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Abstract

This thesis brings a new approach to the study of honeybee dance communication: evaluating
computational models against observed behaviour to understand how dance communication
could be implemented by the insect brain. After a foraging trip, a bee has internal knowledge of
the flight vector to the food which it communicates by producing a stereotyped motor pattern
known as the waggle dance. This creates mechanical cues that surrounding nestmates can
assimilate to obtain their own flight vector. Independently of communication, the acquisition
and utilisation of vectors for navigation is believed to occur in the central complex in the insect
brain. Our key hypothesis is that this circuit is sufficient, with minor adaptations, to explain

both the production and assimilation of dance information.

First, we propose how an anatomically grounded model of path integration for foraging, based
on the central complex, could be adapted to produce the dance in the hive. We assume the
existence of vector memory, where a snapshot of the bee’s path integrator state at the food
source can later be utilised by the steering circuitry to guide a return journey. We also impose a
parameter to limit the angular velocity of the bee when waggling based on properties of natural
dances. By simulating neural activity for foraging routes, we demonstrate that natural features
emerge from the subsequent dancing behaviour produced by the circuit, including waggle
and return phases. The simulated dances also exhibit patterns of angular scatter that align with
those observed in real bees for different feeder distances. Our results suggest that performance
of the dance could arise from a pre-existing neural circuit that underlies large-scale navigation

and supports the idea that the dance is a miniature re-enactment of the foraging flight.

We then explore how this circuit could be used by the receivers of information: nestmates
following the dance. We present a new dataset of nestmates as they follow a dance and uncover
a previously unreported feature of their antennal positioning that correlates to their relative
angle to the dancer. Knowing its own orientation to gravity on the vertical comb, this could
allow followers to deduce the dancer’s orientation, which indicates the direction of the food
relative to the sun. Integrating the estimates of this direction during the waggle phase could
then enable the follower to obtain a vector to the food. Based on recent evidence of antennal
inputs and spatial encoding in the central complex of the fruit fly, we propose how the circuit
could be adapted to use the antennal information to perform these computations and recover
the signalled dance vector. Using the real positional data of the followers as input, the simulated
circuit predicts that their recovered vectors would be appropriately centred on the signalled
direction. It also predicts the distribution to be up to +90° wide from this direction.

To follow up this result, we devise an experiment to compare these predictions with the real
flight vectors expressed by bees. Inspired by the forced-detour paradigm in ants, we track the
correction angle of bees navigating to a feeder after an imposed detour, as a measure of the esti-
mated food location. Similar to the circuit’s predictions, we observe a characteristic spread of
vectors centred on the feeder. Our work thus indicates that the central complex could underlie
the encoding, decoding and expression of spatial information in dance communication.






Lay Summary

The honeybee waggle dance is a remarkable form of communication, whereby a bee that
has found food performs a dance inside the hive to signal its location. The direction of the
dancer’s movement relative to gravity on the vertical honeycomb tells other bees where to
find the food relative to the sun, and its duration correlates with the distance to the food.
Although scientists have known about the waggle dance for a long time, the details of the
underlying mechanisms in the brain remain poorly understood. For example, how nestmates
can observe and translate the dancer’s movements into a flight path they can use to find the
food is unknown.

This thesis uses a computational approach to investigate how neural circuits in the bee brain
could produce and interpret the waggle dance. We focus on the involvement of a region of
the insect brain called the central complex, which is known to be a centre for navigational
processing. Our work implements computer simulations of this neural circuit and compares
their behaviour to real-world observations. First, we demonstrate how properties of the
central complex that underlie large-scale navigation could be adapted to perform the dance
as a miniature re-enactment of the original foraging trip. Following this, using high-speed
high-resolution cameras, we film bees observing dances and uncover how the movements of
the dancer could be sensed by other bees through the positioning of their antennae to deduce
the signalled direction of the food. We then propose how the central complex could process
this antennal positioning, along with the bee’s knowledge of its own orientation relative to
gravity, to obtain a flight path to the food. Finally, we conduct a novel experiment to measure
how accurately bees’ have estimated the signalled location after observing a dance. Using real
data from tracked bees as input to the proposed model, we obtain predictions for the flight
paths of bees recruited to a food source. Both the model’s predictions and experimental results
show a similar pattern: recruited bees would be scattered in a wide, fan-shaped vicinity of the

food source.

We show how neurobiological properties of the same circuit can accommodate key aspects of
the honeybee dance communication, including a forager performing the dance and a nestmate
translating the dance into their own flight path. Although the waggle dance is a unique form
of location-sharing that is not known to exist in any other insect, our results suggest that it
could arise from the repurposing of existing navigational mechanisms and neural circuitry
that is common across the insect world.
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“Perhaps the greatest question about the bee’s communication system left unanswered
by the work of von Frisch is how the bees following a dancer detect the information
in the waggle dance.”

— Thomas Seeley, in the Foreword vo The Dance Language and Orientation of
Bees by Karl von Frisch, 1993.
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Introduction

At the height of summer, a honeybee colony can be up to 50,000 strong and exists as a complex
biological system that depends heavily on communication. Many messages propagate through
the hive every minute: from widespread chemical signals like the alarm pheromone to more
distinct signals, such as the ‘tooting’ of the queen. Amidst the apparent chaos, there are, in fact,
pockets of organisation. This thesis puts one important type of bee communication in focus:
the waggle dance. The waggle dance is a form of referential communication whereby foragers
perform a dance that indicates the location of valuable resources to nestmates inside the hive
via a mixture of body motion, mechanical and chemical cues'°. In particular, the rapid
waggling of her abdomen along the vertical comb communicates the approximate location
of the resource relative to the hive. For this communication to succeed, nestmates following
the dance are required to detect the dancer’s orientation relative to gravity and duration of
waggling and translate this into their own flight vector with a direction relative to the sun?®
and distance from the hive®73°", which they can follow to the resource (Fig. 1.1).

By virtue of being a dynamic and social interaction within the hive, the honeybee dance is
difficult to study in an isolated laboratory setting. To date, researchers are yet to directly record
neural activity from actively dancing bees. Many characterisations of the dance have instead
stemmed from observations of behaviour, often afforded by the use of glass observation hives.
Until the late 20th century, honeybee dance research primarily relied on real-time observation
and dances were decoded with stopwatches and protractors positioned over the glass. During
this time, models of the behaviour had a tendency of being more qualitative in description
than concrete, and may have prioritised more obvious parts of the behaviour. For example,
although literature fondly refers to the dance exhibiting a classic figure-eight pattern on the
comb, observing a busy hive on a sunny day will likely reveal distortions to the dance path
and a far more diverse repertoire of movements than expected®. Moreover, until the early

2000s, two further categories of dance (round and sickle) were believed to exist separately to



Figure 1.1. Infrared photograph of a honeybee performing the waggle dance (centre) within a
hive. The dance has been described by von Frisch *°° as repeating circuits of a waggle phase,
in which the bee rapidly waves their abdomen from side to side, followed by a return phase,
where the dancer returns to the starting point (white lines). Consecutive return phases
can alternate clockwise and counter-clockwise, giving the dance a figure-eight shape. The
dance conveys a flight vector, where the angle and duration of waggling correlates with the
direction and distance to the resource, respectively. Nestmates remain in close contact to
obtain the dance vector. Photo by Anna Hadjitof, Sept. 2022.

the waggle dance, but there was minimal clear criteria defining them and researchers would
estimate their distinctions by eye. Utilising a number of honeybee dance datasets (old and
new), this thesis offers a fresh analysis of key dance elements with a view towards reconciling
empirical observations with potential models that explain the behaviour.

Computational neuroethology aims to understand the behaviour of animals through compu-
tational modelling and simulations of their nervous systems*4. The models can take properties
of the animal into account, such as its neural circuitry, sensors, actuators, and behaviour.
They can therefore be used to test specific hypotheses for the neural processing underlying the
behaviour and highlight the assumptions required to make the model work as proposed. We
follow a combined approach that utilises behavioural data along with computational models
to formulate aspects of dance communication and test hypotheses about its underlying neural
substrate. Neural models can be built at varying levels of detail: low-level models focus on
the biophysical properties of neurons, while high-level models offer an abstract, algorithmic
perspective which is more suited for explaining behavioural data. We use simple neural models,
where the output of a modelled neuron is the weighted sum of its input, optionally trans-
formed by a non-linear function, and preserve the connectivity between layers of neurons to
align with established anatomy. These models are then evaluated against behavioural data to
assess their ability to reproduce and explain observed behavioural patterns.
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Research has established that several insects, including honeybees, can represent their location
in the form of a vector by continually integrating their speed and direction travelled from
a point of origin, a process called path integration 348 While the state of this vector at the
foraging site is believed to form the basis of information conveyed in the dance (i.e. the
vector’s length and angle) *9%*57, the mechanisms underpinning the execution of the dance
itself and the assimilation of this vector by recipient nestmates has received far less attention.
This thesis draws inspiration from the perspective that dance communication operates on
a common representation that is accumulated, expressed and exchanged amongst the bees:
a flight vector to the resource. This raises the intriguing possibility that a common neural
mechanism could underlie both the communication and navigational aspects of the behaviour.
The overarching goal of the contributions made in Chapters 3 to s is to explore the neural
mechanisms underlying the communication, with a focus on a candidate neural circuit based
on path integration and its ability to explain observed behavioural data. While each chapter
focuses on a different aspect of the communication — performing the dance, recovering the
signalled dance vector and navigating to the resource — we maintain an emphasis on principles

of this shared neural circuit being a common underlying mechanism.

