greatly determine bees’ outdoor behaviors. However, how indoor behaviors develop
over bees’ life history and regulate their outdoor behaviors is rare understood. Here,
this chapter aims at mapping developmental ontogeny of behaviors inside and
outside of the colony. It is hypothesized that each individual bee behaves differently
within its own ‘life history’, and bees that are more active outdoors may have more
experience in social contacts. Indoor behaviors were recorded using Raspberry pi
camera and flight behaviors were tracked with harmonic radar. Out of the 87 focal
bees, seventeen representative bees were monitored over their full life history. Eight
indoor and five outdoor behavioral states were recorded over 15 days, respectively.
Total numbers of indoor behaviors captured were 994 ‘dance’ (dance following),
21779 ‘sna’ (bees exchange food and social information with each other with
antennae and trophallaxis) and 781 ‘Qinterest’ (bees attended the queen). Instead,
the outdoor events included 188 ‘Out’ (bees left the colony) and 121 flights consisting
of 65 orientation flights and 56 foraging flights. These data demonstrate considerable
variation on the individual level. Bees at the same or similar ages behaved differently,
and their life history also differed with respect to occurrence of indoor and outdoor
behaviors. These results not only show that bees may start to follow dances
immediately after their emergence and initiate orientation flights as early as age of 4™
day, but also reveal that bees mostly begin their orientation flight after having the
experience of following dances. Although bees differed in the life history, they
maintained consistent frequencies of indoor and outdoor behaviors on the group
level. Bees that were more active outdoors exhibited a higher level of social
interaction with other workers (‘dance’ and ‘sna’) while they attended less the queen

(‘Qinterest’). The importance of spatial fidelity in regulating social interacts and
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outdoor behaviors was studied. The results for this question indicate that spatial
movements indoors at young age correlate positively with the frequency of social
interactions and outdoor behaviors. Taken together, these results provide a complete
life history of the indoor and outdoor behaviors and help us to better understand the

correlation between the social interactions and outdoor behaviors.

5.2 Introduction

Social insects are ideal models for understanding the regulatory architecture of
phenotypic behavioral specificity and flexibility. Social interactions among individuals
are fundamental components of group stability. It accounts for information spreading
and exchange, coordination of task allocation and collective cooperation. Individuals’
roles are reflected in specific social behaviors. Thus, understanding how social
behaviors develop is critical in ethology. Variation of social interactions on an individual
level has received increasing interest over decades (Jones et al. 2020). Behavioral
differences among individuals and within individual can either be consistent or less
stable over lifetime (Réale et al. 2007, Sih et al. 2004, Wuerz and Kruger 2015).
Honeybees show highly efficient labor division and cooperation (Johnson 2010a,
Seeley and Visscher 1988). Their behaviors are characterized by within-caste
plasticity in response to age and colony needs. Typically, they switch tasks from
inside duties to outside foraging flight as they age (Jones et al. 2020, Kapheim et al.
2020, Lindauer 1953). However, bees of the same age also show behavioral
variation (Huang and Robinson 1996, Johnson 2010a, Robinson et al. 1992, Seeley
1982). One explanation for this phenomenon may be intensities of information
exchange via social interactions varied between individuals (Gernat et al. 2018).
Antennation plays multiple roles in social contacts (Chole et al. 2019, Gernat et al.
2018). Antennae are equipped with multiple types of sensory organs such as
mechanoreceptors (Esslen and Kaissling 1976), gustatory receptors and olfactory
receptors (Lachér and Schneider 1963, Vareschi 1971), helping bees to differentiate
conspecifics from members of other colonies through olfactory cues (Boulay et al.
2000, Breed et al. 1992, Mc Cabe et al. 2007) and to detect the queen by its
pheromone (Boulay et al. 2000, Breed et al.1992, Hoover et al. 2003, Mc Cabe et al.
2007). Antennae are also involved in reinforcing appetitive learning and memory
formation (Galizia et al.1997, Hammer and Menzel 1998, Joerges et al.1997, Menzel

et al. 2001, Waters and Fewell 2012). Several studies have shown that information
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exchange via antennation between experienced workers may be sufficient to initiate
foraging flights (Balbuena et al. 2012, Cholé et al. 2019, Farina et al. 2012).
Antennation is frequently accompanied with trophallaxis, at which one bee delivers
liquid food to another bee via mouth-to-mouth (Wilson 1971). Trophallaxis activates
mates to search for food inside and outside of the hive (Crailsheim 1998, Gil and De
Marco 2005), gives arriving foragers feedbacks of food quality (Wainselboim and
Farina 2000), allows receivers to establish associative learning about the
chemosensory information of food (Farina et al. 2012), and reactivates bees’ memory
of former foraging experience (Balbuena et al. 2012). Thus, antennation and
trophallaxis jointly establish an excellent system for exchanging and spreading social
information inside the colony.

Dance communication, the most important communication system involves round
dances (performed for food sources at distances shorter than 100 m) and waggle
dances (for food sources at distances > 100 m). Dances appear mainly at the ‘dancer
floor’, a region on the comb close to the hive exit (von Frisch 1967). Dancing foragers
transmit information about the quality, distance, direction of food sources (von Frisch
1967, Riley et al. 2005) to other workers after successful foraging flights. Distance
information of food sources is transferred in the duration, length and number of
waggles in a waggle run while direction of the outbound flight relative to the sun
azimuth at the particular time of a day is related to the direction of the waggle run
relative to the gravity on the vertical comb surface (von Frisch 1967). The profitability
of food resources is encoded in the thoracic vibration and the number of dance
rounds (Hrncir et al. 2011, Seeley et al. 2000).

Except for the above indoor behaviors, queen retinue, feeding larvae and fanning
contribute roles in structuring labor division. However, limited knowledge is known
about them. Old egg-laying queens are more attractive to workers than the newly
mated or virgin queens and workers that attended the queen are usually young bees
(Pankiw et al.1995, Seeley et al.1979). Feeding is a behavior of nursing bees to feed
larvae while fanning the wings is a behavior that middle-aged workers to regulate
temperature and help evaporate nectar (Kaspar et al. 2018, Seeley 2014).

Although sleep is not a strictly social behavior, accumulated evidences suggest that it
is conservatively important in consolidating recently acquired memory (Beyaert et al.

2012, Zwaka et al. 2015) and accuracy in dance communication (Klein et al. 2010).
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Spatial fidelity is important for structuring information (Crall et al. 2018) and helps
regulate information flow through social contacts (Mersch et al. 2013). Individuals
vary in the use of space and thus may differ in social cues experienced in particular
spatial zones. There has been increasing attention to spatial fidelity in social insects,
particularly in the honeybees (Crall et al. 2018, Gernat et al. 2018, Wild et al. 2020)
and ant (Mersch et al. 2013, ModImeier et al. 2019, Pamminger et al. 2014). These
studies shed a new light on understanding how spatial movements structure
information flow that regulates social behaviors.

As a remarkable central-place navigator, the honeybees not only explore new food
resources and perform back-and-forth flights to their familiar food destinations, but also
execute conspicuous shortcuts on their way back home and between food sources
(Menzel et al. 2005, Wehner and Srinivasan 2002). For successful foraging flights,
honeybees should be familiar with the celestial compass and the surrounding layouts
around the hive that are learnt during orientation flight (Capaldi et al. 2000, Degen et
al. 2018). The orientation flights involve two forms: exploratory orientation and re-
orientation flights (Degen et al. 2018). Exploratory orientation flights are performed by
young bees when they leave hive for the first time (Capaldi and Dyer, 1999, Degen et
al. 2015). Re-orientation flights are conducted by experienced bees transported to a
new location or by a swarm setting down at a new nest site. During the foraging flights,
bees establish a memory about multiple cues of the respective food sources (e.g.,
olfactory, color, shape), and the close or distant landmarks (Collett and Collett 2002,
Dyer 1998, von Frisch 1965, Menzel et al. 2005, Wehner and Srinivasan 2002).
Experienced bees gathered their private experience both inside and outside the colony
and use this information to make decisions on when and where to forage (Gruter et al.
2011, Price et al. 2019).

Bees proceed through behaviors as they age. Socially acquired and individually
gathered information do not share the same time scale. It is therefore important to
ask how they interact over their life history, and which drive the other and when. For
instance, how do trophallaxis, antennation and dance following influence outdoor
behaviors during orientation and foraging flights? Biesmeijer and Seeley (2005)
addressed these questions in an impressive endeavor. However, their study was
limited to bees of unknown ages and did not include their former flight experience on
an individual level. Ai et al. (2017) monitored the ontogeny of dance-related

behaviors but did not consider other formats of social behaviors and flights. Degen et
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al. (2015, 2016, 2018) documented age-dependent effect on flight duration leading to
increasing range of exploration in sequential orientation flights but they did not collect
information about social interactions before and during the execution of orientation
flights. Klein et al. (2019) presented data about the frequencies of foraging flights on
an individual level along bees’ life history and suggested that bees improved foraging
performance with experience. However, their tracking device using RFID at the hive
entrance limited them to only record the time when individuals arrived and departed.
They could not separate between orientation and foraging flights. In addition, they did
not collect data of social behaviors inside the colony. All these studies did not provide
a complete map about the developmental processes of the indoor and outdoor
behaviors and their relations.

Cognitive experience during the early stage of life can shape future behavior (Arenas
et al. 2013, Rittschof et al. 2015). Knowledge about the ontogeny of social behaviors
and flights will help to address several questions: how do social behaviors and flight
patterns of individual bees develop over the lifetime? How does pervious social
experience (e.g., trophallaxis, antennation) affect future social communication (e.g.,
dance and dance following) and bees’ flight performance? Does foraging flight only
occur after orientation flights? Do all worker bees become foragers? Are bees more
ready to follow dances that indicated the areas where they had explored? Are bees
that are more active in social behaviors are more active in outdoor behaviors? Does
spatial fidelity play an important role in information flow and regulating bees’ indoor
and outdoor behaviors?

Addressing these questions requires a full documentation of the behaviors inside and
outside the colony along the life history of individual bees. Therefore, 17 bees with
indoor behaviors (antennation, dance following, spatial fidelity, sleeping, queen-
attending, feeding and fanning) were monitored with video recordings and with
outdoor behaviors recorded by harmonic radar. This study establishes a
comprehensive developmental document of individual bees’ behaviors within the
colony and outdoor behaviors (orientation and foraging flights).

These data provide a fundamental basis for revealing bees’ behavioral development

and uncovers the relation between the indoor and outdoor behaviors.

5.3 Materials and Methods
5.3.1 Experimental design
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The experimental site was at an open pasture, with a highly structured agricultural
landscape stretching from south to north and east to west with pathways, trees,
bushes and creeks close to the village of GroRseelheim (Hessen, Germany). A tiny
colony with one comb including a queen and 1000-1500 workers (Apis mellifera L.)
was housed in a wooden cabin (coordinate: 50°48'50.7° N, 8°52'33.9’ E) (Fig 18).
Small colony size allowed to clearly recognize the identity of bees marked with
number tags and to monitor their behaviors on the individual basis in the dark with
infrared light. The hive exit pointed towards south and was marked with a blue sticky
tape. A transparent tube of 20 cm protruded from the inside hive to the outside exit
making it possible to observe bees walking from the inside part of the hive exit to the
outside part. The identity of each bee traveling inside the tube was detected and
decisions were made in a fast sequence whether the particular bee would be caught
for a catch-and-release experiment. Several experimenters worked together for this
demanding exercise. A transparency plastic sheet was inserted into the tube in order

to control the outbound and inbound activities (Fig 19a).
5.3.2 Introducing and marking bees

A comb with emerging bees was placed in an incubator at 33 ~ 34 °C and 65 ~ 70%
RH overnight. Ninety-six newly emerged bees were collected (age 1), individually
marked with number tags on the thorax (the focal bees: 201 ~ 297) and introduced
into the colony. In addition, bees from the same colony were marked with numbers
100 ~ 197, 300 ~ 397 and 400 ~ 497. A few of these bees were trained to a feeding

site and acted as dancers.
5.3.3 Training bees to a feeder

An artificial feeder (FN, feeder north) at 530 m north of the hive was established
(50°49'07.8" N, 8°52'30.2’ E, direction 352° relative to N). Standard training methods
(von Frisch 1967) were applied to train a few bees (5 ~ 10) from the colony to FN.
Different sucrose concentrations were used to regulate dance behavior. Bees visiting
FN were marked with white dots on the abdomen, allowing fast identification of the
dancers in the plastic tube of the hive exit (Figure 17). No odor was applied at any
time of training. A complete feeder training protocol was established including the
number of the foragers, the time of foragers arrival at FN and the concentration of
sucrose solution at that time. None of the focal bees visited FN although many of

them followed the dances from the trained foragers and performed flights toward FN.
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Figure 17. Training bees collected food at the artificial feeder

5.3.4 Catch-and-release of focal bees

Experimenters sitting at one side of the exit observed all bees travelling in the plastic
tube at the hive exit. When a focal bee appeared at the hive exit from inside, it was
guided into a marking device (a plastic tube with a mesh on one side and a soft
stopper on the other side), a transponder was quickly attached to the number tag on
its thorax and subsequently released (Figure 19d). The focal bees carrying
transponders were released at the hive exit. Flight trajectories were collected by
harmonic radar (see below). A full protocol was established for these procedures at
both the radar station via voice transmission through walky-talkies and at the hive.
The protocol included descriptions of behaviors of the focal bees, their flight
performance within visual range, time when it landed and returned into the hive after
removal of the transponder. Weather conditions were recorded as described in
Chapter 2.

5.3.5 Radar tracking system

Tracking the flights of the focal bees was achieved by harmonic radar system
(Raytheon Marine GmbH, Kiel, NSC 2525/7 XU, located at the west of the bee
colony, geographic coordinate: 50°48'52.2’ N, 8°52'20.5’ E), equipped with a sending
unit consisting of a 9.4 GHz radar transceiver combined with a parabolic antenna
providing approximately 44 dBi. The second harmonic component was the signal
receiving unit, combined with the receiving unit consisted of an 18.8 GHz parabolic
antenna, with a low-noise pre-amplifier directly coupled to a mixer (18.8 GHz
oscillator) and a downstream amplifier with a 90 MHz ZF-filter (Figure 19b). A 60
MHz ZF-signal was used for recognizing signal from the transponder bees were
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carrying. The transponder fixed to the thorax of bee was made of silver wire with a
diameter of 0.33 mm and a loop inductance of 1.3 nH. The dipole of the antenna was
a low barrier Schottky diode HSCH-5340 of centered inductivity. The weight and
length of transponder were 10.5 mg and 11 mm, respectively. The range of harmonic
radar was set to 0.5 nautical miles. Radar fixes were recorded every 3s. The raw
outputs captured from radar were stored as bitmap files. An offline run custom made
R-based program converted the bitmap data into x/y/t. These cartesian coordinates
were aligned with the geography of the landscape using multiple stationary fix points.
The geographic map was created with a commercial drone (DYI Inspire). The
corrected cartesian coordinates together with the time stamps of each radar fix were

used to generate flight trajectories.
5.3.6 Social behavior monitoring system

One infrared sensitive Raspberry Pi camera module (Raspberry Pi3 Model B, v2 Pi
NoIR, 1.2 GHz QuadCore, 64Bit CPU) was fixed on each side of the observation
hive, enabling us to record social behaviors of the whole colony under dark
conditions (Figure 18f). The frame rate and the pixels of video recording were 15 fps
and 1920 x 1080, respectively, allowing me to cover the full area on the comb with
high resolution. Video recordings were conducted from morning to the end of daily
experiment until sunset. The videos were recorded from the first day the focal bees
were introduced into the hive to the day when all the focal bees had died. Since an
unexpected heavy storm severely damaged the radar system, the radar-dependent
experiments were terminated earlier than planned. The raw video streams were
packaged with the format as H264 codec, requiring us to convert all the videos into
mp4 format. The produced videos were wrapped by using MP4Box in the raspberry
pi system for maximizing video quality. Since the methods of automatic tracking and
classifying behaviors could not be applied in my data (see Chapter 1), the videos had

to be analyzed manually using QuikTime player going frame by frame.
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Figure 18. Experimental setup. ‘a’, cabin for the bee colony; ‘b’, harmonic radar; ‘c’,
bee colony with camera and raspberry pi; ‘d’, experimental observer capturing bees

at one side of exit; e, bees fanning at the hive exit; d, raspberry pi with camera.