1.1 The language of the hive

Insects are estimated to have originated on Earth 480 million years ago'*° and form a dominant
phylum with roughly one million species identified and an expected 5.5 million overall3°°.
Despite their small size, insects display a wonderfully complex set of behaviours and have
developed a wide range of adaptations to different environments. Their neural systems — often
containing fewer than a million neurons**+ - efficiently govern complex visual systems?°%;
robust navigation strategies **; and diverse styles of locomotion, including crawling, flying,
and swimming. Fossil evidence on honeybees (genus A4pzs) is sparse but Price and Griiter *5°
conservatively estimate that dance behaviour originated at least 20 million years ago. The
evolution of the dance has progressed alongside the Apzs phylogeny, from simple sun-referenced
dances on horizontal combs in species that are basal to the genus, to gravity-referenced dances
on vertical combs in the darkness of enclosed nests in derived species, such as A. mellifera.
The dance is especially beneficial when food sources differ in quality and are hard to find"® but
its importance extends to swarm behaviour too. Scout bees not only identify suitable nesting
sites but must recruit fellow scouts to assess their findings. This leads to a dynamic voting
process where dances for less suitable sites gradually diminish, resulting in the promotion of
the optimal site and the colony’s subsequent relocation to it"*%2%¢. How does the compact
honeybee brain orchestrate this long-established and fascinating form of communication?

As amodel for understanding animal communication systems, the waggle dance has generated
along and rich line of research. In 1973, Karl von Frisch'°® was awarded a Nobel Prize for his
pioneering work in this area. To date, it remains one of the most sophisticated, known forms
of invertebrate communication. However, more than seventy years after its discovery much
of the underlying biology is still not yet understood. Whilst incremental research has paved
the way for identifying the likely sensory inputs to the system, an understanding of how these
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inputs are integrated to govern the overall behaviour remains elusive. For example, the dance
exhibits powerful transformations of celestial cues to terrestrial coordinates: the direction
to a resource is obtained relative to the sun during flight but is somehow translated to be
relative to gravity when dancing on the vertical comb and compensates for the sun’s diurnal
path across the sky. Although there have been manual attempts to simulate the dance via
engineering pre-programmed dance parameters into a robot (e.g. RoboBee'7%7%), there is yet
to be an implementation of a mechanism that can generate the dance based on its underlying
biological principles. We address this gap in Chapter 3 by providing the first insights into such
amechanism. Similarly, despite several hypotheses, how nestmates following a dance utilise the
noisy pattern of stimuli they perceive and map this to subsequent search behaviour is equally, if
not more, ambiguous. Follower bees extend their antennae towards the dancer and experience
repeated contact during the waggle phase, which has led researchers to hypothesise that the
antennae must be important for the exchange of information '°%2°*, However, researchers had
yet to provide an observationally supported account of how the dancer’s movements could
be sensed and processed by the follower bee to assimilate its own internal flight vector to the
resource. In Chapter 4, we provide such an account and explore how stimuli received from
the antennae enables followers to decode the dance and assimilate their own vector. Following

this, in Chapter s, we test our proposed model with a field experiment.

1.2 Advances in understanding the insect brain

While the honeybee dance has historically been explored through experimentation on bees
alone, in this thesis, we also make use of new data emerging from other insects as an oppor-
tunity to expand our understanding of the neural underpinnings of the dance. Insects are
ideal organisms for studying the neural basis of behaviour due to their small, accessible brains.
Traditionally, neuroanatomical data has been collected through meticulous manual tracing of
individual neurons>°®. However, recent breakthroughs in automatic tracing methods have
made it possible to obtain a map of connections between neurons — a ‘connectome’ — of the

central region>® and even the whole>7°

of the fruit fly brain. This surge in neuroanatomical
data coupled with modern neurophysiological tools has allowed us to study the underlying
neuronal circuitry of some insects in unprecedented detail. Notably, in fruit flies, calcium
imaging permits researchers to examine how speciﬁc neuron populations respond to stim-
uli*®7289 and optogenetic manipulation provides a way to causally link neuron activity to
behaviour®. In recent decades, these approaches have yielded significant insight into the cen-
tral complex, a brain region that houses the circuitry responsible for the insect’s compass-like
navigation . While there are some differences in its gross morphology®” and connectivity *+7,
the central complex has been found in all insects examined to date and its core functions
remain remarkably conserved. Neurobiological discoveries in one insect species may therefore

be applicable to others.

The models presented in this thesis are built upon the principles introduced by new findings
about the circuits within the central complex of other species. Of particular interest to the
waggle dance are discoveries demonstrating that insects represent their current distance and
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direction travelled (a vector) through sinusoidal activity patterns in neurons in the central

complex. These were based on observations in the fruit fly Drosophila meldnogdﬂerlg%l%

,as
well as in the sweat bee Megalopta genalis>®. Biologicalls%356 and computational models*S of
navigation have also revealed an elegant steering circuit that underlies an insect’s orientation
to a goal, where offset anatomical connections produce a comparison of the current heading
to the goal direction. These findings have positioned the central complex as a likely neural
substrate for path integration ? and offer anatomically-grounded models of such navigational
abilities. Recent studies have also characterised a pathway connecting mechanosensory input
from the antennae to compass neurons in the central complex, elucidating how fruit flies can
use the position of their antennae to detect the wind direction 33> and how this information

565238

influences their internal compas . We propose how these findings might be relevant for

dancing in Chapter 3 as well as obtaining the signalled dance vector in Chapter 4.

1.3 Scope

This thesis focuses on how the components of the signalled vector — distance and direction to
the resource — are communicated in the dance, assimilated by follower bees and then used
when attempting to navigate to the resource. In the context of performing the dance, this is
based on the path of the dancer on the comb and how aspects of the waggling correlate with
the distance and directional information. The waggle dance is multifaceted and in addition
to the characteristic waggling, it encompasses a multitude of secondary behaviours, such as
evasive manoeuvres and interruptions for trophallactic food exchange. Related scents 5434
and heat3°*3 are also emitted by the dancer, as well as wind currents produced by their
simultaneous wing beating whilst waggling*'4. In Chapter 2, we discuss why some of these
cues are more likely to be used to localise a dancer within the hive, rather than in the exchange
of the dance vector. The functional significance and concept behind exchanging vector
information in the dance has not always existed without controversy. In fact, it took von
Frisch many years to convince colleagues that vector information was indeed decoded and used
by nestmates to find the resource, over counter arguments that they could simply be following
odours to the resources***. This thesis does not imply that olfactory information is not useful
in locating the resource, but rather that recruited nestmates can use the signalled vector to

approximate the target location more closely than if no additional cues were available.

Follower bees also experience a myriad of stimuli during the dance and it is difficult to identify
what parameters they can perceive and/or utilise. For example, several measures of duration in
the dance correlate with feeder distance (e.g. duration of waggle phase or return phase only,
or both), and there are undoubtedly numerous potentially perceptible features of antennal
contact with the dancer too. Motivated by the recent advances in understanding the pathways
of antennal positioning to the central complex in other insects, we take a targeted approach
and study the angle of nestmates’ antennae whilst following the dance as a key feature for
assimilating the dance vector. Our results demonstrate that nestmates can use this feature
alone to obtain an initial estimate of the location and we leave the integration of other possible

sensory signals, which could further refine this estimate, as future work.
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1.4 Contributions

1. A biologically plausible model of path integration in insects produces natural features
of the dance. This suggests that performance of the dance itself could arise from a pre-
existing neural circuit that underlies large-scale navigation and supports the speculation
that the dance is a miniature re-enactment of the foraging flight. (Chapter 3)

2. Nestmates following the dance exhibit a novel relationship between their antennal
positioning and their angle relative to the dancer. This feature could enable them to
determine their angle to the dancer, and thus, the angle to food. (Chapter 4)

3. Using the position of follower bees’ antennae as input, a neural circuit first proposed to
underlie path integration can be adapted to decoding the dance. Using this ‘assimilation
circuit’, follower bees can obtain their own flight vector that they can follow to the food.
This allows us to infer the estimated food location after observing a single follower bee,
which has never been possible before. (Chapter 4)

4. A new experiment in bees, inspired by the enforced-detour paradigm in ants, provides
a test of dance recruitment and an evaluation of the presently proposed assimilation
circuit. The findings suggest that both dancers and new recruits fly an appropriately
centred but widely distributed direction when returning to a known food source or
navigating to a new one for the first time. (Chapter s)

1.5 Outputs

Publication

Parts of the research leading to this thesis resulted in the following peer-reviewed publication.

Some passages have been quoted verbatim from the respective source.

Hadjitofi, A. and Webb, B. 2024. ‘Dynamic antennal positioning allows honeybee followers
to decode the dance’, Current Biology 34(8), 1772-1779. https://doi.org/10.1016/].
cub.2024.02.045. (Chapter 4)

Engagement

Hadjitofi and Webb ** was published in a high-impact journal and garnered interest from
several media outlets. This led to opportunities for public engagement and included live
interviews on BBC Radio Scotland and That’s TV (Channel 8), a guest appearance on the
DataSkeptics podcast, and an invited article for the Scottish Beekeepers Association magazine.
The research was also covered by online journalism websites, including The Transmitter,
Metereod, and The Edinburgh Reporter.
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Conference presentations

* ‘A hypothesised network for signalling vector information in the honeybee waggle
dance,” At the International Congress of Neuroethology, Lisbon, Portugal, Jul. 2022.
(Chapter 3)

* ‘What is the role of the central complex in communicating vector information in the
honeybee waggle dance?” At the Conference on Structure and Function of the Insect
Central Complex, Janelia Research Campus, VA, USA, Oct. 2022. (Chapters 3 and 4)

* ‘A mechanistic approach to assimilating vector information in the honeybee waggle
dance,’ At the International Conference on Invertebrate Vision, Bickaskog Slott, Sweden,
Aug. 2023. (Chapter 4)

* ‘A model and a test of honeybee dance recruitment,” At the International Congress of
Neuroethology, Berlin, Germany, Jul. 2024. (Chapters 4 and s)
Datasets
Hadjitofi, A. and Webb, B. 2024, ‘Honeybee antennal positioning data when following dances’,
figshare. https://doi.org/10.6084/m9.figshare.24715977. (Chapter 4)

Code

* ‘Dancez2Vec’: Simulation of honeybee antennae and assimilation circuit accompanying
Chapter 4. https://github.com/annahadji/dance2vec.

* ‘BeeFlightTracer’: A tool for tracking flying bees in static cameras and reproducing
results in Chapter 5. https://github.com/annahadji/bee-flight-tracer.

* ‘BeeBasler’: Configuration and orchestration of recording honeybees using Basler’s
pypylon library. https://github.com/annahadji/beebasler.

* ‘BeePi’: Configuration and orchestration of recording honeybees using the Raspberry
Pi camera module. https://github.com/annahadji/beepi.

* ‘VideoPyer: A video player and annotation tool built using Python and Tkinter.
https://github.com/annahadji/videopyer.
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Background

2.1 Strategies of insect navigation

In this section, we provide a behavioural overview of the strategies that insects can use to
represent a resource’s location and navigate to and from it (Fig. 2.1). We discuss how the
different approaches reveal path integration as a promising candidate that yields the most
appropriate representation of a location for dance communication: a flight vector leading to
the resource. We also elaborate on the proposal that path integration might support other
modules of behaviour required within the dance too.

Visual route following

In route following, insects use a series of snapshots — extracted features of their visual field
atalocation — to retrace their outbound path when returning home from a distant goal. It
has been well-documented that ants75°5%45 and bees*+ can learn a visually guided route as
a series of views that can be seen when facing along that route. To perform the route, the
insect moves forward in the direction of the panorama in sight that matches a view from
the series. If an insect is not too far from known areas where familiar features are abundant,
this strategy allows it to stay on course. It can also be more resilient to local changes in the
environment, such as a broken branch, than similar disruptions to an odour trail would be.
Visually guided routes have the disadvantage that they require learning to take place at the
level of the individual and it is unlikely that such a representation could be communicated
with conspecifics.

Vector-based navigation

A vector is a linear path with a specific length and angle, starting from a reference, such as the
nest, and ending at a destination. Many biologists, starting with Piéron 246 have displaced



. ... Outbound Route Vector-based Map-like representation

foraging path following navigation °
—— Inbound F E
homing path g . ®

@
Figure 2.1. Three different though not mutually exclusive modes of navigation in insects,

exemplified through their homing paths (solid black line) after discovering a feeder on a
foraging trip (dotted black line). N and F represent the nest and feeder, respectively.

insects from their starting position and released them at a new one. The insect’s direction and
distance of travel are often unchanged as though it were unaware of the displacement. This
suggested that they could be navigating by following internal vectors. As an animal travels from
a reference point, it continuously integrates its changes in direction with the distance covered
through a process called ‘path integration’, which has since been firmly established in insects

2165348 This cumulative summing of the animal’s outward path generates an

and other animals
internal global ‘homeward vector’ that specifies a straight trajectory from the animal’s current
position to the reference point. The homeward vector is continuously updated, even on the
inbound journey, enabling the animal to steer around obstacles and continue until home. This
strategy thus allows the animal to return home by the shortest possible route, and navigate
between two points without having to learn the details of the route that connects them. It also
explains novel shortcut routes between known feeders when insects are out foraging: addition
of the current state of the homeward vector with the memory of a vector state from another
food site would produce a vector directly from the current arbitrary location to the food 5>,
Insects encode their heading direction with respect to several celestial cues, including the
sun?#4, intensity gradient”?, and the Milky Way galaxy’7, which act as stable external cues
to limit accumulating angular errors during the integration. Using vectors does not exclude
the use of visual snapshots, but path integration alone is useful when navigating in novel,

dissimilar areas and has a relatively low error when used over shorter foraging distances.
Map-like spatial representation

Tolman ¢ formally proposed the concept of a cognitive map to be a system whereby relational
information is used to build a representation of space, where the true geometric positions of
points in space are preserved. In operational terms, using such maps should enable animals
to compute and steer novel courses between familiar sites within their habitual foraging or
home areas. Inspired by experimental analyses of orientation behaviours in mammals 2363326
Gould™ was one of the first to suggest that honeybees could navigate using such maps. Since
then, there has been a plethora of displacement experiments that claim to provide evidence

201;206;207;340

of such behaviour in bees+* 359, When captured and released in familiar foraging

environments, bees continued along their original goal vector from the release site, seemingly
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unaware that this would not lead to the intended location. However, after an initial period of
this mis-orientation, it was claimed that the bees flew novel short-cuts that were biased towards
the location >°%2°734°_ Several studies on both bees7%'5%2% and ants3* have challenged this
narrative, leading to a debate within the feld +543555:340 Opponents of the cognitive map
hypothesis argue that the results of displacement experiments can be explained by simpler
mechanisms. For example, not only is it difficult to ascertain that a novel short-cut s truly novel
but it is also possible that familiar landmarks or vzews are being recognised from a new angle.
Nonetheless, the concept has been a powerful stimulator of behavioural experimentation that
continues to recent years>#°. Interestingly, stop signals directed from nestmates towards live
dancers when they had perceived danger at the advertised site'*' suggests an apparent ability
to associate location identity to a vector, which is relevant to the claim that nestmates can

project the vector perceived from a dancer into their own map34°.
Other sensory modalities

Olfaction. Olfaction also facilitates honeybees to search for food sources and return to them.
Exposure to learned odours provided inside the hive can trigger the recall of navigational
memories associated with the specific learned food site**. Moreover, honeybees are known to
mark their nest, as well as food sources, with Nasonov pheromone which might attract other
bees to these goals when nearby®%%. They may also mark food sources with repellents that
inform conspecifics of sources that temporarily provide no food™. Similar mechanisms also

exist in ants, where odour trails can guide workers to and from resources?°4.

Magnetoreception. The earth is a huge magnet, with magnetic field lines emerging from
the south magnetic pole, curving around the globe, and re-entering at the north magnetic
pole. The angles between local magnetic vectors and the horizontal are known as ‘inclination’.
These angles, along with the field intensity, form gradients that run from the two poles to
the equator on each hemisphere*#. Many animals®*7 can use the magnetic field lines as a
directional cue to migrate long distances. Experiments from the 1990s indicate that bees
possess magnetoreception %5%:176:177:186:2723327 R ecent experiments confirm that bees can
be trained to elicit a proboscis extension in response to a magnetic stimulus'7®, and that
disturbances to the field reduce their visitation to affected flowers*® and their ability to
home?®?; however, suppressing or rotating the field when dancing does not affect the success
of recruiting nestmates to the feeder'7°.

Electroreception. Honeybees, like other insects, accumulate electric charge in flight, and
when their body parts are moved or rubbed together. While bees are mostly positively charged,
flowers are often negatively charged*”. The charge of a flower can also be altered based on its
pollination status*# and its visitation by bees#7:*'?. Research suggests that bumblebees** can
detect the electric field of flowers and use it to improve speed and accuracy of learning reward-
ing resources*’. In honeybees“s, electric stimuli mimicking those given off by a dancer can
trigger antennal movements in conspecifics, however, the details underlying what information

nestmates can extract from this signal towards locating the resource is unknown.
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2.1 Path integration: beyond homing

The accumulation of a homeward vector via path integration offers an informative represen-
tation of a site’s location: a straight-line path that can be inverted to express both distance
and direction to the site from the hive. Whilst the homeward vector is discharged along the
inbound route'®, foraging insects can store the state of its path integrator at a feeder and
use it to later return to the location from their nest #7947 This is referred to as a ‘foodward
vector’, or a ‘vector memory’ in a more general sense. The storage of this vector has been
demonstrated by several experiments in desert ants. Ants that are forced to deviate from their
direct path to food turn towards the food once free to choose their direction of travel *°, as

271

they do when performing home vectors too*”". They can also perform foodward vectors after

being relocated from the feeder back to the nest, showing that, once acquired, a foodward
vector can be expressed independently of the home vector'®3.

Correlation of the distance and directional components of a site’s foodward vector with the
duration and orientation of the waggle phase, respectively, has led to a common postulation
that bees utilise the information resulting from path integration when signalling a location via
dancing*99:9%57_ For example, bees communicate a direction pointing in a straight line to a
resource even if their actual flight involved detours around obstacles, such as a building or a
mountain ridge'°°. Moreover, radar tracking of follower bees recruited to a new resource reveal
that they fly a directed path that bears resemblance to the vector encoded in the waggle dance
they observed*7. Further evidence supporting the correlation of this vector with parameters

of the dance is detailed in Section 2.2.

In addition to providing the basis for the vector information that is conveyed in the dance,
the performance of the dance itself may arise from a path integration control system. Whilst
path integration is often thought of as a homing mechanism operating on the scale of large
distances**', whether bees can also use it on a much smaller spatial scale to track their move-
ment on the surface of the comb has been discussed less frequently. In Chapter 3, we examine
the paths of dances that arise when using a network for path integration to control consec-
utive foodward and homing behaviours on a small-scale within the hive. In support of this
hypothesis, there is recent behavioural evidence of path integration being involved in tight
food-centred searches which occur over the scale of a few centimetres in the fruit fly *#34'53
and in walking bumblebees*#3. Although the local searches by these insects appear random,
they are in fact centred on a fictive food location, suggesting that the animal is keeping track
of its estimate of the location even in the absence of visual, olfactory, and pheromone cues.
This centring may be similar to the return phase in bee dances, where the dancer returns to the
approximate start position of the dance between waggle phases'7#. While general similarities
between bee dances and fruit fly searches for sugar were first noted by Dethier ®* in 1957, a
computational model demonstrating the involvement of path integration in performing the
dance has yet to be tested.