5.3.7 Quantifying behavioral data inside and outside the colony

5.3.7.1 Behaviors inside the colony

5.3.7.2 Follow & No follow

Dance followings were identified by the criteria adopted from Judd (1995) and Wray
et al., (2008). A focal bee was identified as dance follower when it was close to the
dancer and was actively walking after the dancer within one bee’s body length. A
focal bee was not a follower when it did not walk after the dancer or did not direct its
antennae toward the dancer although it was close to the dancer. The following
parameters of dances were quantified: the number and duration of waggle run in a
dance and direction of a waggle run to gravity. The relative position of the focal bees
following a particular dance were noted. The numbers of other bees than the focal

bees around the dancer were also counted.
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5.3.7.3 Trophallaxis & Antennation

Trophallaxis and antennation (occurrence and duration) were quantified. When the
duration was shorter than 1s, the information exchange was considered to be not
effective. When the duration was longer than 1 s, the state was classified as
‘Trophallaxis’ or ‘Antennation’. Workers offering food were defined as ‘donor’, and the
food receivers as ‘receiver’.

5.3.7.4 Spatial fidelity

The space of comb of each side were divided into 9 parts (L1, L2, L3, M1, M2, M3,

U1, U2, U3) (Figure 19) and recorded the location where focal bees were every 5

min.

Figure 19. Division of comb space into 9 parts (L1 ~ U3). Hive exit is indicated in red

arrow.

5.3.7.5 Sleeping

When a focal bee was immobile with antennae and abdomen being motionless, she
was identified as in deep sleep (ds), while bees showing swaying motions or minute
twitches of the antennae and abdomen were identified as resting (Klein and Seeley,
2011).

5.3.7.6 Queen retinue

A focal bee may show several responses when encountering the queen: she may
keep away from queen, get close to the queen, take care of queen or show no
response to the queen. Therefore, | would classify these states into two categories:
‘Qinterest’ and ‘Qnointerest’.

5.3.7.7 Feeding
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The events that when the focal bees inserted their heads into the larvae cells over 1s
were counted as feeding behavior and their durations were recorded.

5.3.7.8 Fanning

The duration (> 1s) and frequency of bees fanning with wings were recoded.

5.3.7.9 Behaviors accompanied with steering towards the hive exit and flight
behaviors

The following five categories were distinguished: 1) Look-Return (LR): a focal bee left
the frame, steered towards the hive exit, appeared at the inside part of the tube and
returned to the colony immediately. This behavior was interpreted as an attempt to
leave. 2) Out-Walk (OW): a focal bee left the comb, walked fast to the outside of the
hive exit. The focal bee was captured with a marking device and a transponder was
attached on her thorax. She walked around the exit or on the wall of cabin but did not
fly away from the hive exit. 3) Fly-Return (FR): a focal bee with a transponder flew
away but soon returned to the hive exit. 4) Flight (FL): a focal bee released with
transponders performed flights. These flights were differentiated into orientation and
foraging flights. What to mention is, most of the foraging flights discussed in the
Chapter were toward the direction of the artificial feeder (FN) but did not landed at

the feeder while a few flights were toward natural food.

5.4 Data analyses

This study aims at exploring the variation of specific behaviors within and between
individual bees. The analyses were as follows:

Seventeen focal bees were included in the analyses. They are bees 201, 203, 214,
215, 216, 218, 243, 244, 246, 251, 257, 262, 267, 271, 272 and 282. Nine indoor
behaviors (i.e., ‘dance following’, ‘Antennation’, ‘Trophallaxis’, ‘Qnointerest’,
‘Qinterest’, ‘ds’, ‘resting’, ‘fanning’ and ‘feeding’) were recorded. Outdoor behavior
‘Out’ (bees left the colony to the hive exit) was categorized into four states: ‘LR,
‘OW’, ‘FR’ and ‘FL’. ‘FL’ was differentiated into ‘O’ (orientation flight) and ‘F’ (foraging
flight). The potential relationship between the indoor and outdoor behaviors was
firstly quantified by examining the correlations based on the average frequencies of
behaviors.

To understand age-dependent variability of indoor and outdoor behaviors among the
17 focal bees, the daily variation of these behaviors between individuals and within

each individual was calculated over 15 days. The onsets of these behaviors were
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traced and the age when the first occurrence of these behaviors was compared.
Intensities of behaviors inside the colony at the between-individual and within-
individual levels: ‘between-individual’ denotes the frequencies and durations of a
bee’s behaviors of dance following, social interaction (‘sna’) and attending the queen
(‘Qinterest’) relative to the sum of the respective measure within the same day of all
other focal bees. ‘within-individual’ denotes the respective measure of the same
behavior of a bee within a day relative to the sum of the respective measure on the
rest of lifetime of the bee.

To demonstrate the relation between ‘sna’ and ‘dance following’, 1) frequency and
duration of ‘sna’ on the day when bees followed or did not follow dances were
compared at the group and individual levels. 2) numbers of dances followed on a day
were categorized into 4 groups: n<=5,5<n< 10, 10 <n < 15, n > 20. The intensity
of ‘sna’ in the frequency and duration at the between- and within-individual levels
were compared. Meanwhile, the age when bee have their first dance following was
compared with the frequency and duration of ‘sna’ at the between-individual and
within-individual levels, respectively.

Based on the frequency of 7 outdoor behavioral states, bees were classified into
different functional groups manually and by PCA. Following these categorizations,
‘sna’ and ‘dance following’ among different functional groups were compared. To
further explore potential correlation between the indoor and outdoor behaviors, bees
at different functional groups were scored based on the frequency of different outdoor
behaviors. In the analysis of comparing Out’, each event of ‘Out’ was scored 1. In the
case of comparing ‘LR’, ‘OW’, ‘FR’ and ‘FL’, each event was scored as -1, 0, 1 and 2,
respectively. To compare the occurrence of ‘Orientation’ and ‘Foraging’ flight, each
event was correspondingly scored as 1 and 2. Pearson correlation analysis was
applied to correlate the average scores of outdoor behaviors and the indoor
behaviors in frequency and duration.

Additionally, in addressing the question of whether the number of bees around the
dancer would influence the bees’ motivation to follow dances, the number of dance
followers was counted.

The spatial patterns on the combs for each bee were investigated by daily recording
their spatial location on the combs (Figure 19) every 5 minutes. The index of daily
spatial dispersion indicating how active each bee was in spatial use (‘D’) was

calculated. High values of D indicated bees were in high tendency to move around
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different areas of the colony and active in social behaviors while low spatial
dispersion showed bees maintained in a relatively stationary state in a single area
with less chance to access social contacts. The index of dispersion was calculated as
the ratio of the variance to the mean: D = 6%/ u = k*(N2 — £f?) / N2* (k-1) (Walker

1999) (https://www.statisticshowto.com/index-of-dispersion/), where k was the

number of area categories, N was the total observation number of areas where bees
occupied, and f was the observation number of each area category.

To assess whether spatially specialized bees was a predictor for its role in the
colony, the connection between patterns of spatial fidelity and social contacts of

dance following and ‘sna’ was explored at between- and within-individual levels.

5.5 Statistics

Normality and homogeneity of variance for each behavioral category were checked in
order to determine the statistical methods. When the dataset was parametric, one-
way ANOVA test was applied or otherwise Kruskal-Wallis one-way analysis of
variance test (‘K-W’) was conducted. After one-way ANOVA test or K-W test showed
statistically significant differences (p < 0.05), the corresponding post hoc analysis
TukeyHSD or dunn test was used to determine the pair-wise differences between two
bees. Wilcoxon test was applied to compare the differences between two groups of
non-parametric data of independent and paired samples. The following packages
were applied in data analysis: ‘GGally’ and ‘Hmisc’ with ‘pearson’ method were used
for plotting correlation matrixes and testing correlation of significance, respectively.
‘dplyr’ was used to check normality. ‘stats’ and ‘FSA’ were used to conduct
parametric and non-parametric statistical analyses, respectively. ‘ineq’ was used to
plot cumulative plots. ‘FactoMineR’ and ‘factoextra’ were applied to perform and
visualize PCA. All the data analyses were performed in R version 4.0.4. Software

‘Tableau’ was applied to produce behavioral heat maps.

5.6 Results

5.6.1 General characters of indoor behaviors

The tendency of frequencies of ‘Waggle dance following’ and ‘Waggle run following’
were similar, and this was also similar between ‘Antennation’ and ‘“Trophallaxis’
(Figure S3). Thus, | would focus on analyzing ‘Waggle dance following’ and
combined data of ‘Antennation’ and “Trophallaxis’ as social contact ‘sna’ for further
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comparative analyses. The frequencies of the indoor behaviors (‘Waggle dance

following’, ‘sna’, ‘Qinterest’) were positively correlated with the frequency of bees

leaving the colony (‘Waggle run following’, p < 0.01, ‘sna’, p < 0.01, ‘Qinterest’, p <

0.05). ‘ds’, ‘resting’, ‘fanning’ and ‘feeding’ were neither correlated with the outdoor

behavior ‘Out’, nor with other indoor behaviors. ‘QNointerest’ was positively

correlated with ‘sna’ (p < 0.05), but not with ‘Out’. Therefore, ‘Qnointerest’, ‘resting’,

‘ds’, ‘fanning’ and ‘feeding’ were excluded from further analyses. The total numbers

of behavioral events analyzed for the 17 focal bees within 15 days’ observations

were: 994 ‘Waggle dance following’, 21779 social contacts ‘sna’ and 781 ‘Qinterest’,
188 ‘Out’ and 121 flight trips with 65 orientation flights of 14 bees and 56 foraging
flights of 5 bees. Another three behavioral states of ‘Out’ included 17 ‘LR’ of 9 bees,

17 ‘OW’ of 7 bees and 5 ‘FR’ of 3 bees.

Out
feeding 0.1

fanning 02 02

resting alos o

ds 0.3 -04 -0.2 -0.2
. *
Qinterest 53 01 04 -01 05

Figure 20: Correlation matrix of the indoor
and outdoor behaviors. * and ** indicated
p-value < 0.05 and p-value < 0.01,
respectively. The correlation coefficient in
each cell shows the correlation between two

behavioral states.

QNointerest 92 .94 .0.1 -0.2 0.4 0.2

sna bl
05 -03 -0.2 -0.2 -0.1 -0.1 0.7

Bt
Waggle run follow S5e8 03 04 03 02 0 -0.2

5.6.2 Most indoor and outdoor behaviors were performed by a
minority of elite bees

The 17 focal bees exhibited considerable variation in the frequency and duration of
indoor and outdoor behaviors (Figure 21 ~ 23, Table S5a). Bees 216, 244, 262, 267
and 271 displayed the highest activity of dance following, bees 218, 243, 257 and
276 followed less, and bees 201, 203, 214, 215, 246, 251, 272 and 282 followed the
least dances (Figure 21A, Table S5b). Similarly, bees 216, 244, 267 and 271
remained highest levels in ‘sna’. Although bee 262 was significantly lower in the level
of ‘sna’ than bee 216 (p = 0.04), she did not show significant differences in ‘sna’ from
bees 244, 267 and 271 (p-values > 0.05, Table S5b). The remaining bees had a
lower frequency of ‘sna’. Of which, bee 218 was more active than bees 214, 272 and
282 (Figure 21B, Table S5b). The overall frequency of bees acting as ‘receiver’ of
social signals was not significantly different (K-W, p = 0.45). Thus, ‘receiver and
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‘sender’ were not further separately studied for the ‘sna’. When bees 215, 216, 251,

262, 267 and 282 came close to the queen, they showed little response to the queen.

Bees 201, 244 and 271 showed moderate level of response, while bees 203, 214,
218, 243, 246, 257, 272 and 276 displayed the highest level of caring the queen

(Figure 21C). These results indicated an opposite tendency between ‘Qinterest’ and

dance following and ‘sna’. Across all the focal bees, the distributions of duration of

‘sna’ and ‘Qinterest’ showed the same effect as the frequencies (Figure 22). Taken

together, bees 216, 244, 262, 267 and 271 outperformed in social interaction (‘dance

following’ and ‘sna’) than what other bees did.

Bees also presented extreme differences in outdoor performances (Figure 23). Bees
216, 244, 267 and 271 had the highest activity in ‘Out’, orientation and foraging
flights. Although bee 262 did not perform as much flights as these four bees, she was

also highly active in performing orientation and foraging flights. Bees 257, 272 and

282 frequently left the colony, however, they did not perform flights. Bees 201, 243,

276, 214 and 218 showed intermediate level in the frequencyof orientation flights, but

they did not perform foraging flights
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Figure 21. Frequency of indoor behaviors ‘Waggle dance following’, ‘Waggle run

follow’ and ‘Qinterest’ among 17 bees over their life spans.
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Figure 22. Duration of indoor behaviors ‘sna’ and ‘Qinterest’ among 17 focal bees.
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Figure 23. Frequency of different outdoor behaviors over the 17 bees’ life spans.
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5.6.3 Variation in indoor and outdoor behaviors between and within
individuals

The quantification of daily variations across indoor and outdoor behaviors among the
17 focal bees showed high variability at within- and between-individual levels over 15
days (Figure 24). ‘'sna’ occurred every day while dance following, ‘Qinterest’ and
outdoor behaviors only existed occasionally.

Generally, the highest daily frequency and duration of ‘sna’ of most of bees were less
than 200 and around 250s, respectively (Figure 25). However, the daily frequency
and duration of ‘sna’ remained to be highly varied within and among individuals.
Among individuals, except for bees 203, 251, 257, 272 and 282 remained in relatively
stable frequency levels of ‘sna’ less than 200 events, other bees were changing in
social contacts. Bees 201, 214, 216, 218, 244, 246, 267 and 271 showed peaks at
young ages (15t~ 4" days), middle (7" ~ 8" days) and older age (10" ~ 13" days),
whereas bees 215 and 262 were most active in ‘sna’ on the 3" and 4" day. Bees 243
and 276 reached a peak in the frequency of ‘sna’ on between 5" ~ 7" and 4™ days,
respectively. The daily changes in the duration of ‘sna’ showed a similar dynamic as
the frequency for most bees, except for bees, e.g., bee 257 had a particularly high
frequency of ‘sna’ in the older age but contacted with other bees in shorter durations,
while bee 282 had a stable frequency of contacts but suddenly showed extremely

longer durations of ‘sna’.
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Figure 24. Traces of the daily indoor and outdoor behaviors of the 17 focal bees over their lifespans. X axis at the bottom and on the top
indicates the daytime and date during which bees follow dances (‘WRF’, orange), make social contact with other bees (‘sna’, blue), attend the queen
(‘Qinterest’, green), leave the colony (‘Out’, dark red) and perform orientation flights (‘O’, purple) and foraging flights (‘F’, brown), respectively. The lengths of
bars with different colors indicates the frequency of different behaviors. The vertical number 201 ~ 282 refer to bee identity. Bees 201 ~ 218 emerged on 24",

July; bees 243 ~ 246 on 26™, July; bees 251 ~ 262 on 27™, July; bees 267 ~ 276 on 28", July; bee 282 on 29™, July.
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Figure 25. Daily levels of social contacts ‘sna’ in the frequency and duration (in
second) among the 17 focal bees.