The accumulation of a foodward flight vector when foraging and its subsequent use for return
trips to the feeder might also share fundamental similarities with the process of follower bees

12 | Background



2D vectors Sinusoids Activity over

Homing v0, discrete neurons
Sum of y, initiated
e [ [ 00
9,
ol p 00000000
+ 3
~— % > 00000000
) 00000880
X 1 + X2+ X3 | | |
Sum of x, -180 0 180

Angle (°)

Figure 2.2. Path integration and the representation of vectors as sinusoids. Left, Each coloured
two-dimensional vector represents a segment of the outbound journey and 6; represents
the corresponding directions of travel. Variables x; and y; are the Cartesian components
of the segments which compute the homeward vector when summed. Middle, Any
two-dimensional vector can be represented as a sinusoid whose amplitude represents the
magnitude of the vector and whose phase represented the angle of the vector®*?. Right,
These can also be discretised into spatial activity patterns over populations of discrete
neurons. Adding these sinusoids point wise is equivalent to performing vector addition.

assimilating the dance vector and following it to the resource. In Chapter 4, we suggest that a
follower bee assimilates the dance vector by integrating her estimates of the waggle phase angle
over the course of the dance’s waggle phase. This is akin to integrating the estimates of her
travelling flight vector during path integration over the course of the foraging trip (Fig. 2.2).
This conceptual unification proposes an intriguing possibility: the underlying neural circuitry
facilitating these behaviours could be shared or overlapping. In support of this, there appears
to be no dance-specific sensory projections in the brains of worker honeybees (that partake in
dancing) when compared with male and queen honeybees (that do not dance), as well as even
other species that lack dance communication?. In recent years, research has uncovered that
insects employ neural representations that are directly relevant to processing of vectors'8919°,
This includes representing a flight vector as sinusoidal activity across a neural population,
where the phase encodes the angle of the vector and the amplitude represents its length3*?,
i.e. polar coordinates of a location in two-dimensional space. Examples of the schematic
representations of vectors used in this thesis are shown in Fig. 2.2 and the specific circuitry and
neurons involved in vector processing in the insect brain are later detailed in Section 2.3. By
leveraging the growing knowledge of how bees perform the behaviours required for general
navigation, this thesis explores the overarching theme that path integration and its underlying
neural mechanisms play a role in both the encoding and decoding of dance communication
in honeybees.
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2.2 Honeybee communication

In this section, we provide background on the honeybee and a behavioural overview of how
bees model the foodward flight vector from path integration into a dance. We also discuss the
existing hypotheses for how followers decode the dance into their own foodward flight vector.

2.2.1 The honeybee colony

Taxonomy

Honeybees are classified under the genus Apzs, which encompasses around seven to eleven
extant species 88 known for their honey production and social behaviour. Although they
differ in the form of their nests (i.e. cavity versus open nests, and vertical versus horizontal
combs), all use nest-based communication to share information about the location of re-
sources %7413 Whilst we discuss relevant findings for several species of honeybee, this work
primarily focuses on the Western honeybee, 4. mellifera, one of the most extensively studied
bee species. Unless stated otherwise, the term ‘honeybee’ refers to A. mellifera in this thesis.

Anatomy

Honeybees belong to hymenoptera, one of the largest orders within the class of insects. Their
basic anatomy exhibits three main parts: the head, thorax and abdomen** (Fig. 2.3a). The
head integrates two compound eyes and three ocelli, two antennae, the mouth and proboscis.
The head is connected to the thorax by the vertex. The thorax contains the flight muscles and
connects to two pairs of wings and six legs. The abdomen contains the stomach, intestines
and sting defence apparatus (Fig. 2.3b). The Nasonov scent gland is located in a fold between
the last two abdominal segments and can be exposed by flexing the tip of the abdomen'?.

Their antennae are divided into three main sections: the scape, pedicel and flagellum (Fig. 2..3¢c).
The scape is attached to the head and rises from the antennal socket. Attached to the end of
the scape is the pedicel, a much shorter segment that forms an elbow-like joint that allows
rotation in many directions. The position of each antenna is controlled by two muscle systems:
the scape is moved by four muscles within the head, and two muscles within the scape control

the distal segments (pedicel and flagellum)'®>

. The honeybee spends the majority of her life
within the dark hive. In this light-deprived environment, the antennae are crucial sensory
organs. They are highly mobile and lined with thousands of touch fibres and odour cavities*>,
making them essential for a bee’s sense of touch, smell and taste. Research has also uncovered
roles of the antennae in orientation sensing too. Mechanosensory feedback from the stretch
and deflection of the antennae is transduced from the Johnston’s organ'## (JO) in the pedicel
and is a key sensory input for insect flight¥7:2¢53%_ It has also been shown that Drosophila
melanogaster can use the displacement of their antennae to encode wind direction?®" as well
as orient with respect to it'?. Moreover, although honeybees have no sense organs for the
perception of sound pressure waves, if the air displacement of a sound pressure wave is large

enough, bees can detect this with their JOs in the antennae ©9551573331
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Figure 2.3. An overview of honeybee worker anatomy. Anatomy based on Snodgrass **. Drawings
and photo by Anna Hadjitofi, Sept. 2023. a, Dorsal view of honeybee. b, Lateral view.
¢, Head-on (left) and ventral (right) view with labels for the three main segments of the
antenna. The antenna are flexible and can adopt many positions. On the left, the antennae
are in a more relaxed bent position, whereas in the photograph on the right they are
stretched out away from the head.

When a nestmate approaches a dancing bee, they stretch out their antennae which are then
touched repeatedly by the dancer as it waggles by‘os;zel. Although this physical interaction
led researchers to believe that the antennae were crucial for interpreting the dance, for a long
time we have not known how they could be involved. In Chapter 4, we study the positioning
of nestmates’ antennae whilst following dances within the hive and measure the angle of the
antennae as the angle defined by the (1) base to tip of the flagellum relative to the bee’s head

direction and (2) base to pedicel, as viewed from a camera perpendicular to the comb.

Social behaviour

Honeybees live in colonies reaching tens of thousands of individuals and form eusocial societies
where one fertile female, the queen, lays eggs and is inseminated by fertile males, the drones.
The worker bees are sterile females that represent the vast majority of the hive and display
age polytheism, meaning that they perform various tasks throughout different stages of their

liveSISO;zsl (

Fig. 2.4). Within the colony, the workers construct combs of hexagonal cells from
wax, where the queen lays eggs and workers store pollen and nectar. Dances typically take
place on an area of comb near the entrance to the hive, referred to as the ‘dance floor’, which

is often concentrated with nectar processing activities.

As with many central place foragers, bees begin foraging only after they have performed
‘orientation flights’, which are first performed immediately around the hive before leading to
different sectors of the surrounding environment3%°", These enable the bee to memorise the
location of the hive in relation to its visual panorama and geographic landmarks®>. Workers
typically become dancers and dance followers after five to six weeks, when they fully transition
to foragers and fly out to localise food sources. However, young nurse bees can become foragers

242 The colonies that we have studied as

prematurely if the colony’s demographics require it
part of this thesis have been situated in two or three frame observation hives and contained
around sooo individuals of mixed ages. We present data from any bee that show signs of

dancing or dance-following behaviour — defined respectively in Sections 2.2.2 and 2.2.3.
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Figure 2.4. Typical stages in the life of the worker honeybee (in days) and order of tasks
performed in the hive. Data generalised from Seeley >*'.

2.2.2 Modelling a foraging trip as a dance

How does a dancer move?

Upon returning from a successful foraging trip (e.g. finding nectar, pollen, resin, water or
a new nest site), a honeybee will enter the hive and perform the dance in the dark on the
vertical comb. The dance is a repeating series of circuits composed of waggle and return phases.
During the waggle phase, she throws her abdomen from side to side in a pendulum-like
motion at a frequency of about 15-25 Hz, and emits airborne pulses of vibrations at 30 pulses
per second, with each pulse lasting around 20 ms 20823 The dancer holds tight to the comb
whilst gradually moving forward, without ceasing to waggle. The waggle phase is followed
by a return phase, in which the dancer circles back to the approximate starting point of the
previous waggle phase. These returns typically alternate clockwise and counter-clockwise for
consecutive dance circuits, giving the dance its characteristic figure-eight shape. The duration
of the waggle phase and its orientation relative to gravity are believed to respectively encode a
measure of distance and the angle to the resource relative to the sun 98100, effectively conveying
a flight vector to the resource. As discussed in Section 2.1.1, these signalled components are
likely derived from the foodward vector obtained from path integration.

Given the flat plane of the comb, many, if not all, studies analyse the movement of dancers
and nestmates from their two-dimensional Cartesian coordinates on the comb. Von Frisch
mostly analysed dances in real time, using a stopwatch to measure duration and a protractor
to measure orientation. However, a dance circuit can last for only a few seconds and many
details cannot be captured by an unaided human eye. Precise views of the dance were made
possible with high-speed video recordings which could be watched back frame by frame. For
example, Tautz et al. 3 discovered that during waggling, the bee takes small, uncoordinated
steps when their bodies can no longer extend and each leg clings to the rim of a cell on the
comb for as long as possible. It is now common to use manual or automated methods to track
dancing and following behaviour from video recordings obtained from a camera positioned

perpendicular to the comb, an approach that we also follow in this thesis.
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Direction: celestial cues to geocentric coordinates
How do foraging bees determine the direction of a resource?

One of the primary directional cues used by central place foraging insects is the sky (or ‘celestial
compass’). Insects combine their detection of the sun’s position and a correction for its
movement during the day to establish a consistent geocentric (Earth-based) estimate of their
heading with respect to absolute North. This compensation for the sun’s daily movement
enables them to signal a constant foraging direction in Earth-based coordinates to nestmates,
as well as return to the resource at different times of day. For example, a returning forager can
orient itself such that the sun, represented by the point of maximal brightness in the sky98,
is in the same relative position in its visual field as it was in the previous outbound flight to
the known location. Light propagates as a wave in which the electric and magnetic fields

are oriented orthogonally to the direction of propagation198

. In unpolarised light oscillation
directions are uniformly distributed, but in linearly polarised light the fields oscillate in specific,
orthogonal axes (Fig. 2.5a). As sunlight passes through the atmosphere, it creates a distinct
pattern of polarisation across the sky, with the degree and orientation of polarisation differing
relative to the sun’s position (Fig. 2.sb). This pattern is invisible to us but is visible to many
other animals, including bees 263 Tt provides a wide-field celestial cue which is more reliable
than asingle light source such that bees can use this pattern to derive compass information from
a patch of blue sky when the sun is obstructed. With the source of celestial cues originating
so far away, they have the benefit that their orientation only changes when animals perform

rotational motion but not translational (Fig. 2..5c).

Integrating ground velocity information
How do foraging bees determine the foodward vector to the resource?

To accumulate an accurate foodward vector through path integration, a bee needs to integrate
its ‘ground velocity’ during the outbound journey to the food (i.e. the speed and direction
travelled relative to the ground). This can be challenging in flying insects, as they can be
travelling in a direction that is not consistent with their heading direction, termed ‘holonomic
motion’, for example, due to displacement by wind. In the 1990s, experiments manipulating
the visual features encountered by bees revealed the role of translational optic flow in estimating

ground velocity 85863005301

. When an animal moves in a particular direction, the images on the
retina slip backwards from a single point of expansion, away from the direction of movement.
Translational optic flow refers to the rate at which the images moves across the retina when
navigating (Fig. 2.6). One compelling experiment involved raising a feeder via a tethered

balloon 85:8¢

. Despite flying further and expending more energy, dancers signalled shorter
distances to nestmates as the balloon ascended, due to reduced optic flow from the ground.
Further studies using tunnels to constrain the flight paths of foragers supported this principle:
bees trained to forage from resources in tunnels with patterned walls, that increase the perceived
optic flow, searched for the food at greater distances when tested in a narrower reward-free
tunnel and at shorter distances when tested in a wider tunnel?*'. When deprived of image

motion, bees searched uniformly, unable to gauge distance. Positioning equidistant resources
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Figure 2.5. Conceptual illustration of polarised skylight and the signalling of direction in
the dance. a, Unpolarised light oscillates in all axes on a plane perpendicular to the direction of travel
(only two shown for clarity), whereas polarised light oscillates in one axis. b, An illustration of the
polarisation pattern over the natural sky. Unpolarised sunlight is polarised by atmospheric scattering,
with the direction (or ‘E-vector’, dashed lines) and degree (line thickness) of polarisation differing
relative to the sun’s position. Light is most strongly polarised in an equatorial ring corresponding to
viewing directions perpendicular to the sun’s direction. ¢, Using this celestial compass and a correction
for time compensation, a foraging honeybee can establish the direction to the resource and signal this
to nestmates via the orientation of their waggle phase relative to gravity on the comb. Left depicts
rotational (clockwise and counter-clockwise) and translational (forward and backward) movement.
Only the ring of maximal polarisation is shown for brevity.
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Figure 2.6. Translational optic flow (grey arrows) experienced by a bee moving through its
environment. The heading direction (black) may not align with the travelling direction (blue), due to
displacement by wind or side-slipping when walking, for example.

in diverse environments (e.g. amidst water or a forest) also confirmed that the optical flow

cues play a dominant role in distance measurement, rather than flight time alone %3,

This optic flow provides information in an egocentric (body-centred) frame of reference,
meaning that the bee perceives this movement relative to its own body. However, when
combined with the compass described above, bees can transform this velocity information
from an egocentric to a geocentric frame of reference, also known as an allocentric frame of
reference™°. This enables them to accumulate their true travelled vector relative to the world.
In Section 2.3, we detail a recently uncovered neural circuit in the insect central complex that
performs this transformation. Using optic flow to estimate ground velocity has the advantage
that the same flow will be generated whether a bee’s movement is produced actively by wing
beats or through transport by the wind. Moreover, although it is unlikely that foragers and
recruits would fly an identical route to a resource, bees use optic flow to maintain constant
ground speeds and heights 93248301 \which may minimise variance in their perceived optic flow.

In the early 2000s, patterned tunnels manipulating the perception of optic flow became
a standard tool to create virtual flight paths for bees and study how they encode spatial
information $9514558:87:1005193;202;248;249;2905293;208 Although various configurations that differ in
shape, dimensions and patterning have been tested, the tunnels have a transparent roof or mesh
so that the bees can still estimate their direction using celestial cues (the sky). Manipulating bees
into perceiving that they have flown a much farther distance (i.e. several hundred metres) than
they have (i.e. six metres) can make behavioural experiments more practical. In Chapter s, we
design and conduct a detour experiment that utilises patterned tunnels to study the accuracy
of location estimation and sharing by foragers as well as newly recruited bees.
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Signalling the foodward vector
How do dancers signal the direction to the resource?

The signalling of direction is perhaps one of the most well-defined parameters of the dance.
Open-nesting honeybee species in Asia, such as 4. florea, have exposed nests where the comb
is typically built around a tree branch. 4. florea perform their dances with a view of the sky on
the horizontal section of the nest, where the direction of the waggle phase correlates directly to
the resource relative to the current position of the sun'®. In contrast, the Western species A.
mellifera dance on vertical combs within a dark nest cavity985‘°°. Inside the nest on a vertical
surface, gravity serves as reference: the angle between the sun and resource as seen from the nest
is reproduced on the vertical comb and serves as a signal of direction to the resource (Fig. 2.5¢).
Researchers estimate the direction of a waggle phase by either measuring the dancer’s mean
body orientation across the waggle phase or the angle of the path that the dancer describes in
the waggle phase. The latter is often taken as the angle of the straight line connecting the bee’s
position in first and last frames of visible waggling. In lower frame rate video recordings (e.g.
30 frames per second (fps)), the waggling is accompanied by blurring of the dancer’s wings or
abdomen. Von Frisch °° reported that 4. mellifera could change reference cues and alternate
between performing gravity- and sun-oriented waggle phases if a mirror was used to reflect
the sun from the bottom of the otherwise dark hive. However, dances with a visual reference
appear to be more precise than those with a gravity reference’'®, resulting in the difference

between the angles of consecutive waggle phases being around 20° smaller on average.

While the Earth rotates at a steady rate relative to the sun, the perceived movement of the
sun through the sky also varies depending on the observer’s geographical latitude and the
time of year76. The angle of the sun from North is referred to as the sun’s azimuth. Bees
compensate for these temporal variations and signal the direction to the resource relative to
the sun’s current position75;‘8‘“z”, even when the original foraging trip took place in overcast
conditions”" and even if the forager dances over several hours while remaining inside the nest

with no view of the sun, as in marathon waggle dances described by Lindauer 181

. Underlying
this ability appears to be the combination of an internal biological clock and an influence
by the external diurnal events. Over 6o years ago, Renner > famously transported bees that
were trained to forage at particular times in Paris to New York on an evening red-eye flight.
Interestingly, bees displayed jet lag-like behaviour, foraging at the original Paris-time when
under constant lighting conditions but slowly updated to local time when exposed to natural

surroundings in a field over three days.
How do dancers signal the distance to the resource?

By gradually moving feeders further from the nest, von Frisch *°° claimed that dancers perform
round dances for nearby resources (less than 50 m) and the waggle pattern for resources further
afield. He characterised round dancing as the forager making “swift, tripping steps” to run
in a circle before suddenly reversing the direction of travel and circling around again, before
repeating (p. 29). He also noted that how far bees would run around the circle before reversing,
as well as the total number of reversals, could vary greatly. Round dancing was the first piece
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of evidence that von Frisch considered a symbolic signal of distance — near versus far. Few
studies since have further characterised the structure of the path in round dances and they
are often loosely identified based on von Frisch’s description. However, in 1988, Kirchner

etal.’s8

reported that round dances appeared to contain extremely brief waggle phases. Since
these observations, the duration of the waggle phase has generally been established as the most
informative encoding of distance to the resource, with longer durations signalling further

distances (see also von Frisch'*°, pp. 98-106).

There are actually many duration-related correlations in the dance and over time, it has been
considered that follower bees might measure the duration of the entire dance circuit, waggle
phase only (either from the waggling or sound pulses), the length of the waggle on the comb,
the divergence of dance directions**? or count either the number of waggles or sound pulses.
In fact, some of these measures of have been used almost interchangeably in the past. Why
there is more than one correlation with distance in the dance is an interesting and unanswered
question. Von Frisch’s standard measure for how distances were encoded was ‘tempo’, which
he recorded as the number of dance circuits per 15 seconds, and this was often used by earlier
studies as a proxy of the distance signal. Recent evidence has indicated that the circuit duration
obscures differences in dialects between honeybee species that the waggle or return phase
alone otherwise reveal®” and that return phases are noticeably shorter for feeders with a higher
concentration of sugar369. This means that comparisons between earlier and recent work
within the field may not always be reliable.

Identifying how honeybees map their distance flown to a duration of some dance parameter
has also been challenging. Firstly, there seems to be no universal calibration for how flight

167 and even indi-

distance translates into dance duration, with different species®7, subspecies
vidual bees*”? possessing variations in their feeder distance-duration calibration. Even within
A. mellifera, studies report conflicting linear'¢7:276278:279351 or non-linear97:337 relationships
between feeder distance and duration. Differences in published curves across studies are rarely,
if ever, obtained for the same spatial route. Given that bees gauge distance flown via optic flow,
it is possible that some of the differences are the result of flying through dissimilar environ-
ments. Furthermore, inconsistent training distances across studies (ranging from 0.4 km to
11 km) and the use of different dance components (duration of the waggle, return or circuit)
as metrics may have added to the uncertainty. A review by Kohl and Rutschmann '*S revealed a
suspicious association between the maximum training distance used: a non linear component
was only detected when using training distances further than 1 km. Thus, studies relying on
linear calibration functions established over shorter training distances would have routinely
underestimated foraging distances that were being signalled by longer waggle durations. We
use the distance-duration calibration slope estimated by Kohl and Rutschmann'® when
mapping a feeder distance to waggle duration in the simulation experiments in Chapter 3.

Do dancers signal the outbound or inbound journey?

The distance to a resource could in principle be represented by the outbound or inbound
flight paths, or even both. Many have reported that the distance is primarily gauged on the way
to a food source38751003133:193:293:299 Vo Frisch 1°°s classical experiment where bees were led
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around a mountain ridge to a resource, showed that whilst bees signalled the airline shortcut
direction from the hive, they still signalled the outbound flown distance even though they
had flew over the ridge on their way back to the hive. However, there is evidence that bees

399, For example, Edrich 78

monitor the distance travelled on the inbound route too 3375241
claimed that dancers that have never experienced the outbound flight path, as a result of being
displaced to an unfamiliar location 5 km away, are still capable of performing highly accurate
dances. However, bees could take up to 50 minutes to return home and his depiction of
a dance performed immediately after the bee arrives home (see Fig. 3 in Edrich7®) displays
various oddities that seem to improve after the bee had been allowed to visit the resource again.
Brines? also reported that waggle dances can be evoked when a forager only experiences a
return trip. He displaced foragers whilst feeding near the nest to a new final feeder location.
He noted the importance of a forager being at the final location before finishing feeding, after
which she then performed orientation flights, or else she would not return. But what, if any,
is the advantage of learning the distance on the journey to a resource, rather than on the route
back? After all, a naive forager often flies a tortuous path before finding a food source. This is
an unanswered question but signalling the outbound distance would at least set a safer upper

bound on the distance a recruit should expect to fly to find the resource.