Bees varied greatly in following dances within and between individuals over age. The
days of age when bees started to follow dances differed among the 17 focal bees
(Figure 24). Bees could follow dances as early as the first day of age (e.g., bee 257)
and as late as the 8th day of age (e.g., bee 271). However, most bees started dance
following at the age of 3rd day. The rate of dance following among the 17 bees
differed. For example, comparing to the other bees, bees 218, 243 and 257 followed
dances consecutively over some few days of age while bees 201, 216 and 276
occasionally followed dances with a gap of 2 days or 4 days. Daily numbers of dance
followings varied greatly within and between individual. For instance, bees 216, 243,
244, 251, 267, 271 and 276 followed only 1 or 3 dances during the first few days and
reached high levels of dance following after 10 days (e.g., over 70 dance followings

within a day). Bees 218 and 246 followed more dances at the beginning of age and
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decreased over the later days of age. Other bees followed more dances in the middle
age, e.g., bees 201, 203, 215, 262 and 282 (Figure 27, left). These results showed
the day when bees reached high level of dance following differed greatly indicating
that these effects were not cause by more or less the performance of dances of
dancers. What to mention, although bee 262 did not follow dances for many days,
she followed over 20 dances in the first two days (Figure 25, left).

The daily frequency and duration to attend the queen varied greatly within and
between bees (Figure 27). Bees 215, 251 and 262 were least attracted by the queen
over days. Although the frequencies and duration bees attended the queen
fluctuated, e.g., bee 201, 214, 243 and 272, etc., most bees were least attracted by
the queen in the older ages, except for bee 214. The tendency of durations bees
spent on attending the queen was less consistent than with the changes of
frequency. For example, bees 201, 214, 218, 243, 267, 272, 276 and 282
occasionally spent extremely longer durations of queen attendance, even though
they showed low frequency in caring the queen.

As for the outdoor behaviors, bees normally left the colony (‘Out’) at an age of 6
days, but they could also go out as early as 3 days of age (e.g., bee 244, Figure 24).
At early age, bees intermittently left the colony with a gap of 1 day and 6 days (e.qg.,
bee 244, Figure 25). At older age, they went out more frequently the day after
another. Orientation flights occurred before foraging flights. Here, what to remind was
that the term ‘foraging flight’ did not mean that bees forage at a feeding site but
rather that she steered toward the feeding site. Commonly, bees started foraging
flight after 5 ~ 8 of orientation trips, but they could initiate foraging flight after 2 trips of
orientation flights (e.g., bee 267). They flexibly switched between orientation and
foraging flights (Figure 26, right). My observations showed that bees started their first
orientation flight only after having experience of dance following. Although bees 257,
272 and 282 went to the hive exit multiple times, they did not perform a flight. Thus,
no flight data are shown for these bees in Figure 26 (right). The numbers of
orientation and foraging flights were different among the 17 bees over days. Most of
bees only performed 1 ~ 2 orientation flights each day, e.g., bee 201 (Figure 26,
right). Bees 216, 244, 262, 267 and 271 had both orientation and foraging flights and

both the numbers of flights increased as they aged.
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In general, variations of intensities of indoor behaviors in frequency and duration
differed at between- and within-individual levels (Figure 28). In particular, the daily
intensity of dance following in frequency between bees was more stable and similar
in the early days and varied more greatly as bees aged (Figure 28A, e.g., bee 271 at
between the 8" ~ 10" days of age, bees 216, 218, 244 and 271 after the 10" day of
age). Compared to this, the intensity of dance following in frequency was more
variable within individual over days (Figure 28B), e.g., bees 203, 215, 246 and 251.
These results were separately similar to the intensities of ‘sna’ both in frequency
(Figure 28C, D) and duration (Figure 28G, H) at between- and within-individual
levels. The overall development intensities of ‘Qinterest’ at between-individual level
in frequency and duration stayed similar for most bees, except for bees 201, 214,
218 and 246. These bees increased the care for the queen at older ages (Figure
29E, I). At within-individual level, most bees had low but stable levels of interest in
attending the queen over their lifetime, except for bees 203, 215, 244 262, 267 and
282 showed fluctuating intensity of care for the queen at their younger ages (Figure
29F, J).
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Figure 28. Intensities of indoor and outdoor behaviors in the frequency (left) and

duration (right) of the 17 focal bees at within- and between-individual levels. The

intensities of behaviors in the frequency and duration at Within- and Between-individual levels were
calculated separately as: the frequency and duration of a behavior of a day relative to the respective
measures of the rest days within an individual bee (‘Within-individual’), and of a bee relative to the
respective measures of the other bees on the same day (‘Between-individual’). A, C, E, G, | show
the intensities ‘dance following’, ‘sna’ and ‘Qinterest’ at between-individual level, and B, D, F, H, J

figures show these corresponding parameters at within-individual level.

5.6.4 Bees active in social interaction were more active in outdoor

behaviors

With the description of development of indoor and outdoor behaviors above, it was
found that each bee behaved differently over their lifetime. Bees were differentiated
into 4 groups to show similar characteristics in their life history. The method to make
the groups were based on a comprehensive comparison of frequency of ‘Out’,
‘Orientation’, ‘Foraging’ and ‘OW’: bees 216, 244, 267, 262 and 271 in group ‘A’ were
characterized with highest frequencies in orientation and foraging flights. Bees 201,
203, 214, 215, 218, 243, 246, 251 and 276 in ‘B’ group showed intermediate level of
numbers of orientation and foraging flights. Bees 257, 272 and 282 in group ‘C’ were
with intermediate level of numbers of ‘Out’, but highest frequencies of ‘OW’ without a
flight (Figure 23). Cumulative distributions in the frequency and durations of indoor
and outdoor behaviors were shown in Figure 29. Compared to the bees in the groups
of ‘C’ and ‘B’, the bees in the group ‘A’ outperformed more in ‘sna’ and dance
following (Figure 29, right) and less in ‘Qinterest’. No significant differences in the
frequencies of ‘dance following’, ‘Qinterest’ and ‘Out’ between bees observed in the
groups of ‘B’ and ‘C’. Furthermore, bees in the group ‘B’ were more active in ‘sna’

than bees in the group ‘C’.
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Figure 29. Cumulative plot of the indoor and outdoor behaviors for grouping bees

with different outdoor performance. ‘dance’_frequency, ‘sna’_frequency and

‘Qinterest’_frequency are the frequencies of ‘dance following’, ‘sna’ and ‘Qinterest’, respectively.
‘sha_duration’, ‘Qinterest_duration’ represent the duration of ‘sna’ and ‘Qinterest’, respectively.
‘High in outdoor behavior’, ‘Intermediate in outdoor behavior’ and ‘Low in outdoor behavior’ were

group ‘A’, ‘B’ and ‘C’ as defined in the result part of 5.6.4.

To be more accurate in classifying the focal bees, PCA was applied to mean
frequency of outdoor behaviors (Figure 30, Table S6). Two PCs with loading values
were retained and clusters for behaviors and individuals were given in Figure 30.
PC1 explained 66.2% of the total variance and PC2 13.2%. The results indicated that
PC1 was positively associated with the frequency of outdoor behaviors ‘Out’, ‘Flight’,
‘Foraging’, ‘LR’, ‘Orientation’ and ‘FR’. PC2 was largely positively influenced by ‘OW’.
Bees in group 1 (bee 216, 244 and 267) were differentiated from bees 262 and 271
in group 2. Bees 201, 203, 214, 215, 218, 243, 246, 251, 272 and 276 were in group

3 and bees 257 and 282 were in group 4. This clustering corroborated the manual

grouping.
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Figure 30. Principal Component Analysis (PCA) of outdoor behaviors. The figure shows

tow plots in one for the individual bees and the behaviors. Loading values of PCA of the two main
components (PC1-PC2) for outdoor behaviors of the 17 focal bees. Vectors pointing in similar
directions indicate positively correlated variables, vectors pointing in opposite directions indicate
negatively correlated variables, and vectors at proximately right angles indicate low or no

correlation. Individuals with different colors were grouped by k-means (0.95-probability level).

In the next step, the average frequencies of outdoor and indoor behaviors were
separately compared. (Figure 31). Bees in the group 2 were not significantly different
from bees in the group 1 in most indoor and outdoor behaviors, except for ‘FR’ (K-W
test, x2 = 8.8, df = 3, p < 0.01). Although the difference of ‘Out’ was not significant
between groups of 1 and 2 (x2 = 12.2, df = 3, p > 0.05), the higher occurrence of ‘FR’
in the group 1 might be due to the higher frequency of ‘Out’. The frequencies of
‘Flight’ (‘Orientation’ and ‘Foraging’ flights) were different among the four groups,
which were highest in the groups of 1 and 2, followed by in the group 3 and lowest in
group 4. Significant differences were observed between group 1 and 4 (‘Flight’: x2 =
11.9,df =3, p <0.01, ‘Foraging’: x2 = 14.8, df = 3, p < 0.05, ‘Orientation’: x2 = 11.6,
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df =3, p<0.01), group 1 and 3 (‘Flight’: x2 = 11.9, df = 3, p < 0.05, ‘Foraging’: x2=
14.8, df = 3, p < 0.05, ‘Orientation’: x2 = 11.6, df = 3, p < 0.05), group 2 and 3
(‘Flight’: x2=11.9, df = 3, p < 0.05, ‘Foraging’: X2 = 14.8, df = 3, p < 0.05,
‘Orientation’: x2 = 11.6, df = 3, p < 0.05), and group 2 and 4 (‘Flight’: x2 = 11.9, df =
3, p <0.05, ‘Foraging’: x2 = 14.8, df = 3, p < 0.05, ‘Orientation’: x2 = 11.6,df =3, p <
0.05). These results were consistent with indoor behavior ‘Dance following’ and ‘sna’
(Figure 31). Although bees in the group 3 had more flights and ‘sna’ than in the group
4, the differences were not significant. Bees in the group 4 had significantly higher
frequencies of outdoor behaviors (‘Out’) than in the group 3 (x2=7.2,df=3,p <
0.05), but only ‘OW’. Although there was no significant difference in response to the
gueen between four all groups, bees in the group 3 and 4 showed the highest
frequency and longest duration in attending the queen.

Average frequency of outdoor performance

Outdoor behavior
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z Bee group
£ 150 m1
-] H2
5 3
o m4
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Waggle run follow sna Qinterest

Indoor behavior

Figure 31. Average frequency of outdoor and indoor behaviors after grouping the 17

focal bees into four groups according to the PCA in Figure 30. Group 1 consisted of bees
216, 244 and 267, group 2 consisted of bees 262 and 271, group 3 consisted of bees 201, 203, 214,
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215, 243, 246, 251, 272 and 276, and group 4 consisted of bees 257 and 282. *’ and *“*’ indicate the
p-values < 0.05 and < 0.01, respectively.

The relation between multiple social behaviors was further explored. Bees on the
days with dance following had more and longer ‘sna’ (Figure 32A ~ D, Wilcoxon test,
Frequency: p = 0.64, Duration: p < 0.01). Although the difference for these
frequencies was not significant, more ‘sna’ for each bee was on the days when they
followed dances, except for bees 272 and 282. This result is interesting. Unlike other
bees, bees 272 and 282 left the colony multiple times without any flight (Figure 23).
The days with different numbers dance followings were also further differentiated into
4 groups (n<=5,5<n<10,10<n<15,n>20). The analyses were conducted at
within- and between-individual levels (Figure 32E ~ H). Bees followed more dances
on the days with higher frequencies of ‘sna’. This effect was supported by the
intensities of ‘sna’ in frequency and duration at the between-individual level (K-W
test, RIsnainF_between: p < 0.01, RIsnainD_between: p < 0.01) (Figure 32F, H).
Although the respective measures were not significantly different within-individual
level, increasing intensities of ‘sna’ in frequency and duration were still observed
when bees followed more dances (Figure 32E, G).

It was assumed that the higher frequencies of ‘sna’ bees had before, the earlier bees
initiated the first dance following. However, statistical analysis did not support this
hypothesis. Correlations between the age bees started the first dance following and
intensity of ‘sna’ in both frequency and duration were not significant (Pearson test,
RlIsnainF_between: R =-0.072, p = 0.78, RIsnainD_between: R = 0.11, p = 0.68,
RlIsnainF_within: R = 0.031, p = 0.91, RiIsnainD_within: R =-0.0029, p = 0.99). These
results suggested that bees were more random to initiate the first dance following.
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Figure 32. Correlation between intensity of ‘sna’ and dance following. ‘with’ and
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by the frequency relative to that of other days’ within an individual. RIsnainF_between: intensity of sna
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calculated by the frequency relative to that of other bees’ within the same day. RlsnainD_within:
intensity of sna calculated by the duration relative to that of other days’ within individual.
RlIsnainD_between: intensity of sna calculated by the duration relative to that of other bees’ within

same day.

On the basis of these analyses, there were two hypotheses: 1) bees that were more
active in ‘sna’ before, they initiated outdoor behaviors earlier. To solve this question,
correlation between the age when bees initiate the first outdoor behaviors (‘Out’,
‘Orientation flight’, ‘Forage flight’) and intensity of ‘sna’ in the frequency and duration
at within-individual level was analyzed. However, the results were not significant
(Figure S4, Pearson test, RlsnainF_within versus: ‘Out’: R = -0.3, p = 0.24,
‘Orientation’: R = -0.47, p = 0.09, ‘Foraging’: R =-0.82, p = 0.08, RIsnainD_within
versus: ‘Out’: R =-0.36, p = 0.15, ‘Orientation’: R =-0.43, p = 0.12, ‘Foraging: R = -
0.68, p = 0.21). 2) bees were more active outdoors if they started dance following at
a younger age before. To solve this question, correlation between the age when bees
started to follow dance and requency of outdoor behaviors were analyzed.
Correlation analyses did not support this hypothesis (Pearson test, age versus: ‘Out’,
R =0.15, p = 0.56, ‘Orientation’, R = 0.24, p = 0.36, ‘Foraging’, R = 0.028, p = 0.91).
Based on the result of PCA grouping bees with different outdoor performances with
different scores calculated by the frequency, analyses on correlations between
outdoor performance and frequency and duration of indoor behaviors were studied.
The overall frequency of ‘Qinterest’ had a significantly negative effect on the scores
of ‘Out’ but not on other outdoor behaviors (Figure 33a, b, c¢). ‘dance following’ and
‘sna’ were significantly positively correlated with flight frequencies (Figure 33a ~ c).
Furthermore, duration of ‘sna’ was only significantly positively correlated with flight
frequencies (Figure 34b).

In the final step, whether number of recruits following dances would influence the 17
focal bees’ motivation to follow dances was asked. Significant positive correlations
were found between the number of recruits around the dancers and the frequency of
dance followings of the 17 focal bees (Figure S5, left, Pearson test, R = 0.17, p <
0.01), and between the number of recruits and duration of dance following (Figure
S5, right, R =0.12, p = 0.011) were found.
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Figure 33a. Correlation analyses for the indoor and outdoor behaviors of bees in four

groups differentiated by PCA show in Figure 31. ‘Out_score_av’, average score of ‘Out’ over

each individual's life span. Pearson test was performed for the correlation analysis.
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Figure 33b. Correlation analyses for the indoor and outdoor behaviors of bees in four

groups differentiated by PCA show in Figure 31. ‘\LR/OW-FR-FL_score_av’, average score
calculated by frequency of ‘LR’, ‘OW’, ‘FR’ and ‘FL’ over each individual’s life span. ‘LR’, bees appear
at the hive exit but soon return into colony, ‘OW’, bees leaving the colony are caught and released but
don’t fly up, ‘FR’, bees return to the hive exit soon after flying up close to hive entrance, ‘FL’, bees

performed flights.
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groups differentiated by PCA show in Figure 31. ‘Flight_score_av’, average scores of

‘Orientation’ and ‘Foraging’ flight calculated by frequency over each individual’s life span.