Bees might also store multiple versions of the distance information: a personal one and a
communal one*. This was discovered by depriving the bee of celestial cues along segments
of an outbound foraging trip. The personal version (the subsequent trip of the bee) ignored
the distance travelled without the celestial compass, whereas the communal version (shared
by dancing) included these segments. Thus, there could be independent systems controlling
the information available for personal navigation versus dancing, or that given a context, it is
possible to extract the relevant data from a unified representation.

Misdirection and angular divergence in the dance

Depending on resource quality, the number of dance circuits performed can vary between 1
and 100 in a single bout of dancing*** and previous work has reported that successful recruits
had followed on average 8140 171 153530 or 20-23 waggle phases*®7. Although it is not
always emphasised in literature, many dance paths exhibit a degree of distortion or noise which
can lead to a variation in the angle of food signalled: the waggle dance is by no means a perfectly
precise behaviour. There is also the caveat that it is impossible for experimenters to truly state
the actual direction being signalled in dances via external observation; such parameters can
only be estimated. Nonetheless, estimates of the direction appear to show that consecutive
waggle phases in dances exhibit a degree of directional scatter that decreases with increasing
feeder distance®10%193330; 5 phenomenon termed ‘angular divergence’. This has been claimed
to result in a bimodal distribution of leftward and rightward deviations about the intended

direction (up to £40°) with some overlap3'®

. Moreover, when 4. mellifera dance horizontally
on their vertical comb, where gravity is not aligned with the waggle phase orientation, they
exhibit greater angular variation than dances performed close to vertical %7+, From dances
signalling natural resources across several days, Okada et al. ** identified that the angle of

waggle phases varied from phase to phase most commonly within the range of £15° from
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the mean. Thus, there are potentially many values of angles to the resource that are signalled
within a dance. In Chapter s, we further examine the angular scatter in dances in relation to

their performance in an experiment measuring their accuracy at returning to a feeder.

It is regarded within the community that follower bees reduce the eftect of this noise by
averaging several waggle phases to estimate the intended direction 7. Evidence suggests that
only four consecutive waggle phases are needed to sufficiently estimate the variation across
the entire dance and offer a good representation of the mean obtained if decoding all waggle
phases in the dance®. Moreover, Tanner and Visscher*> show that the distribution of recruits
arriving in traps that are set out in a £45° array either side of the feeder is best fit by the
prediction of a waggle phase-averaging model, rather than last- or single- waggle phase models.

2.2.3 Characterising following behaviour
How do interested nestmates respond and react to a dance?

For a human observer, nestmates following the dance appear as a single bee or group of bees
that extend their antennae in order to make contact with the dancer as she passes by, especially
during the waggle phase™®. Although cavity nesting species dance in complete darkness,
comparative studies suggest that open nesting species similarly rely on tactile antennal contact
to communicate, despite having visual inputIOG. Nestmates can also be seen moving along
with the dancer (including on the return phase and for several dance circuits) and are most
typically found side-on or behind the dancer but can be positioned in front too3*. After
following the dancer for one or more dance circuits, she may then leave the hive to search for

the resource.

Historically, diverse criteria have been used to identify follower bees for inclusion in subsequent
analyses. Many of these require the active movement of the nestmate alongside the dancer
throughout circuits and exclude those who engage with the dancer via their antennae but

106108320 [ qwever, dances do not

do not actively follow the dancer around the comb3%7%9%
necessarily solicit immediate action from recruits and there is ultimately no way of proving
that such nestmates are not decoding the dance information. Reviewed by Biesmeijer and

de Vries**, there are three main contexts in which a nestmate may be following a dance:

* A novice forager can find her first food source either by following a waggle dance
and obtaining her own flight vector to the resource (being a recruit), or by searching

independently without following dances (being a scout) %25,

* An experienced forager whose foraging has been interrupted, for example by nightfall
or a rainstorm, can resume her foraging either by following dances (being a reactivated

forager) or by examining the source on her own (being an inspector)*¥'°7.

* An experienced forager that is already engaged in foraging may need to find a new
food source when her old one fades, and can do so either by following a dance (being a
recruit) or searching independently (being a scout).
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Figure 2.7. Domain of categories within which features of following behaviour are studied.
The dance vector is signalled over the course of a waggle phase. During this, followers may have little
choice over which positional zone they occupy and may experience a number of relative angles, which
may change over time. The dancer oscillations may aftect the follower’s ability to maintain contact.

It is also possible that there are bees occupying the vicinity for other reasons, such as waiting
to unload nectar from the dancer?®?. Whether there are differences in the characteristics of
following behaviour in these contexts is not yet known; we only see that some bees actively
pursue the dancer around the comb and some do not*°, but almost all show conspicuous
interest with their antennae. In Chapter 4, we take an inclusive view that following behaviour
can be identified based on whether or not a nestmate is extending out her antennae towards the
dancer. Such nestmates may occupy any position facing towards the dancer, exhibiting varying
or consistent angles during following, as well as show interest for a portion of the waggle phase,
an entire circuit, or multiple circuits. In support of this definition, nestmates that display
these behaviours have been found to act as successful recruits. For example, Kietzman and
Visscher '5* observed that nestmates can be successfully recruited to the feeder irrespective of
the position they followed from and even if they only followed one waggle phase. The natural

next question is, how do these followers decode the dance?

Stimuli available for follower bees

How do followers bees decode the dance?

Follower bees are required to detect the dancer’s orientation relative to gravity and duration
of the waggle phase and translate this into a flight vector with a direction relative to the

sun?® and distance from the hive %7:3%

. Over the years, it has emerged that there are seemingly
many stimuli that follower bees are exposed to during the performance of the dance. Here,
we propose separating these stimuli into three categories: (1) stimuli that assist in detecting,
localising and broadly orienting towards a dance in the comb (Table 2.1), (2) stimuli that
have been proposed in the past to aid nestmates in assimilating the signalled dance vector
(discussed below) and (3) stimuli that are available outside of the hive and may help to find the
resource alongside the assimilated vector (Table 2.2). Since our work focuses on how nestmates
assimilate the vector information, we detail the stimuli in group (2) in the context of past and
present hypotheses discussed below. Fig. 2.7 shows the categories within which researchers
have typically studied these stimuli and other features of following behaviour to understand

their role in information processing.
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The airflow hypothesis

The oscillation of the dancer’s wings 29733673368 and abdomen whilst waggling create oscillatory
airflows as well as a narrow jet airflow™* around the dancer. Generated at the tip of the
wings and moving backwards, the jet is fan shaped and broader in the dorsoventral direction
than in the lateral directions. In contrast to the oscillatory airflows, where the masses of air
are flowing to and from, the air flows in only one direction in the jet, i.c. away from the
dancer. It has been hypothesised that this jet could be used to inform follower bees of the
signalled foodward direction. This line of inquiry, led by Axel Michelsen over approximately
15 years, has not been revisited recently but a historical overview of this research is provided by
Michelsen %>, Based on measurements with small hot-wire anemometers, Michelsen 28
proposed that antennae positioned behind the dancer and within the angle of waggling (e.g.
+30°) would be capable of detecting a well-defined maximum airflow whenever the dancer’s
abdomen pointed in their direction. Comparing the timing of the signals reaching the two
slightly spaced antennae could inform the follower which side of the axis of the waggle phase it
was on. While it remains unclear whether bees possess the neural circuitry to process temporal
information of a jet of air hitting either antennae, their ability to compare odour concentration
gradients between their two antennae has been well-documented 26519433 Tf g0, they postulated
that followers might use the temporal pattern of the airflow they perceive to try to reach a
position behind the dancer. The resulting parallel alignment was theorised to be the simplest
way for a follower to approximate the waggle phase angle (and thus, foodward angle), as it

would be equal to the her own orientation relative to gravity.

The groups’ insights were mostly obtained from measuring the air currents emitted from
a mechanical model bee that could dance and had metal wings which were vibrated by an
electromagnetic driver*%*. They later discovered that the generation of these jets by real
dancing bees could be much more variable and dancers could seemingly switch them on and
off by adjusting their wings. The velocity of these jets could also sometimes be equal to the
background level of airflows in the hive. Thus, while the jet airflow could inform a follower
that she is positioned behind the dancer, it s likely that followers must have access to other cues
too. Furthermore, Kietzman and Visscher 5* observed that successfully recruited nestmates
occupied various positions around the dancer, even those without direct exposure to the jet
(e.g. from the side and front).

The tactile hypothesis

Given the apparent motivation of follower bees to extend their antennae towards the dancer
and receive contact, touch has also been a point of focus during the search for reliable channels
of communication. The tactile hypothesis refers to the idea that follower bees can infer the
waggle phase angle through passive antennal contact with the dancer’s body3%°%2¢2_ This
requires that a follower must know her own orientation relative to both gravity and the dancer
to determine the foodward angle in her own frame of reference. This hypothesis removes
any constraints on where the followers can obtain the information from and is supported by

observations that followers keep their antennae outstretched and stable during the waggle
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phase; as this may minimise altering the perceived signal according to their own movements.
However, it has previously been unclear how she transduces her angle to the dancer from
the contact or deflections of her antennae. This is because the questions of whether and to
what extent the waggling movements of a dancer are tactilely transmitted to the followers have
rarely been studied.

There are only two pieces of existing work within this domain. The earliest is by Rohrseitz

and Tautz %>

, who measured the angle of followers’ body orientations and whether their
antennae were in contact with the dancer at the midpoint of each swing of the dancer’s
abdomen (e.g. see far right of Fig. 2.7). They proposed that followers could be guided to
the favourable position at the rear end of the dancer by a decreasing value of a feature they
termed ‘coincidence’: the duration of simultaneous contact with the dancer and both of their

antennae. Gil and Marco ™

additionally measured the deflections of the antennae by the
angle between the follower’s antennae scapes at the end of each waggling movement. The
magnitude of the followers” antennal deflections increased when they faced the dancers from
the side, and the variability of such deflections diminished when they faced the dancers from
behind; however, there was no consistent relationship within a single feature of the deflections
that made it possible to decode a7y angle to the dancer. Both studies selected specific time
points at which to measure features of antennal contact, however, our hypothesis proposes
that follower bees continunally integrate their estimates of the dancer’s orientation during the
waggle phase (Section 2.1.1). In Chapter 4, we revisit the tactile hypothesis and examine the
followers’ antennal positioning at a higher resolution across multiple points of the dancer’s
abdominal swings (and not just the midpoints or change points).