5.6.5 Spatial fidelity led to individual difference in social behaviors

Next, | addressed the question whether spatial distribution on the comb influenced
frequencies of indoor behaviors. The two sides of the comb were divided in 6
rectangles (Figure 34, right). First, bees danced mainly in the L1 area close to the
hive exit was confirmed. A relatively small proportion of dancers were also seen in
the neighboring areas M1 and L2, and occasionally at M2 that was close to L2 and
M2, and between M1 and M2. They rarely danced at L3, M3 and U1 ~ U3 areas.
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Unlike dancers, the queen spent her activities mostly at M1 ~ M2, U1 ~ U2 and L2,
and less at L1, L3, M3 and U3. Since dancers were more focused on particular areas
of ‘dancing floor’ while the queen moved evenly on the different areas of the comb.
Therefore, the spatial occupation at dancing areas as an indicator for the social

behaviors related with outdoor behaviors.

Queen Area

Dance area

| 1]
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ESSEE=ED

el | [ ]
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Figure 34. Percentages of areas on the combs occupied by dances and the queen.

The figure on the left shows the proportion of areas where dances occur. The figure on the middle
presents the percentage of areas where bees attend the queen. The right figure shows areas on the
comb are divided into 9 parts. L1 is the closest area near the hive exit (red arrow). L2 and M1 are also
close to the hive exit. M2 occupies the largest brood area and a small proportion of broods is located
at M1, U2 and L2. Areas L3, M3 and U1 ~ U3 are mainly the food storage areas.

Data of tracking the spatial occupancy over bees’ lifetime allowed to explore the age
dependence of space use (spatial fidelity) in the colony. Overall, bees showed highly
various patterns of spatial fidelity over ages (Figure 35). During the first three days of
age, bees were more at U areas where less social interactions related to the outdoor
behaviors occurred, except for bees 215, 216, 218, 243, 244, 251, 257 and 272. As
bees were aged, most of them occupied more at the areas of L and M, except for
bees 203, 214, 246 and 276. This result was consistent with age-dependent indoor
and outdoor behaviors (Figure 24). The frequencies of switching within the areas of
L1 ~ U3 over days of age of the 17 focal bees were distinctly different between
individuals. For example, bee 282 occupied more frequently at U areas during the
first 6 days, later she appeared more at areas of L1 and M1. Bee 216 walked more
around the whole comb during the first 11 days and tended to stay at the areas of L1
and M1 afterwards. A similar pattern was seen for bee 244. Bee 243 switched
frequently among different areas during the first 8 days and was then found in the U3
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area on the 9™ day of age. Then, she was active again in the areas of L1 ~ U3, and
later she stayed more in the areas of L1 and L2 on the 12" and 13 days of age.
Bees 267 and 271 appeared frequently in the areas of L1, L2 and M1 throughout her

lifetime.
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Figure 35. Spatial appearance within the colony of the 17 focal bees over their

respective lifetime. The daily probability of the bees’ appearance at L1 ~ U3 relative to the total

observations within a day of each bee.

The index of spatial dispersion showed bees’ locomotion varied over age. Overall,
bees increased the spatial dispersion during the first three days of age (Figure 36,
left) and then behaved slightly different among three manually clustered groups
(Figure 36, right). Bees in the group 1 (216 ~ 271) and group 3 (257 ~ 282) gradually
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decreased the spatial dispersion to a lower level compared to the bees in the group 2
(201 ~ 276). Bees in the group 2 showed a stable and high level of spatial movement
over the days of age, this tendency increased even when bees were older (Figure 36,
right).

Kruskal-Wallis, p = 7e-05
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Figure 36. Spatial dispersion among the 17 focal bees over the lifetime. ‘D’ in the y axis

is the index of variation of spatial dispersion within a day of each individual. Figures left and right show

the pooled and individual data, respectively.

Next, the connection between spatial fidelity and behaviors indoors and outdoors was
studied. The spatial fidelity in the areas of L1 ~ U3 were significantly different between
‘on’ and ‘before’ days, which were denoted as the days when bees had followed

dances and outdoor behaviors (‘on’), and the days before these behavioral events
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occurred (‘before’) (Figure 37). Bees moved on the ‘on’ days more preferentially
around the main ‘dancing floor’ L1 (K-W test, p < 0.01). Higher but not significant
different frequencies in areas L2 (p > 0.05) and M1 (p = 0.055) were also found on ‘on’
days. In contrast, bees on ‘before’ days were more frequent in the areas M3 (p = 0.04),
Ul (p =0.013), U2 (p = 0.005) and U3 (p = 0.008), where more nest related tasks were
performed. The occupancies at M2 (the brood area) did not differ between ‘on’ and
‘before’ days. These results provided a cue about the potential relation between spatial
fidelity and ‘dance following’ and ‘Out’. Following this result, | further asked whether
spatial fidelity regulated the information flow via the ‘sna’. The spatial dispersion and
‘sna’ in frequency and duration were compared on the ‘on’ and ‘before’ days,
respectively (Figure 38a, b). Although the spatial dispersion was not significantly
different, it remained to be higher on the day ‘on’ (Figure 38a, left). The intensity of
spatial dispersion at between-individual level was significantly higher on the day ‘on’
than ‘before’ (Wilcoxon test, p < 0.01) (Figure 38a, right). Correspondingly, the
frequency and duration of ‘sna’ on the day ‘on’ were significantly higher than those on
days ‘before’. The intensities of ‘sna’ in frequency and duration at between-individual
level were also significantly higher on the day ‘on’ than ‘before’ (Figure 38b). Thus,
the correlations between ‘sna’ and spatial fidelity at between- and within-individual
levels were then documented. Frequency and duration of ‘sna’ were significantly
positively correlated with spatial dispersion, though the coefficients were not high, with
higher spatial dispersion following with higher frequencies and longer durations of ‘sna’
(frequency: R = 0.19, p < 0.01, duration: R = 0.14, p < 0.05) (Figure 39a). Strong
positive correlations between intensity of ‘sna’ and intensity of spatial dispersion were
identified at between- and within-individual levels (Figure 39b, between-individual:
R =0.6, p <0.01, within individual: R =0.76, p < 0.01).
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Figure 37. Spatial dispersion on the combs between ‘on’ and ‘before’ days. ‘on’: the days
when bees follow dance or leave the colony (n=111). ‘before’: the days when these behavioral events
occurred (n=82). K-W test is applied for separately comparing the differences of space locations at L1
~ U3 areas between ‘on’ and ‘before’ bee groups. ‘D’ (y axis) indicates the spatial dispersion at each
day of individual bees. RID_within: the intensity of spatial dispersion relative to the respective measure
in other days within individual. RID_between: the intensity of spatial dispersion relative to the

respective measure of other bees within the same day.

Kruskal-Wallis test, L1: p = 1.4e-07; L2: p = 0.66; L3: 0.28; M1: p = 0.055;
M2: p=0.83; M3: p=0.04; U1: p=0.013; U2: p=0.005; U3: p=0.008
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Figure 38a. Difference of spatial dispersion and relative intensity of spatial dispersion

between ‘on’ and ‘before’ days. p-values of Wilcoxon test are presented. ‘Percentage of spatial
fidelity’ is the daily probability of bees’ appearance at L1 ~ U3 relative to the total observations on the

days of ‘On’ and ‘before’.
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Figure 38b. Differences of ‘sna’ between ‘on’ and ‘before’ days. ‘Frequency of sna’ and
‘Duration of sna’ represent the total amount of frequency and duration of ‘sna’ in each day of an
individual correspondingly. RlsnainF_within: intensity of sna in frequency relative to the respective
measure in other days within individual. RIsnainF_between: intensity of sna in frequency relative to the
respective measure of other bees within same day. RlsnainD_within: intensity of sna in duration
relative to te respective measure in other days within individual. RIsnainD_between: intensity of sna in

duration relative to the respective measure of other bees within same day.
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Figure 39a. Correlation between the frequency and duration of ‘sna’ and spatial

dispersion. ‘D’ indicates the spatial dispersion at each day of individual bees. The dark blue lines
represent the regression line of sum of thel7 bees, while the other lines show the regression lines for

each individual bee.

105



Chapter 3

0.6
R=0.6,p<2.2e-16 " 0.6 R=0.77p<2.2e-16 . BeezloD1
] 203
< 9 214
=04 2 214
3 30.4 216
A, w! 218
'£0.2 ke 243
e 202 .7/ 4 ’ o4
£ £ ,’ oA 251
s 257
0.0 . 257
0.0 w*  ° 267
271
0.1 0.2 0.3 0102030405 272
RDI_within RDI_between -4

0.5

e

IS
o
'S

/..

L5

RisnainD_within
o
N

5 (=]
w
RisnainD_between

0.2 ¥/ 4
= }// R=0.78, p<2.2¢-16
0.0 ” | )
R=0.56, p<2.2e-16 0.0 "o
0.1 0.2 0.3 0102030405
RDI_within RDI_between

Figure 39b. Correlation between relative intensity in the frequency and duration of

‘sna’ and the intensity of spatial dispersion within and between individuals.

5.7 Summary and discussion

In a community of social insects like honeybees, animals behave independently and
cooperatively. Individuals specialize on duties that are age and experience-
dependent but also adapts flexibly to colony need (Johnson, 2010b, Jones et al.
2020, Lindauer, 1952). Uncovering the regulation mechanisms involved in behavioral
variation and plasticity is fundamental for understanding how individual and collective
decisions are made. Within a colony, behaviors are characterized by social contacts
between community members, conditions that differ drastically from outdoor behavior
in which each individual acts separately and alone.

Although there were amounts of work studying on the indoor behaviors (e.g., dance
and dance following) and outdoor behaviors (e.g., foraging flight, nest scouting,
exploration), systematic studies on relationship between these two lifestyles are rare.
This unfortunate condition results from experimental limitations in following
individuals both indoor and outdoor throughout their life history. Here infrared movie
recording of indoor behaviors and harmonic radar tracking of flights were taken
advantage of. As far as | know, this is the first study to relate the honeybees’ indoor
and outdoor behaviors on a quantitative basis along their full life history on individual

and group levels.
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These results uncover considerable skews in the occurrence of outdoor and indoor
behaviors among the 17 focal bees. Bees at the same or at similar ages may differ in
the occurrence of both the outdoor and indoor behaviors. The age dependence also
showed high individual differences among individuals. For example, bee 257 started
to follow dances immediately after her emergence while bee 271 began her first
dance following at an age of 8" day. Bee 216 left the colony over 36 times while bee
203 with the same age went out only once. Bee 257 left the colony 12 times without
performing flights while bee 262 of the same age left the colony 7 times and
performed full flight each time. Bee 244 started the first orientation flight at an age of
4™ day while bee 214 had her first flight on an age of 11" day. This wide range of
age-dependent task allocation differs from the picture established on the
observations in large colonies. Bees usually start to leave the hive at 2 ~ 3 weeks old
in a normal colony with more bees. However, bees in my study commonly left the
colony at an age of 4 ~ 11 days. This might be explained by reasons that a small
colony may require bees to forage earlier and it may be less flexible for a small
colony to make use of comb space. The higher sensitivity to allocating the limited
physical space for food storage and brood may lead to the stricter control of number
of workers indoor for indoor (Huang and Robinson, 1996, Smith et al. 2017).
Although this might be a special situation because of the very small size of colony, it
demonstrates a high plasticity of bees’ life history on an individual basis. Indoor and
outdoor behaviors also vary considerably within individual over days. For example,
bee 282 kept a stable and low level of social interaction ‘sna’ with other workers while
bee 271 fluctuated strongly in the levels of ‘sna’ over days. Bee 216 followed 1 ~ 3
dance in the early days and over 70 in a day as she were older. These observations
guestion the traditional picture of rather strict age-dependent and external factors-
dependent labor division.

What causes these behavioral variations? The individuals in question may differ
much more strongly in their experience both inside and outside the colony, and this is
also the topic | explored in my study. Despite bees showed high levels of behavioral
variations, they can be grouped according to consistent behavior patterns. Overall,
only a minority of ‘elite’ bees were more active in outdoor behaviors and social
interactions. e.g., bees 216, 244, 262, 267, 271 that performed orientation and
foraging flights more frequently than the other bees and were more active in ‘sna’

and dance following. This result suggests potential correlations between social
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behaviors, and between outdoor behaviors and social interactions. Our further
analyses confirm positive relations between the frequency of ‘sna’ and dance
following (Figure 32), and between the frequencies of these social interactions and
outdoor behaviors (Figure 29, 33a, b, c).

Symbolic communication via waggle dance and learning of olfactory information from
other members via trophallaxis intimately connected in the colony. Cholé et al. (2019)
documented appetitive learning via antennation and trophallaxis, the trained feeder in
my experiment did not provide any odor cues, however, social contact via
antennation and trophallaxis in this study still motivated bees to follow dances more
actively and encouraged them to leave the colony for exploratory flights more
frequently. What processes are involved in such a communication process excluding
olfactory information from the food sources? And, when do bees rely more on ‘sna’ or
dance information?

My observation shows that bees initiate orientation flights only after having the
experience of dance followings. It is most likely that dances experienced by naive
bees unfamiliar with the sun compass and environment provide a motivational
component because these bees will not be able to decode the vector information of
direction and distance in the dances. However, innate basic information about the
relation between the sun azimuth and direction of waggle run relative to gravity as
well as basic information between distance of food sources and numbers of waggle
runs could potentially be used by the naive bees as guide in the exploratory
orientation flights (Menzel, 2019). It will therefore be important to examine whether
the direction of orientation flight is reflected in the orientation of dances a bee follows
before she leaves the hive. A topic addressed in the next chapter.

Another interesting finding is that bees 257, 272 and 282 were released multiple
times after exiting the hive, but they did not perform flights. This result raises a
question whether dance following is particularly important in determining bees’
decision to perform flights. This question will be studied in the next chapter.

Multiple empirical studies have been performed to investigate spatial aspects of
social organization in insect colonies (Crall et al. 2018, Jandt and Dornhaus 2009,
Mersch et al. 2013, Pinter-Wollman, 2015). These studies documented importance of
spatial fidelity for regulating information flow and initiating collective behaviors. Here |
reveal the temporal-spatial movement patterns over the life history of the 17 focal

bees, which differed in at the within- and between-individual levels. The bees
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maintained individually specific patterns of spatial occupancy across days (Figure
35). This result is different from a previous study which shows that the spatial
distributions between individual bumble bees were repeatable over their lifetime. The
discrepancy may be due to different social structures. This difference may also be an
indication of a higher task flexibility in the honeybees. My observation also showed
that bees had common patterns in the spatial mobility within multiple functional
groups with different levels of outdoor activities. Overall, bees in particular those
would be more active outdoors were characterized by a higher spatial mobility during
younger age. As bees were older and more active in joining more foraging tasks,
they were less dispersed in the spatial movement and occupied consistently the
areas close to the hive exit. This result indicates that spatial fidelity at the early age
critically influenced bees’ future outdoor behaviors and while the spatial patterns at
bees’ older age may suggest the main tasks bee have in the colony. To sum up, all
these results provide evidences for an important role of spatial fidelity in regulating
information flow. Investigating spatial fidelity over bees’ lifetime provide a predictor
about bees’ outdoor behaviors. My results also support an idea that social
interactions via ‘sna’ and ‘dance following’ connected with spatial fidelity appears to

regulate outdoor behaviors (Figure 38 ~ 39).
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6 Chapter 4: Dance communication shapes
exploratory and foraging flight behaviors on

the level of individual bees

6.1 Abstract

In the honeybees, dance and dance following are the most recognized mechanism of
social communication, of which the direction and distance of food sources are
encoded in the waggle dances. In the Chapter 3, the ontogeny development of social
behaviors and flights across bees’ lifetime have been mapped, which reveals a
positive relation between social communication and flight performance. However,
how the information conveyed in the dances maps into bees’ outbound flights in the
orientation and foraging flights and how the former experience of dance followings
and flights determines bees’ future flight performances remain open. Raspberry pi
and harmonic radar are used to monitor behaviors of dance communication and
flights over the life history of 17 representative bees. Nine hundred ninety-four dance
followings, 65 orientation flights and 56 foraging flights were recorded. Waggle
dances play important roles in motivating both orientation and foraging flights. When
bees followed more dances, bees performed more orientation and foraging flights.
However, the influences of vector information on motivating bees to perform
orientation and foraging flights are different, with the higher variation of direction in
the dances, the higher frequency of orientation flights, while with the higher variation
of direction and distance, less foraging flights. Meanwhile, dances serve as a vector
component to guide bees to fly in certain directions and distances. Bees were able to
average the vector information of the dances only followed within 10 min to guide
their flights. Bees can evaluate the values of dances and determine to follow the
information in the dances or forage by their own experience. When the ranges of
variation and dispersion of direction were larger than = 12° and % 5°, respectively,
bees would prefer to forage with their own experience rather than relying on dance
information. However, during this procedure, bees showed individuality in decoding
and calibrating the dance information. My descriptive analysis also revealed that the
influence of former experience of dance following and orientation/foraging flights on

the future flight performance. However, this impact was also individually different.
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These results are used to create an individual-orientated model relating the
connection between social communication and flight performances over the life
history, enabling us to understand how experience-dependent variation of social

behaviors and flight performances over ages among individual bees.

6.2 Introduction

Dance communication is a fascinating symbolic form of social interaction (Apis sp.)
(von Frisch 1967). Honeybees upon returning from a successfully located food place
more than a few hundred meters away from the hive transmit information of location,
odor, quality and quantity of food sources or new nest site for swarming to their nest
mates through waggle dances (Dyer 2002, Riley et al. 2005, von Frisch 1967).

A waggle dance is finished as stereotyped dance movements on the comb when a
bee walks straight in one direction while vibrating her abdomen from one point to
another (a waggle run), then she stops and returns to the starting point (return
phase) and start another repeated waggle run. Foraging bees rely on the sun
azimuth to obtain the compass information (von Frisch 1965). The direction to a food
source from the hive relative to the sun azimuth is encoded in the orientation of
dancer’s body from the vertical in a waggle run when she vibrates her body from one
side to another on the comb, and the distance is encoded in the length and duration
in a waggle run, the number of waggles in a waggle run, or the number of dances
(Seeley et al. 2000, von Frisch 1967).

Foragers may repeat multiple waggle runs within a dance. However, there is
considerable variation between sequential waggle runs in both direction and distance
encoding components (Preece & Beekman 2014, Okada et al. 2014, Schirch et al.
2016, Tanner & Visscher 2010). These social signals not only vary between
individuals, but also within individual (Schirch et al. 2016). The question has been
discussed controversially of whether the variation or imprecision benefits or
constrains bees’ foraging precision and flexibility to locate the advertised food
sources (Okada et al. 2014, Preece & Beekman, 2014, Towne et al. 1988, Tanner &
Visscher 2008, 2010, WeidenmuEller & Seeley 1999). In particular, it is not known
how the variance of dance information translates into the variance of bees’ flight
performance. This question relates strongly to recruits’ knowledge about the guiding
factors in a flight (e.g., the sun compass, the distance measure and the role of

landscape features). Given that dance communication is a time-consuming process
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(Price et al. 2019) and noisy (De Marco et al. 2008, Okada et al. 2014, Schiurch et al.
2016), experienced foragers may learn the value of dance information, compare the
cost and risk between applying the instruction of dances or exploring other food
sources based on their flight experience (Price et al. 2019, Wray et al. 2012).
Therefore, bees could flexibly adjust foraging strategies (Al Toufallia et al. 2013,
Dawson et al. 2013) and decide whether to use the socially acquired information from
dancers to forage or whether to explore a new food site independently (Price et al.
2019).

Young bees learn the outdoor conditions during orientation flights that usually occur
before foraging flights. Orientation flights help bees to get familiar with visual and
olfactory cues of the immediate surround at the hive entrance, the sun’s ephemeris
function, and the layout of the landmarks at further distance (Menzel et al. 2001, von
Frisch, 1967). Foraging involves multiple cognitive faculties. Bees with unique
learning experiences from social communication and exploratory flights may behave
individually different in their future foraging flights (Bracis et al. 2015). Inexperienced
workers are thought to rely on dance information to look for new food sources (Farina
et al. 2012, Gilley et al. 2018, Thom et al. 2007), and experienced foragers may be
more selective in the dance following and goal decisions. In the other side, bees may
have different expectations about the natural environment when they leave the
colony if social communication contributes in a proactive way to their experience in
the orientation and foraging flights (Menzel et al. 2012).

When are the above processes activated in the life history of bees? Asking this
guestion requires to acknowledge multiple functions of dance communication in a
flight. Dance communicates two major components, the motivational and instructive
components (Menzel et al. 2011). It has been speculated that young bees with
limited outdoor experience may only be motivated to explore the surrounding
environment while more experienced bees may be guided by the transmitted spatial
and olfactory information. However, evidences for such speculations are very rare.
Are young bees more prepared to leave the hive after more intensive social
contacts? Do more experienced bees collect olfactory gustatory and symbolic
information and guide their exploratory flights accordingly? So far, no study has
directly compared the correlation between dance following and flight performance on
an individual level taking into account individual bee’s life history both inside and

outside the colony. Most of the above studies on dance communication and flights
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were independently investigated, for example, Ai et al. (2017) investigated the
development of dance related behaviors by long-term individual tracking at the hive
entrance using RFID technology and video recording. Their observations indicated
that dance following preceded the first dance. They also differentiated foragers that
use dance information as recruits and those that did not as scouts. Biesmeijer amd
Seeley (2005) followed small groups of foragers and found that they used dance
information both for finding new foraging sites and resuming former foraging sites.
The impressive material collected by these elaborate studies highlighted multiple
conditions in which dance communication regulates foraging activities. Dukas (2008),
Klein et al. (2019) and Schippers et al. (2006) showed that bees increased foraging
flights with experience over a long-term foraging career. Their studies were also
limited to the RFID technology that only allowed them to record the departure and
arrival time, lacking any hints on what kind of flights bees might have performed and
how flights develop dynamically. Furthermore, they did not collect any data of dance
communication and could not explain why increased experiences improved their
foraging performances.

Therefore, I will focus on the following specific questions: 1) whether the dances
bees followed contains both motivational and instructive components for orientation
and foraging flight? 2) How does spatial information embedded in dances determine
spatial preference in the orientation and foraging flights of naive and experienced
bees? 3) How does the experience of orientation flights together with dance following
interactively determine bees’ foraging flights? Addressing these questions requires a
full protocol of tracking the life history of individual bees both inside and outside the
colony. Here, with the advantage of infrared camera module of Raspberry Pi and
harmonic radar tracking technique (Riley et al. 2005), data of dance followings and
trajectories of orientation and foraging flights over the first 15 day of the lifetime of the
17 individual bees were collected. Taken together, these data provide an opportunity
to address directly whether age and experience dependent process existed in a

colony.

6.3 Materials and Methods (see Chapter 3)

6.3.1 Data analyses
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Seventeen representative bees were selected for behavioral analysis. Video
recording and radar tracking allowed quantifying the dance followings and flights of
individually identified bees.

Orientation and foraging flights were differentiated (Figure S6). An orientation flight
was characterized by excursions around the hive and durations shorter than 10 min.
And bees did not carry nectar or pollen. A foraging flight lasted longer than 10 min
and was directed toward the feeding sites of north feeder (NF) or some recognized
natural pollen sites. What to mention is, most of the foraging flights discussed in the
Chapter were toward the direction of the artificial feeder (FN) but did not landed at it
while a few flights were toward natural food. Two important parameters characterized
for a flight trajectory were ‘a’, direction between each flight fix and the hive, and
‘dist’, distance between each flight fix and the hive. The densest ‘a’ was calculated
as the densest point of the direction distribution by the r package ‘flexmix’, and
maximum ‘dist’ (‘max dist ‘) was also computed. Two important parameters of
characterizing waggle dance were ‘B’, direction to the indicated food source, and
‘Dist’, distance of the indicated food sources from the hive. Average vector
information of direction (‘B’) and distance (‘Dist’) were computed.

Time intervals between a flight and dance followings were differentiated into 4
categories: (0 ~ 10 min), (10 ~ 30 min), (30 min ~ 24 h) and (> 24 h), expressing the
duration of time between the flight considered and the dance following after the
former flight. When there was no dance following within these time intervals, the flight
was regarded as performed without dance followings.

Trajectories of foraging flight were decomposed into outbound vector part, search
part and inbound homing part (Figure S7). Transitions from the vector flight to the
search flight and from the search flight to the homing flight were characterized by a
sharp turn of 260°. Correspondingly, the directions a were differentiated into ‘v_a’
(from the end of vector flight to the hive), ‘h_a’ (the start of homing flight to the hive)
and ‘s_a’ (from each search flight fix to the hive). The dist was separated into ‘LVL’
(regression distance from the end of vector flight to the hive), ‘LHL’ (regression
distance from the start of homing flight to the hive) and ‘LSL’ (regression distance
from each search flight fix to the hive), respectively. The direction and distance of the
feeder in the north (FN) to the hive were ‘FN_a’ (352.5°) and FNaist (550 m),

respectively.
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Accumulated distances between sequential flight fixes were separately measured for
the vector, search and homing parts (assigned by: ‘AVL’, ‘AHL’ and ‘ASL’). The
‘duration’ and ‘velocity’ (a ratio between accumulated distance and duration) were
also calculated for these three parts of flights. In addition, straightness (‘Str.’, a ratio
between regression distance and accumulated distance) in the vector and homing
flights were also computed.

To explore whether dances were involved in motivating a bee to perform orientation
and foraging flights, overall numbers of dance followings and the standard deviation
(‘sd’) and errors (‘se’) of the directions and distances indicated in the dances were
calculated in Table S7 and Figure S12. These parameters were compared among
bees with different numbers of orientation and foraging flights. Orientation flights with
long distances and those around the entrance were separated and the numbers of
dances followed before these flights were compared.

To determine whether experience of dance following has a long-lasting impact on
bees’ performance in the orientation and foraging flights, following analyses were
performed for different time intervals between dance following and flight: 1)
correlation between the densest a and B, 2) correlation between the maximum dist
and Dist, 3) correlation between A (densest a - B) and variation of directions
indicated in the dances, 4) correlation between A (Dist — maximum dist) and
variation of distances indicated in the dances were analyzed in orientation and
foraging flights.

When bees performed the foraging flights toward FN, the following differences were
calculated between 1) Band FN_a, 2) Bandv_a, 3) v_a and FN_a, 4) h_a and
FN_a, 5) B and h_a. The respective parameters in the distances were calculated
between 1) Dist and FNuist, 2) Dist and LVL, 3) FNdistand LVL, 4) Dist and HVL, 5)
HVL and FNuist. These parameters accompanied with Str., duration and velocity
were investigated how the accuracies of dances indicating the directions and
distances of food sources influence bees’ performances in directing toward the target
food sources and homing.

When bees performed foraging flights after dance followings for natural food sources
rather than FN, the differences between the flight direction a and the direction
indicated in the dances (‘B’), between flight distance (‘dist’) and distance indicated in

the dances (‘Dist’) were calculated.
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6.3.2 Statistics

Generalized linear model (GLM) and generalized linear mixed model (GLMM) were
used to investigate the co-influence of parameters, e.g., ages, flight trips, flight type
on the orientation and foraging flights. Pearson’s correlation was used to analyze the
correlations between the direction and distance indicated in the dances and the
corresponding variables in the flight. Wilcoxon test was applied to compare
differences between two groups of non-parametric data of independent samples. All

the data analyses were performed in R version 4.0.4.
6.4 Results

In the chapter 3, the results have descriptively revealed that bees started the first
orientation flights after having the experience of dance following and flew more with
more dance followings. In this chapter, | will quantitatively explore how dances
influence bees’ flight performances. Except for bees 257, 272 and 282, 14 bees
performed 69 orientation flights, of which, bees 216, 244, 262, 267 and 271 had 13,
16, 1, 15 and 5 foraging flights, respectively (Figure 41, Table S7).

6.4.1 Does dance following motivate bees to perform orientation
and foraging flights?

Figure 41 shows the sequences of orientation and foraging flights after dance
following. Twenty-three orientation flights and eight foraging flights were performed
without dance following (Figure S8). The number of dances followed before the flight,
the age of bee, the flight type and the frequency of ‘orientation’ and ‘foraging’ flights
were taken together to study whether bees performed flights with or without dance
following relating with age, flight type and sequence of flight. GLM analysis revealed
that age (p = 0.26, df = 1, x?>= 1.3) and flight sequence (p = 0.51, df = 1, x?=0.42)
did not correlated significantly with whether bees performed flight with or without
dance following. However, numbers of dance followings (coef. = -1.5, p = 0.011, df =
1, x? = 6.5) were significantly lower when bees performed orientation flights than
foraging flights. This result further indicated that potential impacts of dance following
on the orientation and foraging flight were different.

Of the 68 orientation flights evaluated, 10 flights were very short close to the
entrance, 5 of them were initiated without dance following, 4 of them were performed
more than 1 day after the last flight and before this flight, and 1 was done

immediately after dance following. The other 59 were long distance flights, 37 of
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which were performed after dance following. The numbers of dance followings, the
age and flight sequence were combined to search for the relation between dance
following and the distances of orientation flights. Although the interaction of flight
sequence and the number of dance following did not show significantly different
impacts on the bees’ tendency to fly over long distances or stay close to the hive
entrance (GLMM, p = 0.18, df = 1, x? = 1.8), this analysis gave a hint that as bees
performed more flights depended less on dance following and lead them further away
from the hive entrance (Figure S9). Next, | asked whether long-distance orientation
flights performed after dance following depended on bees’ age and flight sequence.
The age of bee was not significantly different between flights without and with dance
following (p = 0.62, df = 1, x?>= 0.24) (Figure S10A). GLMM results suggested that as
bees gained more experience in the orientation flight, they had significantly less
followed dances (p = 0.009, df = 1, x>= 6.8) (Figure S10B). The former flight direction
(p =0.62, df = 1, x?=0.24) and distances (p = 0.47 df = 1, x?=0.52) also had no
influence on whether bees followed dances before the flight. No significant
differences were found on the impact of age (p = 0.6, df = 1, x> = 0.3), flight sequence
(p = 0.8, df = 1, x>=0.16) and direction and distance of the former flight (p = 0.55, df
=1, x?= 0.35) on foraging flights with or without dance followings (Figure S11A, B).
One may expect that the variance and dispersion of the directions and distances
encoded in the dances rather than the number of dances may have a stronger impact
on the subsequent flights (Table S7, Figure S10). The frequencies of orientation
flights were higher after bees following dances with larger overall standard deviations
in the directions encoded in the dances (GLMM analysis, coef. = 0.02, p = 0.004, df =
1, X% = 8.4) while higher standard errors of directions reduced bees’ orientation flight
frequencies (GLMM analysis, coef. =-0.12, p < 0.01, df = 1, x?= 34.8). In the
foraging flights, the overall increased standard deviations of direction code (GLM
analysis, coef. = -0.05, p < 0.01, df = 1, x2= 10.4) and distance code (GLM analysis,
coef. =-0.02, p <0.01, df = 1, x> = 8.4) reduced bees to perform foraging flights.
These results are also seen in Figure S12. Bees 216, 244, 262, 267 and 271 were
the most active foragers after following dances with lowest standard errors of

directions.
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Figure 40. Number of dance followings after the former flight and before the flight
across days and the sequential flights. Figures with letter ‘A’ show the dance followings at

different time intervals (green ‘bee symbol’: 0 ~ 10 min; red ‘bee symbol’: 10 ~ 30 min; blue ‘bee
symbol’: 30 min ~ 24 h; yellow ‘bee symbol’: > 24 h), numbers of dance followings are around ‘bee
symbol’, the corresponding direction and distance codes in the dance, flight type (‘orientation flight in
the yellow triangle and ‘foraging flight’ in the green triangle) and flight sequence (number around the
triangle). ‘Ent’ on the left y-axis denotes bee fly around the entrance without preferred direction. ‘W',
‘SW’, ‘'S’, ‘SE’, ‘E’, ‘NE’, ‘N’ and ‘NW’ of the same axis show flight direction while the corresponding
direction on the right y-axis show the direction code. The respective dates and ages when bees
perform the flight are shown on the top and bottom of each sub-figure, respectively. Purple circle
shows that bees fly away without radar tracking. Figures with letter ‘B’ (orientation flight) and ‘C’
(foraging flight) show the sequential flight trajectories of different bees. ‘FN’, ‘Radar’ and ‘Hive’ are the
positions of the north feeder, radar and hive. The number with different colors shows the flight

sequence.