Stopwatch-like activity in bees

In their study, Giland Marco 198 4lso found that the higher the number of waggling movements,
the higher the number of antennal deflections and contacts that the followers experienced.
They suggested that this could offer a potential mechanism for decoding the distance of the
resource. However, von Frisch *°° estimated that the error from using the number of waggles
as a correlation of feeder distance was 29% greater than using the duration of the waggle
phase (pp. 101-102). The value of a signal is also dependent on the precision with which it
can be received. Although it has been claimed that bees may be able to count the number of
landmarks (up to five) passed on the way to a resource*S, whether bees could count and grasp

sharp differences in much greater numbers of waggling movements is not confirmed.

Since then, research has also studied how nestmates might use the airborne vibratory signals
available from a dance to infer the distance. Recall from Section 2.2.2 that the waggling
dancer emits airborne pulsed vibrations at around 30 pulses per second, with each pulse being
around 20 ms>°%*3. A series of experiments led by Hiroyuki Ai** found that simulating
these waggle vibrations on the honeybee’s antenna at the Johnston’s organ affected a local
interneuron in the brain (DL-Int-1). This interneuron normally fires spontaneously, but the
train of vibration pulse stimuli caused it to stop and become hyperpolarised (less excitable).
Upon the offset of the pulse train, the interneuron showed increased activity (post-inhibitory
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rebound). Another interneuron, DL-Int-2, a presumed postsynaptic neuron of DL-Int-1,
showed increased continuous spiking activity under the pulse stimuli. The authors suggest
this inhibitory network resembles the functions of a stopwatch, potentially playing a role in
decoding the duration of the waggle phase pulsing. In Chapter 4, we suggest that this activity
could be used by followers to gate their accumulation of the dance vector in memory. This
hypothesis proposes that the accumulation can be constrained to particular contexts — namely,
from the onset of stimuli present in the waggle phase (pulses of vibrations) to its offset, when
the vector is then stored. Ai et al.? also characterised a third neuron (bilateral DL dSEG-LP)
whose activity appeared to be phase locked to the vibration pulses even if the temporal pattern
of stimuli was changed. If honeybees use the number of pulses to encode distance (as opposed
to the total duration of pulsing), then this neuron may be a potential candidate for processing

this information.

Contexts in honeybee recruitment studies

In several of the studies examining the experience of follower bees in the hive, it is unknown
whether or not these followers would actually be recruited to the feeder or indeed, the extent to
which they would be able to find it. Studies of honeybee recruitment thus fall into three main
categories: those that study the following behaviour within the hive 295303106;10851015262 ¢}y g
that study the subsequent foraging success after being recruited 37:99193143:170:215257:285:3223340
or finally, those that correlate the followers’ in-hive experience with their subsequent suc-

cess 84;121;14 651525

315538 This latter approach makes it possible to compare predictions of a fol-
lower’s recovered dance vector against the actual flight vector that she expressed (or flew), but is
often limited by the effort and challenges associated with tracking individual bees throughout
their foraging flights. Across the studies within this category, the experiences of followers that
have been measured include the amount of time spent following the dancer, the number of
waggle phases followed, their position and angle relative to the dancer as well as the time spent
in antennation (the time spent touching each other with their antennae). While the number
of waggle phases followed by a nestmate has consistently been proven to be a reliable predictor
of a nestmate being more likely to find the food, to this day, there is limited evidence that the

146 in 1994 asserted

other factors exert the same influence. Although an earlier study by Judd
that followers had to experience a position behind the dancer to be successful at finding the
feeder, more recent work has since relaxed this constraint*3®. Thus, the mechanism that
follower bees use to decode the dance appears to be flexible with respect to the stimuli that

researchers have measured so far.

It is also worth noting that different approaches have been used to determine the success
of recruits at different levels of detail. These methods range from simple binary measures,
indicating whether or not the recruits arrive at the original feeder, to more detailed aspects of
their success, such as the distribution of recruits caught in feeder traps that are arranged around
the original location of the food. Finally, a few research groups have been able to utilise tracking
systems, such as harmonic radar, to monitor the entire search flight of recruits*°7:*57534°, In
Chapters 4 and 5 we discuss the results of some of these studies in the context of understanding
how accurate recruits are at estimating the location of the signalled food.
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Table 2.1. Stimuli available for detecting and localising dancers in the hive.

Description

Notes

Temperature Bees exhibit a higher temperature of
their thorax when dancing?°*3°3.

Foraging honeybees are highly endother-
mic and need to warm up the thoracic
muscles for flight 266 Whether this
warming of the dancer effects the rate
of recruitment is unknown but it is
possible that thermal activity is a distin-
guishing feature of a dancer and helps

prepare follower bees for flight.

Olfactory & chemi- A mixture of hydrocarbons is

cal cues released by dancers and leads to
an increase in foraging and sig-
nificantly more bees exiting the
hive 09324,

Thom et al. *#* suggest that the
pheromone acts as an attractant, lur-
ing unemployed foragers to the dance
floor. A more recent study by Balbuena
et al.'® suggests that incoming foragers
might already release these signals on
entering the hive. Thus, they might at
least serve as a motivational cue that
stimulates foraging activity.

Electric fields Electric fields emitted by dancing

bees induce passive antennal move-

ments in stationary bees us,

The electric fields emanating from the
surface charge of bees are very likely

to be relevant stimuli for identifying a
dancer. Itis also an intriguing possibility
that such fields may correlate with the
duration of the waggle phase (and thus,
distance to resource) or that a follower
might somehow extract their angle to
the dancer using them, however, these
hypotheses are yet to be tested.

Vibrations trans-  Dancers produce two types of
mitted via the vibration during the waggle phase:

Sensed by the subgenual organ on the
legs, these vibrations on the comb ap-

comb . pear to attract followers to dances 267,
é&?::gfgznmczigjiigj) However, dancers often perform within
bdominal movements !4 close proximity which could cause

" frequent interference. Thus, although
* A high frequency (250- correlating with the waggle phase du-
300 Hz) vibration from ration, many believe it is unlikely that
vibrating her wings for these signals are strong enough to be
short pulses of 20 ms*?7. reliably decoded as a precise distance
. . 208
Whilst dancing, they firmly grip the (or. directional) cue to the resource>®®.
rims of the cell swalls of the comb Michelsen et al. *"* also suggests that
hiscl? . dse tclfe V:Z Zoatiozcoofthese information transfer is possible from a
V:brations o thlz coF;q%) rsel 235320 mechanical dancer that imitates both
M " vibrations but does not touch the comb.
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Table 2.2. Stimuli available outside of the hive for locating the final resource, that can be

used in addition to following the dance vector.

Description

Notes

Floral scents Recruits are attracted to the scents
and odours from the food carried
in by foragers 9,

When a successful forager returns with nec-
tar, she brings back the food scent in the crop
itself or clinging on her body. Recruits are
able to use these floral scents as guiding cues
for search flights, especially when scented
feeders are upwind 9355,

Nasonov Honeybees can expose glands to
pheromone mark food sources with Nasonov
pheromone 88;953350

Scent marking can also explain why unac-
companied new recruits, prefer the same
entrance used by trained bees, even if it is
harder to access®*. In the 1940s, von Frisch
dismissed the idea that bees solely rely on
the pheromone to find the resource with an
experiment that covered the Nasonov glands
with shellac (glue) to prevent them from
releasing odours while foraging and reported
that the recruits’ abilities to locate the foods
were undiminished (described in Gould "+).
Similarly, although Griffin et al. ™ found
that the pheromone was important for help-
ing recruits to find a signalled resource 5 m
from the hive, this bias reduced for feeders
that were 10 to 20 m away and disappeared
for feeders at 30 m.

‘Buzzing’ flights The presence of bees at a feeder

Tautz and Sandeman 3** reported the impor-

and the pres- can attract recruits searching for  tance of ‘buzzing’ flights by foragers around

ence of bees the feeder?**. a feeder that were necessary for encouraging
recruits to land on the feeder. These flights
reportedly looped around and across the
feeder, maintaining a distance of about one
metre and lasting up to 15 seconds with a
characteristic loud buzzing.

Electrostatic The difference between the elec-  See Section 2.1.

fields trostatic charge of bees and floral

sources.

The presence of It is plausible that in open field

experimenters  experiments, bees that are ac-
customed to human interaction
during training may utilise hu-
mans as visual cues or indicators

of food being nearby.

The arrival of bees, both trained and re-
cruited, to a feeder is often recorded by
experimenters waiting at the feeding site. I
have personally observed that in doing so,
bees could gradually associate my presence
with a sugar reward. For example, even upon
entering the field containing their hive, some
bees would actively approach and fly around
me in a non aggressive manner, even before
the introduction of feeders. A few individu-
als appeared to learn that even landing on me
would likely lead to them being then placed

directly on a feeder.
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2.3 The insect central complex

The central complex has been found in every insect examined to date and is widely believed to be
the navigational centre of the insect brain 7245333 It is therefore relevant to the accumulation
of a flight vector when foraging as well as oriented behaviours within the hive, such as dancing.
It is a highly organised region of the brain that unites inputs from the left and right in four
primary neuropils that span the midline: the protocerebral bridge (PB), the ellipsoid body
(EB), the fan-shaped body (EB), and the paired noduli (NO) (Fig. 2.8). Columnar neurons
recurrently connect the individual neuropils to each other, while tangential neurons provide a
large number of inputs from, and a smaller number of outputs to, the rest of the brain 93333,
It is worth noting that there are differences in nomenclature between neuropil and neuron
names in fruit flies and other insects, with the EB and FB often respectively referred to as the
lower division of the central body (CBL) and upper division of the central body (CBU) in
other insects (see Table 2.3 for the full list relevant to this work). The computations carried
out by this complex, yet ordered entanglement of neurons are a burgeoning area of research.
In this section, we focus on the functional role which is of immediate interest to the honeybee
dance: the representation of flight vectors in the brain.