6.4.2 Do bees care about the instructive components of dances in

their orientation and foraging flights?

In addressing this question, | separated the time intervals of dance followings before
the flight in 4 categories: 0 ~ 10 min, 10 ~ 30 min, 30 min ~ 24 h and (> 1 day). The

respective numbers of orientation flights within these time intervals were: 14, 10, 25

and 21. The corresponding numbers of foraging flights were: 39, 5, 4 and 2.

The densest a of a flight indicating the most preferred flight direction was computed.
The densest a of orientation flights correlates positively with the average direction

(‘B’) encoded in the dances followed for the interval of 0 ~ 10 min (R?%agj = 0.49, p <
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0.01, Figure 41A). This is not the case for longer intervals (Figure 41C, E, G).
Although the average distances (‘Dist’) encoded in the dances were far longer than
the maximum flight distances (‘dist’), they were also positively correlated (R?adj =
0.26, p = 0.03, Figure 41B). No correlations were found between the variation and
dispersion of direction and distance indicated in the dances followed within different
time intervals and the corresponding A (densest a - B) and A (Dist — maximum dist)
(Figure S13a, b). Based on these results, further regression models were run
including age, flight sequence and former flight range and direction in order to test
whether bees’ preferred direction and maximum distance of flight were influenced.
However, these factors did not fit in the regression model analyses (all R%adj <= 0,
figures were not shown).

Similar analyses were performed for foraging flights (Figure 42, S18a, b). Since 76%
of foraging flights were performed after bees followed the dances within 0 ~ 10 min,
the analyses were focused on the dances followed within O ~ 10 min. The densest
flight direction of flight increased as the average directions indicated in the dances
increased (R%adj = 0.75, R = 0.98, p < 0.01, Figure 42A), and the maximum flight
distance was not correlated with the average distance indicated in the dances (RZ%adj =
0.049, p > 0.05 Figure 42B). Similar results were found for the direction (R?adj = 0.93,
R =0.96, p < 0.01, Figure 42C) and distance (R?adj = 0.058, p > 0.05, Figure 42D) of
the vector flight, that is the initial straight part of the outbound component of the
foraging flight. Although the average distances indicated in the dances were mostly
distributed close to FNuist, the difference between FNuist and Dist ranged between -
100 ~ 200 m, and Dist varied considerably (Figure 43A, C). The distribution of LVL in
flights showed highly different from FNaist (Figure 43B, D). These results may indicate
less accurate distance encoding in the dance may thus influence the bees’ accuracy
in reaching the indicated goal, the north feeder (FN). Therefore, | next addressed the
guestion whether more accurate encoding of distance Dist of the FN in the dances or
LVL in the vector flight would lead to more precise steering toward FN during bees’
search flights. | also asked whether these parameters influence the bees’ decision to
switch from search flight to homing flight. Regression analysis showed that the
accuracy of Dist did not influence bees’ maximum flight distance during the
searching and LHL of the homing flights (all R%qj <= 0, figures are not shown).
Instead, with increasing deviation of LVL in the vector flight from FNuaist, the maximum
flight distance in the search flight (Figure 44A) and the LHL of the homing flight
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decreased (Figure 44B). Furthermore, | analyzed whether less accurate direction or
distance codes separately influence LVL and v_a of vector flight toward FN.
However, no correlations were found between A (v_a — FN_a)) and A (LVL - FNuaist), A
(B — FN_a)) and A (LVL - FNaist), A (Dist — FNdist)) and A (v_a — FN_a)) (all adjusted
R? < = 0, data are not shown).

Next, | examined the impact of variation and dispersion in the codes for direction and
distance on the performance of foraging flight (Figure S14a, b, Figure 45). As the
overall standard deviation (sd) (adjusted R? = 0.43, Figure S14a) and error (se) (R?adj
=0.21, Figure S14b) of direction code increased, the densest a of foraging flight
deviated more from the direction code. The overall standard deviation (sd) and error
(se) of distances code did not influence bees’ reliance on the dance and foraging
flight performance (Figure 18C, D). Interestingly, as the ranges of sd and se of
directions were within + 12° and % 5°, respectively, the densest flight directions and
the directions indicated in the dances were almost similar (Figure S14b). Additional
analyses excluded impacts of age, flight sequence for both direction and maximum
distance of the foraging flight (all adjusted R? < = 0, data not shown). Similar results
were found for the correlation between the related measures of vector flight and the
dance codes (Figure 45A, B, E, F). Although the direction code for FN varied
considerably, the direction of vector flight toward FN was highly precise (Figure 45C,
D). Although the distance of vector flight did not correlate with FNaist, the range of
difference between LVL and the average distance code (Figure 45E, F) remained
more variable than that between LVL and FNaist (Figure 45G, H).
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distance of the whole foraging flight, the direction and the distance from the end of vector flight to the

hive, the average direction and distance conveyed in the dances, respectively.

Percentage

Accumulated percentage

020 A 020 B
0.15 0.15
0.10 0.10
0.05 0.05
0.00 0.00 1

300 400 500 600 700 800 300 400 500 600 700 800

Dist_average LVL
D

1oo] © 1.00
0.75 0.75
0.50 0.50
0.25 0.25
0.00 0.00

-100 0 100 200 300 400 500 60C  -100 0 100 200 300 400 500 600

A (Dist - FNdist)

A (LVL - FNdist)

Figure 43. Distribution of distance of FN indicated in the dances and in the vector flight. The

vertical red line indicated the FNaist = 550 m.
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of the vector flight from the hive to FN, respectively.
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Figure 45. Impact of the variation of directio

n and distance indicated in the dances on the

bees’ preference to follow the dance information and the accuracy of vector flight toward FN.

‘abs(A (v_a - B)) and ‘abs(A (LVL - Dist)), ‘abs

(A (v_a—FN_a)) and ‘abs(A (LVL - FNuaist))represent

the absolute values of differences between the direction and distance of the vector flight and the

respective average direction and distance indicated in the dances, between the direction and distance

of the vector flight and the respective direction and distance of FN. ‘B_sd’ and ‘B_se’, ‘Dist_sd’ and
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‘Dist_se’ denote the standard deviations and errors of the direction and distance indicated in the

dances, respectively.

6.4.3 Individuality of flight performance in orientation and foraging
flights

Here | will address the question of whether bees used the dance information
differently on an individual level. This question was motivated by the finding that bees
showed individual differences in performing their flights (Figure 41, 42). For example,
bees 216, 244, 262, 267 and 271 showed individual patterns of foraging flight
trajectories (Figure 41, 216C, 244C, 262C, 267C, 271C). The above analyses had
revealed that the distance code in the dances did not significantly correlate with the
average distances of foraging flights. This discrepancy might result from individual
differences in receiving the distance information from particular attended dancing
bees (Figure 46, 47).
Indeed, the distribution of dance encoded distance to FN (‘Dist’) experienced the
bees 216, 244, 262, 267 and 271 differed considerably (Figure 46A). For example,
the Dist for bee 216 as extracted from the different waggle runs during one dance
were rather close to FNuist, the accurate distance. For bee 244, these values were
mostly around 430 m and some close to FNdist and a few between 600 ~ 700 m. For
bee 262, the corresponding parameter were around 570 m, for bee 267 mostly
around 350 ~ 470 m and a few between 400 ~ 730 m, and for bee 271 mostly
between 475 ~ 530 m. However, the distributions of LVL for individual bees in the
vector flight (Figure 46B), the maximum dist in the search flights (Figure 47B) and
LHL in the homing flights (Figure 47A) did not fully match. For example, LVL of bee
216 was mostly close to 430 m and none beyond FNuist, of bee 244 LVL was mostly
within 510 ~ 590 m and a few within 320 ~ 400 m and > 730 m, of bee 262 LVL was
around 425 m, of bee 267 LVL was mostly between 510 ~ 620 m and a few between
320 ~ 480 m and > 725 m, and of bee 271 LVL was mostly around 570 m and a few
around 370 m and 600 ~ 680 m. The differences between the distance of FN
encoded in the dances and FNuist, and between LVL and distance FNaist for these
five bees also showed that bees 271 and 267 were better in extracting the distance
code in the dances, followed by bees 244 and 216 (Figure 46C). Similar results were
observed in the search and homing flights among these bees (Figure 47). The
maximum foraging flight distance of bee 271 was beyond 600 m, of bee 267 mostly
beyond 600 m and a few between 470 ~ 600 and 680 ~ 770 m, of bee 216 mostly
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around 500 m and a few between 320 ~ 400 m and one around 570 m, of bee 244
mostly around 520 m and a few within 400 m and between 570 ~ 760 m. LHLs of
homing flights of bees 267 and 271 were both within 450 m, of bee 244 mostly
between 450 ~ 570 m and a few within 400 m and beyond 600 m, of bee 216 within
510 m. Although bee 262 performed only one foraging flight and LVL was shorter
than the distance code in the dances that was very close to FNuist, she tended to
search beyond FN (Figure 47B) and then switched to homing flight close to FN
(Figure 47A).

Following the above results, the patterns of loops in the foraging flights were
compared. Bee 271 had no loop in the search flights while bee 216 had the most
loop (the 101, 11, 24™ 26" and 27™ flights had 2, 3, 2, 3 and 4 loops, respectively)
and followed by bees 244 (the 11, 12t 13" and 18™ flights had 1, 2, 2 and 1 loops,
respectively) and 267 (the 3'9, 12" and 16™ flights had correspondingly 1, 3 and 3
loops). Bee 262 had 1 loop. These results were corresponding the difference of
calibrating information of distances of FN indicated in the dances. Whether if the
variation and dispersion of vector information indicated in the dances impact bees’
loops were analyzed. However, no stronger evidence supported this hypothesis
(Figure 49).

All trajectories of foraging flights toward FN were between the hive and FN, except for
the 11% flight of bee 271 whose flight first directed toward S and then back toward FN.
This flight was performed without dance following indicating that bee remembered the
experience from earlier foraging flights and/or dance following effects. Compared to
the other bees with less orientation flights toward S, bee 271 had 6 out of 7 orientation
flights toward S (Figure 41, 271B). The former foraging flight (10™") was directed toward
FN about 1 hour before this flight was also performed without dance followings (Figure
41, 271A, C). Bee 271 also had 3 foraging flight toward FN with many dance followings
indicating FN before this flight. Interestingly, bee 216 initiated the first foraging flight
(9™ toward FN without dance following, although the direction of the vector flight
deviated the accurate direction to FN by 21.4°(FN_a (A (v_a — FN_a) = 21.4°) and from
the accurate distance by 27.4 m (A (LVL - FNuist) = 27.4 m)). The 13" foraging flight was
also performed without dance following. This flight was initially directed to FN (A (v_a
— FN_a) = 12.8°, A (LVL - FNuist) = 416.7 m) and then switched to W-SW. Bee 216
performed four foraging flights on the same day toward FN and toward NW before this
flight. Similarly, bee 244 performed the 18™ flight with a deviation of direction of 8.1° (A
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(v_a — FN_a) = 8.1°) and a deviation of distance of 193.8 m (A (LVL - FNaist) = 193.8 m)).
The respective parameters for the following flights were 20™ flight, -0.6° and 38 m and
21stflight, -6.2°, -35 m. These flights were performed without additional dance following
within 10 min. She also performed 9 foraging fight before these flight on the same day
toward FN after multiple dance followings. Similar conditions were observed in bee
267. She performed the 11" flight with A = 13.2°, -235 m, 20" flight with A =-0.7°,-0.3m
and 21t flight with A = -0.4°, -70 m without dance followings. She also had performed
several foraging flights directed to FN before these flights. Bee 244 performed the 22"
flight without dance following went toward S around 30 min before the 23 flight that
also directed toward S. Another interesting case is bee 216. She performed the 22"
flight toward NE after following 7 dances indicating food sources at SE and 1 dance
indicating food sources in the SW sector. Before this flight, she flew multiple times
toward FN. A further case was bee 267 that flew directly toward FN on the 8" foraging
flight with A = 2.4°, -3 m after having followed one dance indicating pollen sources in
the SE. She had 2 orientation flights at the SW on the same day and 3 orientation
flights and then 3 foraging flights toward N around 1 ~ 2 days before.

Bess 257, 272 and 282 had some few dance followings over their lifetime (Figure 49,
Table S7) but none of these bees performed flight. Comparing the similar aged bees
(i.e., bee 251) or bees that were 1 ~ 2 days older (i.e., bees 201 ~ 215, 218, 243,
246) with bee 257, one would expect her to leave the hive and start orientation
flights. Indeed, she first appeared at the hive entrance on her 7" day of age, 4 times
on the following four days, 6 times on the 11™ day and final appearance on the 12
day. These 12 appearances at the entrance occurred without dance followings during
the 4 hours before, except for the 5" appearance on the 11" day after she had
followed 4 dances indicating FN. However, she did not start to fly up and was brought
back to the hive entrance. Unsuccessful flight starts falling down on the ground were
observed 8 times. Similar case was observed with bee 272 that first appeared at the
hive entrance 5 hours after her last dance following on her 8" day of age. She then
appeared again 3 times on the 11™" day without having followed a dance.

Bee 282 first appeared at the entrance on her 6" day of age and 10 times more on

the following days. All these appearance at the hive entranced occurred without
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dance following within 1 day. She did not start flying, although she appeared to be

highly motivated.
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Figure 46. Individual differences in utilizing the vector information of distances about
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6.5 Summary and Discussion
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Waggle dance is known to convey the vector information between the hive and food
sources. The effect of dance communication was examined on the level of number of
dance followings, and the variation and dispersion of distance and direction codes.
Overall, bees performed more orientation and foraging flight after having followed
more dances. The effect is stronger on foraging flight than on orientation flight.

The numbers and direction of the waggle runs convey the vector information of
distance and direction of food sources, respectively. Dances play an important role in
motivating bees to perform both orientation and foraging flights. This was reflected by
the numbers of dances bees followed, variations and dispersions of the distances
and directions indicated in the dances. However, the motivational impacts of dance
followings on the orientation and foraging flights differed. Overall, bees had more
orientation and foraging flights with more dance followings, however, bees relied
more on the dances in the foraging flights than in the orientation flights. The
orientation flight rate was mainly influenced by the directions encoded in the dances,
while the frequency of foraging flight relied on both the direction and distance codes.
Higher variation of the directions indicated in the dances motivated bees to to
perform more orientation flights while higher variation of both the direction and
distance codes reduced rates of foraging flight. These opposing results could be
explained by the bees’ different motivations to perform orientation and foraging
flights. Orientation flights help bees to acquire and establish knowledge about the
sun compass and landscape features around the hive. Although bees need to be
quite familiar with the sun compass system and calibrated the odometer calibrated
before they can precisely decode the dance message, it is quite likely that they are
able to apply innate estimates of vector decoding allowing them not only to safely
guide their homing but also read basic features of potential food source availability
(Menzel 2019). Thus, the variability of the direction code may indicate to the recruits
a wide distribution of food sources and motivate them to perform more and further
ranges of orientation flights. Foraging flights are directed to an indicated location. In
my study, most of the foraging flights were directed to FN and a few were toward
natural pollen food sources. All the foraging flight directing to FN was not successful
since none of the bees landed at FN. Bees returning from an unsuccessful foraging
flight may seek for further and possibly more reliable information. For another aspect,
the influence of colony size on the benefits of dance communication was also

discussed (Dornhaus et al. 2006, Schirch & Griter 2014). In my experiment, the
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colony size was tiny, the numbers of foragers were limited to a small group and the
artificial feeder in the north FN was the main food source around natural
environment. Bees thus may rely more strongly on the accurate dance information
encoding the most favorite food source FN and spend less efforts in explore new but
less favorite natural food sources. Although dances motivated bees to perform both
orientation and foraging flights, bees dependent less on the dances as they had
performed more orientation and foraging flights.

Additionally, the correlations between the accuracies of direction indicated in the
dances and bees’ motivation in extending flight distances in the vector, searching
and homing flights were studied. However, no correlations were found. There was
also no correlation between the accuracies of direction in the vector flights and bees’
motivation to extending the flight distances in the search and homing flights. These
results indicated that direction and distance were two independent vector systems.
Except for a motivational role, dances served as a vector component in instructing
bees to fly in certain directions and distances. The analysis revealed that the average
directions and distances indicated in the dances that bees followed within 10 min
before the current flight and after the former flight was more important for guiding
bees to fly in the certain directions and distances during the long-distance orientation
flights, although the differences between the maximum distances of orientation flight
and that indicated in the dances remained large. However, the variations of vector
information conveyed in the dances that bees followed during this time interval did
not influence bees’ tendencies to make use of the vector information in the dances
for their flights, compared to the influences of the corresponding parameters in all the
dances bees followed before the flight on bees’ motivation to fly.

Compared to orientation flight, foraging flights concerned with a trade-off between
waiting cost of following dances, locating target food sources (Dechaume-
Moncharmont et al. 2005)) and yielding food sources. For one aspect, dances
communicated the vector information of profitable food sources within a certain
degree of errors. (Okada et al. 2014) suggested that precise information (0 ~ 5°
errors) yielded great success in finding target foods, but decreased possibilities to
find new food source, while errors ranging at 10 ~ 15° maintained a successful
foraging trade-off. Some former studies also supported the benefits of spatial
information in the dances depended on the spatiotemporal distribution of food

sources that when food sources were at low densities (Beekman & Lew 2008,
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Dechaume-Moncharmont et al. 2005, Schirch & Griter 2014) or when food sources
were stable (Schirch & Gruter 2014). In my studies, as the ranges of standard
deviation and error of the direction were within + 12° and * 5°, respectively, there
were not strong deviation between the preferred flight direction and the direction
indicated in the dances. However, when the variation and error beyond these range,
bees did not follow. This result indicated that honeybees could evaluate the values of
dance information and determine whether to use their own experience to forage.

My current results revealed that bees could average the vector information from the
dances to guide their flights. However, | also addressed the question whether bees
depended on the dances which were the most recently followed rather than average
the vector information of multiple dances were further investigated. However, this
hypothesis can not be confirmed due to the limited cases that only two orientation
flights were performed after bees followed several dances indicating multiple
directions, although these two flights showed that bees tended to fly toward the
directions indicated in the dances with lower variation that they followed more (Figure
41, 216A). To further confirm this hypothesis, more data are required in future work.
The flows of social information flow within a community were not evenly distributed
among individuals. Bees’ thresholds of transmitting and accessing to social
information varied considerably (Grueter et al. 2016, Heyes 2012, Lotem & Halpern
2012). This raises questions on whether and how less informed and better informed
bees via waggle dances behave differently in the outdoor performance. However, the
mismatch of the five focal bees between the accuracies of vector information
encoded in the dances and the regression distances of vector and homing flights and
the maximum distance of search flight (Figure 46, 47) indicates that each bee’s ability
to decode and calibrate dance information is individually different. However, more
data are required to enrich this observation.

The descriptive comparison between the direction/distance of former dance followings
and flights, and the corresponding direction and distance of current flights indicates
the influence of former experience of dance following and orientation/foraging flights
on the future flight performance, however, this impact is still individually different.
Except for physical reasons, what to explain the cases that bees 257, 272 and 282
did not perform any successful flight was that they may either followed the dances

over 3 hours before the appearance at the hive entrance or they did not followed
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dances. These results also further supported that bees rely on the vector information
of the dances followed within 10 min before the flight.

Together, this study overcome the shortcomings of former studies and provide the
first study to investigate how bees evaluate and utilize the dance information

effectively to the orientation and foraging flights.
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7 Supplementary material

S1. Appendix. Model diagnhostics

Diagnostic tools provided by the DHARMa package in R (Hartig, 2018) were used to evaluate the model fits.
DHARMa simulates quantile residuals from a fitted (G)LMM that are standardized to values between 0 and 1. For
a correctly specified model, these residuals should have a uniform distribution regardless of the underlying model
structure. The package includes statistical tests on the residuals to check for zero inflation, dispersion, outliers

and uniformity. Details are available from https://cran.r-project.org/web/packages/DHARMa/index.html.

Table S1 Diagnostics for models on the influence of non-social factors on bees’ behavior of leaving the colony to

hive exit
Model ZerolInflation Dispersion Outliers Uniformity
Out ~ (1|BeelD) 0.85 0.85 0.16 0.76
Out ~ (Age|BeelD) 0.26 0.27 0.02 0.28
Out ~ (Time|BeelD) <0.01 <0.01 0.64 <0.01
Out ~ Age + Temp + Wind + Weather + Brood + Honey cell + Empty cell + Worker +
Time + (Age|BeelD) 0.06 0.07 <0.01 0.26
Out ~ Age + Temp + Wind + Weather + Brood + Honey cell + Empty cell + Worker +
Time + (1|BeelD) 0.26 0.40 <0.01 0.51
Out ~ Age + Temp + Wind + Empty cell + Worker + Time + (Age | BeelD) 0.20 0.26 0.06 0.68
Out ~ Age + Temp*Worker + Wind + Empty cell + Time + (Age | BeelD) 0.17 0.23 0.04 0.68
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p-value calculated for each model was shown in the tables. p-value < 0.01 for ‘Zerolnflation’ and ‘Dispersion’ tests showed strong evidence of zero-inflation
and over-dispersion in the residuals, respectively p-value < 0.01 for ‘Outlier showed strong evidence for data that outside of the range of simulated values; p-

value < 0.01 for ‘Uniformity’ showed a lack of fit with the overall distribution failed to conform to expectation.

Table S2 Diagnostics for models on the influence of non-social factors on bees’ switch behavior between ‘LR’
and ‘OW’

Model Zerolnflation Dispersion Outliers Uniformity
Out_rriow ~ (1 | BeelD) 0.73 0.74 1 0.76
Out_rriow ~ (Age | BeelD) 0.82 0.84 1 0.73
Out_rriow ~ (1 | BeelD/Age) 0.62 0.62 1 0.83
Out_rriow ~ (NoOut | BeelD) 0.58 0.59 1 0.47
Out_rrow ~ (1 | BeelD/NoOut) 0.70 0.71 1 0.73
Out_Lriow~Temp + Wind + Weather + Brood + Honey cell + Empty cell + Worker +

Age + NoOut + Time + (1 | BeelD) 0.65 0.62 1 0.92
Out_rriow~Temp + Wind + Weather + Brood + Honey cell + Empty cell + Worker +

Age + NoOut + (1 | BeelD) 0.66 0.61 1 0.83
Out_ Lriow~Temp + Empty cell + Worker + Age + NoOut + (1 | BeelD) 0.53 0.08 1 0.53
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Table S3 Diagnostics for models on the influence of non-social factors on bees’ switch behavior between ‘OW’
and ‘FL’

Model Zerolnflation Dispersion Outliers Uniformity
Out_ow-rL ~ (1 | BeelD) 0.22 0.22 1 <0.01
Out_ow-rL ~ (Age | BeelD) 0.92 0.92 1 0.82
Out_ow-rL~ (1 | BeelD/Age) 0.22 0.22 1 0.03
Out_ow-rL ~ (NoOut | BeelD) 0.90 0.90 1 0.74
Out_ow ~ (1 | BeelD/NoOut) 0.23 0.23 1 0.07

Out_ ow-r.~Temp + Wind + Weather + Brood + Honey cell + Empty cell + Worker + Age +

NoOut + Time + (1 | BeelD) 0.41 0.31 1 0.11

Out_ ow-r.~Wind + Worker + Age + (1 | BeelD) 0.45 0.35 1 0.23
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Table S4 Diagnostics for models on the influence of non-social factors on bees’ switch behavior between

orientation flight and foraging flight

Model Zerolnflation Dispersion Outliers Uniformity
Flight ~ (1 | BeelD) 0.16 0.16 1 <0.01
Flight ~ (Age | BeelD) 0.18 0.15 1 <0.01
Flight ~ (NoF | BeelD) 0.14 0.14 1 <0.01
Flight ~ (1| BeelD/Age) 0.21 0.20 1 <0.01
Flight ~ (1| BeelD/NoF) 0.18 0.18 1 <0.01
Flight ~ NoF + Temp + Wind + Weather + Brood + Honey cell + Empty cell +

Worker + Time + (1 | BeelD/Age) 0.57 0.98 1 0.82
Flight ~ NoF + Temp + Honey cell + Worker + (1 | BeelD/Age) 0.66 0.66 1 0.92
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Table S5a. Kruskal-Wallis test on the count and duration of indoor behaviors among 17

focal bees
Waggle run follow sna Qinterest
Chi-sq statistic p-value Chi-sq statistic  p-value Chi-sq statistic  p-value
Count 47.28 <0.01 66.01 <0.01 49.98 <0.01
Duration \ \ 30.6 <0.05 29.86 <0.05
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Waggle run follow_count

BeelD
201
203
214
215
216
218
243
244
246
251
257
262
267
271
272
276
282

201
1.00
0.77
0.01
0.66
0.01
0.20
0.66
0.00
0.29
0.34
0.27
0.75
0.00
0.01
0.03
0.17
0.02

203
0.77
1.00
0.10
0.90
0.01
0.19
0.94
0.02
0.56
0.62
0.53
0.61
0.04
0.16
0.13
0.39
0.10

214
0.01
0.10
1.00
0.13
0.00
0.00
0.05
0.00
0.19
0.17
0.23
0.04
0.00
0.00
0.92
0.38
0.88

215
0.66
0.90
0.13
1.00
0.01
0.14
0.94
0.05
0.67
0.72
0.63
0.53
0.25
0.12
0.17
0.47
0.13

216
0.01
0.01
0.00
0.01
1.00
0.04
0.00
0.42
0.00
0.00
0.00
0.11
0.12
0.25
0.00
0.00
0.00

218
0.20
0.19
0.00
0.14
0.04
1.00
0.09
0.00
0.02
0.03
0.02
0.56
0.02
0.84
0.00
0.01
0.00

243
0.66
0.94
0.05
0.94
0.00
0.09
1.00
0.00
0.05
0.61
0.51
0.02
0.00
0.08
0.09
0.35
0.07

244
0.00
0.02
0.00
0.05
0.42
0.00
0.00
1.00
0.00
0.01
0.00
0.31
0.43
0.71
0.00
0.00
0.00

246
0.29
0.56
0.19
0.67
0.00
0.02
0.05
0.00
1.00
0.93
0.95
0.28
0.07
0.02
0.27
0.73
0.20

251
0.34
0.62
0.17
0.72
0.00
0.03
0.61
0.01
0.93
1.00
0.88
0.31
0.08
0.03
0.24
0.67
0.18

257
0.27
0.53
0.23
0.63
0.00
0.02
0.51
0.00
0.95
0.88
1.00
0.26
0.06
0.02
0.31
0.78
0.23

262
0.75
0.61
0.04
0.53
0.11
0.56
0.02
0.31
0.28
0.31
0.26
1.00
0.71
0.48
0.06
0.19
0.04

267
0.00
0.04
0.00
0.25
0.12
0.02
0.00
0.43
0.07
0.08
0.06
0.71
1.00
0.68
0.01
0.04
0.00

271
0.01
0.16
0.00
0.12
0.25
0.84
0.08
0.71
0.02
0.03
0.02
0.48
0.68
1.00
0.00
0.01
0.00

272
0.03
0.13
0.92
0.17
0.00
0.00
0.09
0.00
0.27
0.24
0.31
0.06
0.01
0.00
1.00
0.47
0.81

276
0.17
0.39
0.38
0.47
0.00
0.01
0.35
0.00
0.73
0.67
0.78
0.19
0.04
0.01
0.47
1.00
0.35

282
0.02
0.10
0.88
0.13
0.00
0.00
0.07
0.00
0.20
0.18
0.23
0.04
0.00
0.00
0.81
0.35
1.00

Color in dark red and light red indicated the p-value < 0.01 and p-value < 0.05 respectively.
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sna_count
BeelD
201
203
214
215
216
218
243
244
246
251
257
262
267
271
272
276
282

201
1.00
0.77
0.01
0.66
0.01
0.20
0.66
0.03
0.29
0.34
0.27
0.75
0.37
0.17
0.03
0.17
0.02

203
0.77
1.00
0.04
0.90
0.01
0.19
0.94
0.05
0.56
0.62
0.53
0.61
0.31
0.16
0.13
0.39
0.10

214
0.01
0.04
1.00
0.13
0.00
0.00
0.02
0.00
0.19
0.17
0.23
0.04
0.00
0.00
0.92
0.38
0.88

215
0.66
0.90
0.13
1.00
0.01
0.14
0.94
0.05
0.67
0.72
0.63
0.53
0.25
0.12
0.17
0.47
0.13

216
0.01
0.01
0.00
0.01
1.00
0.01
0.00
0.42
0.00
0.00
0.00
0.04
0.04
0.25
0.00
0.00
0.00

218
0.20
0.19
0.00
0.14
0.01
1.00
0.09
0.54
0.02
0.03
0.02
0.56
0.80
0.84
0.00
0.01
0.00

243
0.66
0.94
0.02
0.94
0.00
0.09
1.00
0.03
0.55
0.61
0.51
0.53
0.20
0.08
0.09
0.35
0.07

244
0.03
0.05
0.00
0.05
0.42
0.54
0.03
1.00
0.00
0.01
0.00
0.31
0.43
0.71
0.00
0.00
0.00

246
0.29
0.56
0.19
0.67
0.00
0.02
0.55
0.00
1.00
0.93
0.95
0.28
0.07
0.02
0.27
0.73
0.20

251
0.34
0.62
0.17
0.72
0.00
0.03
0.61
0.01
0.93
1.00
0.88
0.31
0.02
0.03
0.24
0.67
0.18

257
0.27
0.53
0.23
0.63
0.00
0.02
0.51
0.00
0.95
0.88
1.00
0.26
0.06
0.02
0.31
0.78
0.23

262
0.75
0.61
0.04
0.53
0.04
0.56
0.53
0.31
0.28
0.31
0.26
1.00
0.71
0.48
0.06
0.19
0.04

267
0.37
0.31
0.00
0.25
0.04
0.80
0.20
0.43
0.07
0.02
0.06
0.71
1.00
0.68
0.01
0.04
0.00

271
0.17
0.16
0.00
0.12
0.25
0.84
0.08
0.71
0.02
0.03
0.02
0.48
0.68
1.00
0.00
0.01
0.00

272
0.03
0.13
0.92
0.17
0.00
0.00
0.09
0.00
0.27
0.24
0.31
0.06
0.01
0.00
1.00
0.47
0.81

276
0.17
0.39
0.38
0.47
0.00
0.01
0.35
0.00
0.73
0.67
0.78
0.19
0.04
0.01
0.47
1.00
0.35

282
0.02
0.10
0.88
0.13
0.00
0.00
0.07
0.00
0.20
0.18
0.23
0.04
0.00
0.00
0.81
0.35
1.00
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BeelD
201
203
214
215
216
218
243
244
246
251
257
262
267
271
272
276
282

Qinterest_count

201
1.00
0.04
0.00
0.26
0.01
0.05
0.02
0.39
0.25
0.54
0.30
0.48
0.75
0.39
0.01
0.08
0.27

203
0.04
1.00
0.78
0.02
0.00
0.65
0.90
0.40
0.36
0.03
0.38
0.05
0.07
0.33
0.88
0.74
0.02

214
0.00
0.78
1.00
0.00
0.00
0.31
0.86
0.18
0.10
0.00
0.14
0.01
0.01
0.11
0.88
0.44
0.00

215
0.26
0.02
0.00
1.00
0.87
0.02
0.01
0.10
0.06
0.53
0.07
0.73
0.45
0.09
0.01
0.02
0.92

216
0.01
0.00
0.00
0.87
1.00
0.00
0.00
0.02
0.00
0.30
0.01
0.57
0.26
0.02
0.00
0.00
0.76

218
0.05
0.65
0.31
0.02
0.00
1.00
0.48
0.57
0.52
0.02
0.55
0.05
0.08
0.47
0.45
0.90
0.01

243
0.02
0.90
0.86
0.01
0.00
0.48
1.00
0.27
0.20
0.01
0.24
0.02
0.03
0.20
0.98
0.60
0.00

244
0.39
0.40
0.18
0.10
0.02
0.57
0.27
1.00
0.96
0.19
0.97
0.20
0.32
0.94
0.25
0.53
0.10

246
0.25
0.36
0.10
0.06
0.00
0.52
0.20
0.96
1.00
0.10
1.00
0.14
0.22
0.88
0.18
0.48
0.05

251
0.54
0.03
0.00
0.53
0.30
0.02
0.01
0.19
0.10
1.00
0.13
0.82
0.84
0.19
0.01
0.03
0.58

257
0.30
0.38
0.14
0.07
0.01
0.55
0.24
0.97
1.00
0.13
1.00
0.16
0.26
0.89
0.22
0.52
0.07

262
0.48
0.05
0.01
0.73
0.57
0.05
0.02
0.20
0.14
0.82
0.16
1.00
0.71
0.20
0.02
0.06
0.79

267
0.75
0.07
0.01
0.45
0.26
0.08
0.03
0.32
0.22
0.84
0.26
0.71
1.00
0.32
0.02
0.09
0.49

271
0.39
0.33
0.11
0.09
0.02
0.47
0.20
0.94
0.88
0.19
0.89
0.20
0.32
1.00
0.18
0.45
0.09

272
0.01
0.88
0.88
0.01
0.00
0.45
0.98
0.25
0.18
0.01
0.22
0.02
0.02
0.18
1.00
0.57
0.00

276
0.08
0.74
0.44
0.02
0.00
0.90
0.60
0.53
0.48
0.03
0.52
0.06
0.09
0.45
0.57
1.00
0.02

282
0.27
0.02
0.00
0.92
0.76
0.01
0.00
0.10
0.05
0.58
0.07
0.79
0.49
0.09
0.00
0.02
1.00
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BeelD
201
203
214
215
216
218
243
244
246
251
257
262
267
271
272
276
282

sna_duration

201
1.00
0.27
0.48
0.92
0.04
0.15
0.89
0.36
0.24
0.94
0.41
0.61
0.05
0.11
0.29
0.66
0.50

203
0.27
1.00
0.60
0.54
0.01
0.05
0.35
0.10
0.70
0.38
1.00
0.20
0.03
0.03
0.92
0.54
0.71

214
0.48
0.60
1.00
0.53
0.00
0.03
0.47
0.14
0.70
0.41
0.76
0.31
0.01
0.03
0.71
0.81
0.97

215
0.92
0.54
0.53
1.00
0.06
0.41
0.88
0.39
0.39
0.80
0.90
0.53
0.13
0.29
0.39
0.73
0.58

216
0.04
0.01
0.00
0.06
1.00
0.31
0.03
0.48
0.01
0.01
0.01
0.25
0.88
0.64
0.00
0.02
0.01

218
0.15
0.05
0.03
0.41
0.31
1.00
0.18
0.83
0.03
0.14
0.10
0.80
0.53
0.61
0.03
0.12
0.08

243
0.89
0.35
0.47
0.88
0.03
0.18
1.00
0.34
0.36
0.98
0.59
0.57
0.08
0.13
0.36
0.75
0.58

244
0.36
0.10
0.14
0.39
0.48
0.83
0.34
1.00
0.13
0.27
0.10
0.85
0.60
0.69
0.05
0.18
0.13

246
0.24
0.70
0.70
0.39
0.01
0.03
0.36
0.13
1.00
0.32
0.85
0.18
0.01
0.02
0.89
0.64
0.86

251
0.94
0.38
0.41
0.80
0.01
0.14
0.98
0.27
0.32
1.00
0.93
0.38
0.04
0.12
0.41
0.82
0.64

257
0.41
1.00
0.76
0.90
0.01
0.10
0.59
0.10
0.85
0.93
1.00
0.28
0.04
0.03
0.76
0.77
0.98

262
0.61
0.20
0.31
0.53
0.25
0.80
0.57
0.85
0.18
0.38
0.28
1.00
0.51
0.58
0.17
0.36
0.28

267
0.05
0.03
0.01
0.13
0.88
0.53
0.08
0.60
0.01
0.04
0.04
0.51
1.00
0.86
0.01
0.04
0.03

271
0.11
0.03
0.03
0.29
0.64
0.61
0.13
0.69
0.02
0.12
0.03
0.58
0.86
1.00
0.02
0.07
0.05

272
0.29
0.92
0.71
0.39
0.00
0.03
0.36
0.05
0.89
0.41
0.76
0.17
0.01
0.02
1.00
0.56
0.77

276
0.66
0.54
0.81
0.73
0.02
0.12
0.75
0.18
0.64
0.82
0.77
0.36
0.04
0.07
0.56
1.00
0.80

282
0.50
0.71
0.97
0.58
0.01
0.08
0.58
0.13
0.86
0.64
0.98
0.28
0.03
0.05
0.77
0.80
1.00
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Qinterest_duration
BeelD 201
201 1.00
203 0.58
214 0.34
215 0.02
216 0.58
218 0.48
243 0.36
244 0.38
246 0.15
251 0.05
257 0.89
262 0.29
267 0.80
271 0.66
272 0.35
276 0.63
282 0.61

203
0.58
1.00
0.99
0.02
0.46
0.82
0.90
0.84
0.78
0.04
0.48
0.17
0.73
0.44
0.92
0.82
0.55

214
0.34
0.99
1.00
0.00
0.05
0.32
1.00
0.40
0.81
0.00
0.23
0.06
0.51
0.04
0.90
0.57
0.31

215
0.02
0.02
0.00
1.00
0.14
0.00
0.00
0.02
0.01
0.46
0.04
0.33
0.03
0.11
0.00
0.01
0.73

216
0.58
0.46
0.05
0.14
1.00
0.28
0.13
0.13
0.04
0.23
0.63
0.59
0.44
0.89
0.13
0.29
0.76

218
0.48
0.82
0.32
0.00
0.28
1.00
0.48
0.34
0.17
0.02
0.59
0.18
0.92
0.19
0.60
0.94
0.39

243
0.36
0.90
1.00
0.00
0.13
0.48
1.00
0.74
0.82
0.01
0.28
0.08
0.54
0.11
0.90
0.61
0.36

244
0.38
0.84
0.40
0.02
0.13
0.34
0.74
1.00
0.78
0.01
0.20
0.06
0.37
0.19
0.62
0.42
0.42

246
0.15
0.78
0.81
0.01
0.04
0.17
0.82
0.78
1.00
0.00
0.15
0.04
0.37
0.03
0.67
0.40
0.17

251
0.05
0.04
0.00
0.46
0.23
0.02
0.01
0.01
0.00
1.00
0.10
0.69
0.07
0.23
0.01
0.03
0.69

257
0.89
0.48
0.23
0.04
0.63
0.59
0.28
0.20
0.15
0.10
1.00
0.37
0.73
0.85
0.33
0.57
0.70

262
0.29
0.17
0.06
0.33
0.59
0.18
0.08
0.06
0.04
0.69
0.37
1.00
0.27
0.81
0.10
0.18
1.00

267
0.80
0.73
0.51
0.03
0.44
0.92
0.54
0.37
0.37
0.07
0.73
0.27
1.00
0.35
0.61
0.87
0.71

271
0.66
0.44
0.04
0.11
0.89
0.19
0.11
0.19
0.03
0.23
0.85
0.81
0.35
1.00
0.13
0.27
0.94

272
0.35
0.92
0.90
0.00
0.13
0.60
0.90
0.62
0.67
0.01
0.33
0.10
0.61
0.13
1.00
0.69
0.37

276
0.63
0.82
0.57
0.01
0.29
0.94
0.61
0.42
0.40
0.03
0.57
0.18
0.87
0.27
0.69
1.00
0.70

282
0.61
0.55
0.31
0.73
0.76
0.39
0.36
0.42
0.17
0.69
0.70
1.00
0.71
0.94
0.37
0.70
1.00
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Table S6. Metrics for principal component analysis on outdoor behavioral states among 17 focal bees
BeelD Out LR OW FR F O FL
200 047 000 0.00 0.00 0.00 o047 047
203 014 000 0.00 0.00 0.00 0.24 o0.14
214 033 0.07 0.07 0.00 0.00 0.20 0.20
215 029 014 000 0.00 0.00 0.24 0.14
216 279 043 014 029 086 1.07 1.93
218 020 0.00 0.00 0.00 0.00 0.20 0.20
243 062 008 0.15 0.00 0.00 0.38 0.38
244 292 046 000 0.08 115 0.92 208
246 023 0.15 0.00 0.00 0.00 0.08 0.08
251 0.08 000 0.00 0.00 O0.00 0.08 0.08
257 100 000 100 O0.00 0.00 0.00 o0.00
262 140 000 0.00 0.00 0.20 120 1.40
267 236 027 009 009 136 055 191
271 136 0.18 000 0.00 0.64 055 1.8
272 036 000 036 0.00 0.00 0.00 o0.00
276 045 0.09 000 0.00 0.00 0.36 0.36
282 122 000 111 0.00 0.00 0.00 o0.00

The metrics include the mean count for each outdoor state. Each mean is calculated by the total counts of behavioral events divided by the lifespan of

each bee. ‘Out’, bees left the comb to the hive exit, a state preparing for outdoor behaviors; ‘LR’, bees appeared at the inside of hive exit, but immediately

returned into the inside colony; ‘OW’, bees rushed out to the outside of the hive exit , but did not fly up after caught, attached with radar transponders and
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released; ‘FR’, bees flew up from the hive exit with radar transponders, but returned immediately to hive exit; ‘FL’, successful flight after catch-release

paradigm procedure; ‘FL’ was differentiated into ‘O’ and ‘F’, representing orientation flight and foraging flight.

Table S7. Numbers of flights, dances and standard deviations and errors of dances

Bee Date Out Flight | Or | For | D Lifespan | Out_m | Flight m | Or m | For m |D_m | sd se

201 7 7 7 |0 |15 |15 0.5 0.5 0.5 |0.0 1.0 |74 |18
203 1 1 1 o [8 |7 0.1 0.1 0.1 [0.0 1.1 |84 |26
214 5 3 3 |o [8 |15 0.3 0.2 0.2 [0.0 05 [34 |11
215 24.07 2 1 1 |0 |8 |7 0.3 0.3 01 |0.0 1.1 |75 |23
216 39 [27 |14 [13 [76 |14 2.8 1.9 1.0 [0.9 54 |8 |61
218 3 3 3 |0 |30 |15 0.2 0.2 0.2 [0.0 20 |95 |14
243 8 5 5 [0 |24 |13 0.6 0.4 0.4 [0.0 1.8 |94 |18
244 | 26.07 |38 |26 |10 |16 |43 |13 2.9 2.1 08 |1.2 33 |78 |53
246 3 1 1 |0 |9 |13 0.2 0.1 0.1 {0.0 0.7 |80 |23
251 1 1 1 o [7 |12 0.1 0.1 0.1 [0.0 06 |78 |23
257 | 27.07 (12 |0 o [0 [18 [12 1.0 0.0 0.0 |0.0 15 |68 |13
262 7 7 6 |1 |26 |5 1.4 1.4 1.2 |0.2 52 |55 |86
267 27 |23 |6 [17 |75 |11 2.5 1.9 05 |15 6.8 |46 |31
271 16 |13 |6 |7 |57 |11 1.5 1.2 0.5 |0.6 52 [38 |31
272 28.07 4 0 o |0 |5 |11 0.4 0.0 0.0 |0.0 05 |97 |33
276 5 4 4 |o |25 |11 0.5 0.4 0.4 [0.0 23 |87 |14
282 [2907 [11 |0 o |0 [6 |9 1.2 0.0 0.0 [0.0 07 |80 |27
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‘Flight’ includes both orientation flight and foraging flight. ‘Or’, ‘For’ and D’ indicated orientation flights, foraging flights and dances, respectively. ‘Flight_n,
‘Or_m’, ‘For_m’ and ‘D_m’ are calculated by the total numbers of flight, orientation flight, foraging flight and dance followings divided by the shortest
lifespans among these 14 bees. ‘sd’ and ‘se’ are the overall standard deviation and error of directions indicated in dances that bees follow. ‘Date’, the

date when bees are emerged and introduced into the colony.
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Figure S5. Correlation between the number of recruits around the dancer and the focal bees’ tendency to follow the dance. Y

axis in left and right figures represented the number and duration of waggle runs bees followed. The black line shows the overall

170



Supplementary material

regression while colored lines give the regression lines for each individual.
Correlation coefficients and corresponding p-values at the overall level and individual

level are shown in black and colors.

Figure S6. Sample of short/long -range orientation flight and foraging flight.

‘FN’, artificial feeder in north; ‘H’, bee colony; ‘Radar’, harmonic radar.

171



Supplementary material

Figure S7. Segment of foraging flight into vector, searching and homing part

80 Flight
M Orientation flight
I Forage flight
60
by
=
£
=
=
= 40
=
=
20
0
NoFollow Follow
DanceFollow

Figure S8. Total numbers of flights performed with or without dance following among
14 bees. ‘NoFollow’ and ‘Follow’ described that bees carried out the flights without following or with

following dances before the flight.

172



Supplementary material

Predicted probabilities of long orientation flights
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Figure S9. Co-influence of flight sequences and dances follows on the probabilities

of orientation flight far away from entrance. ‘No Follow’ and ‘Follow’ described that bees

carried out the flights without following or with following dances before the flight.
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Figure S10. Impacts of ages and flight sequences on determining whether bees had

long-distance orientation flights with or without dance following.
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A
I Wilcoxon, p = 0.68

12.5
@
<a':n]0.0 I

7.5

5.0 .

13 NoFollow Follow
Wilcoxon, p =0.93 ’

g 20
g
=
=)
A
)
=10 ] ‘

NoFollow Follow

Figure S11. Impacts of ages and flight sequences on determining whether bees had
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Figure S12. Numbers of flights, dances, standard deviation and errors of dances
amongl4 bees. Due to bees’ different life spans, the numbers of flight (orientation flight and foraging

flight included) and dances followed were averaged.
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Figure S13a. The impact of variations and dispersions of directions indicated in the dances
followed within different time intervals before the orientation flights on bees’ orientation flight
performance. ‘B_sd’ and ‘B_se’ represent the standard deviation and error of the direction
indicated in the dances. abs (A (densest a - B)) denotes the absolute value of difference
between the densest direction of orientation flight and the average direction indicated in the
dances. A-B, C-D, E-F and G-H show the respective correlations in the time intervals of (0 ~
15 min), (15 ~ 30 min), (30 min ~ 24 h) and (> 1 day).
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Figure S13b. The impact of variations and dispersions of distance indicated in the dances

followed within different time intervals before the the bees’ orientation flight performance.

‘Dist_sd’ and ‘Dist_se’ represent the standard deviation and error of distance indicated in the

dances. abs (A (Dist-maximum dist)) denote the absolute value of difference between the

average distance indicated in the dances and the maximum flight distance. A-B, C-D, E-F

and G-H show the respective correlations in the time intervals of (0 ~ 15 min), (15 ~ 30 min),
(30 min ~ 24 h) and (> 1 day).
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