2.3.1 Vectors in the insect brain

Ground velocity

As discussed in Section 2.2.2, behavioural experiments have established that honeybees can use
the perceived translational optic flow to estimate their ground velocity. In 2017, Stone et al. 35
were the first to characterise optic flow-sensitive neurons in the sweat bee, referred to as TN
cells. TN cells selectively provide input to the NO of the central complex. There are four TN
cells, split into two types, with each type existing in both the left and right hemispheres. TN2
neurons respond to horizontal motion +45° from the front of the insect and TN respond
to £45° from the back. Each cell fires proportionally to the component of velocity in its
preferred direction, thereby collectively tracking the ground velocity in four cardinal directions
around the insect. Similar neurons have also been identified in the fruit fly (LNO cells) *#%°
and additionally respond when flies move laterally or side-slip when walking (shown in the
Extended Data Fig. 4j-q of Lyu et al. °).

Heading direction

Calcium imaging of columnar neurons connecting the EB and PB (EPG neurons) in the fruit
fly has revealed that head direction is represented by a distinct peak or bump of activity across
the EPGs, that uses both external and self-motion cues to rotate through the population in
a manner consistent with the insect’s rotation within its environment"%*%. This has been
confirmed for restrained flies walking on an air-supported ball**? as well as tethered flies flying
in a virtual reality arena*. Similar to proposed models of head direction cell functioning in
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mammals'®4, the EB acts as a ring attractor, with its dynamics characterised by local excitation
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Honeybee brain with central complex

Figure 2.8. Frontal view of a three-dimensional reconstruction of the honeybee 4. mellifera
brain. Different neuropils shown as coloured volumes, with the central complex neuropils in green
(obtained from the insect brain database®®, www.insectbraindb.org; data from Brandt et al. ).

that reinforces activity at the bump location, and long-range inhibition that suppresses activity
in neurons with different direction tuning*?*. Information about external cues is thought
to reach the EPGs via populations of directionally tuned neurons known as ring neurons,
which exist as different groups that respond separately to visual cues**, polarised lightué,
and airflow *3®. Thus, the network can use multiple sensory modalities to form an accurate
representation of the head direction. The tracking of head direction is most accurate in the
presence of external cues; although the EB directional bump can exist and persist in the absence
of external cues too"7333. These updates are believed to be idiothetic but it is not yet known
whether they are driven by proprioception or motor efference?. In vertical cavity-nesting
species, honeybees orient their dances with respect to gravity in the hive. In this work, we
hypothesise that gravity exists as another external cue that can similarly evoke and update
a directional bump in the EB. Some insects sense gravity via their antennae'+¥97  whilst
in bees it appears likely that they use the hairs on their neck and between their thorax and
abdomen3%'%7, Manipulations of the mechanosensory neck hairs, including gluing the head
rigidly to the thorax, disrupt geotactic behaviour and leads to disoriented dancing187. The
pathway of gravity-induced mechanosensory input to the central complex and a resulting
neurophysiological response is yet to be tested experimentally.

Travel direction

The EPG neurons send axonal outputs to the glomeruli that form the PB, which inherits

360 Another population of neurons, known as A7 neurons, are interposed

copies of the bump
between EPGs and many cells that are downstream of the PB. These are believed to help shape
the EPG heading signal into a sinusoid within the downstream populations™®. Crucially, this
sinusoidal representation — where the phase correlates with the heading angle — enables the
circuit to implement vector computations. An exciting recent discovery in the fruit fly has in

fact supported this concept189519°

, where the translational optic flow signals from the NO are
multiplied with the heading signals from the compass system. The flow signals modulate the
relative amplitudes of four sinusoids that exist in four PFN cell populations (for the left and

right, and both forward and backward movement), which convey the bump from the EB to the
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Table 2.3. Corresponding names in Drosophila melanogaster and other insects.

Drosophila Other insects

Central complex neuropils PB PB
FB CBU
EB CBL
NO NO
Tangential neurons LNO TN
ER TL
A7 TB1
Columnar neurons EPG CL1
PFN CPU4
PFL CPU1
FB interneurons hA Pontines

PB and are otherwise yoked to the insect’s head direction'°

. Downstream, the connectivity
pattern of these neurons onto hAB neurons in the FB supports a vector sum computation that
pools together the insect’s estimate of its egocentric (body-centred) translational direction
with its estimate of allocentric (world-centred) heading direction, to accurately predict its
allocentric travel direction. This offers an elegant solution to the problem of how insects
can still track their direction of travel when it differs to the direction they are facing. It has
been proposed that the integration of this vector, or its components?®S, over time should
enable insects to form a working memory of their path travelled through the environment.
A recent study®® has also identified a population of PFNs that encode wind direction that
is sensed via displacement of antennae in the fruit fly, and display peak sensitivity at +45°
similar to the optic flow input above. In a following study'?, the authors proposed that
similar modulation of the head direction bump could allow for an allocentric estimate of wind
direction. In Chapter 4, we propose that a nestmate following a dance can use the position of
their antennae to similarly (and with the same circuitry) convert its egocentric orientation to

the dancer to an allocentric estimate of the dancer’s direction which signals the food.

Steering

Over 6o years ago, Mittelstaedt ™S suggested that animals control their path through the
environment by measuring the discrepancy between their current heading angle and a desired
goal angle. Since then, Webb and colleagues have proposed neural network implementations
of this idea in insects"»"*4*173%  Constrained by anatomy in the sweat bee, Megalopta genalis,
Stone et al.?>* proposed a model for path integration and steering, where a layer of CPU1
neurons effectively compares inputs from a layer of TBr neurons — carrying the current
head direction bump - and a layer of CPU4 neurons (homologs of PFNs) — carrying a
desired goal direction from memory — to generate a steering command encoded across its

population. CPUT cells converge in a premotor control region, called the lateral accessory
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lobe 895129139179 and work in the moth has shown that this region is involved in generating
steering commands**4. The proposed CPU4 layer is composed of two accumulators, one for
movement on each of the left and right sides, where each memory cell of either accumulator
encodes the total travel along one of eight cardinal compass directions encoded by the TBr1
cells. Each accumulator is updated depending on the excitatory activity of the TN optic
flow-based cells encoding movement on one side of the body, modulated by the inhibitory
activity of the TBr heading layer. The CPUj4 cells thereby accumulate the speed travelled in
the direction opposite to the current heading and charge a home vector as the insect moves
away from a reference point. A shift in connectivity between TB1-CPU4-CPUi cells helps
establish the strength of a rightward or leftward turning signal: the excitatory CPU4 layer
output is modulated by the inhibitory TBr layer output 45° to the left, or right, respectively.
The insect turns if the signals from one side are greater than those from the other. The CPU4
accumulators continue to be updated while following the home vector back to the nest. Once
there is no imbalance in the accumulators, it indicates that the nest has been reached and an
emergent search pattern ensues. Similar neuroanatomical motifs have been observed in the
desert locust™ and monarch butterfly. Recent functional studies have also confirmed this
steering circuit in the fruit fly3¢, where PFL3 neurons (potential homologs of CPUTs) are
anatomically positioned to receive right-left shifted copies of the current head direction and

generate a steering command by comparing these to inputs from the FB39:25235¢,

Vector memory and return trips

How foodward (or goal) vectors are encoded in memory is unknown, but it is reasonable to
suggest that they are stored separately in the same format as the information encoded by the
integrator. A computational model mimicking this encoding successfully replicates many
features of these vectors and navigational strategies utilising them*7. Moél et al. *'7 extended
the path integration network by Stone et al.?®> to introduce memory synapses that store
the CPU4 accumulator states at salient locations. When wanting to revisit the location, the
vector memory is reactivated and used to inhibit the current state of the CPU4 integrator cells,
resulting in a steering signal in the direction of the location (a foodward route) (Fig. 2.9). If
starting at the nest, with the integrator containing a zero home vector, this negative inhibitory
influence means that the bee will act as though its current location is exactly opposite to where
the feeder is located. Consequently, the steering circuit, aiming for home, will guide the bee
from its actual location (the nest) toward the food. Since the path integration continues to
run in parallel and reflects the bee’s actual displacement, lifting this inhibition of the CPU4
cells at any time results in the bee returning to a homeward route. In Chapter 3, we explore
how this model could be used for performing the waggle dance.
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F Stores home vector as F
a vector memory upon
discovering F .
Homes using
path integration
N N
3a. 3b. 4.
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N & N Tries to home until
\\ path integration
(Recall) Inhibit \ \ \ balances F’s vector
with F's vector | \\ \ memory
memory \ W\
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Figure 2.9. Example of the vector memory extension to a path integration circuit. 1, During
a random foraging route, a bee discovers a feeder (F, green) and stores the current state of its home
vector as a vector memory. 2, It then uses its home vector to return to the nest (N, grey). 3a, Whilst at
the nest, the bee recalls the feeder’s vector memory. This inhibits the current state of its path integrator
to reflect a virtual (imaginary) position which is opposite to the feeder’s actual position. 3b, As the bee
now tries to home from this virtual position, it will result in steering signals towards the feeder’s real
position. 4, Lifting the feeder’s vector memory recall at any time allows it to return to the nest.
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Path integration in dancing

Despite extensive research on many aspects of the honeybee waggle dance, the control mech-
anisms governing its execution within the hive remain poorly understood. Esch % once
highlighted that waggle dances were seemingly similar to re-enactments of the foraging trip on
asmall scale, i.e. a dancer orients in a direction correlating with the direction towards the food
and travels or waggles along it for a duration correlating with its distance. However, despite
his observation and the established role of path integration in controlling path direction when
foraging and returning to a feeder (see Section 2.1), its involvement in performing the dance
has remained largely unexplored. Path integration is often referred to as a homing mechanism
that operates on the scale of large distances, enabling insects to efficiently travel home after
tortuous foraging routes many kilometres in length**'. However, there is growing evidence
that it also exists on a small scale. When foraging ants arrive back near the nest but cannot
immediately find it, they initiate a local centred search on the scale of a few metres>®. Fruit
flies also use path integration to perform tight food-centred searches that cover only a few
213153;

centimetres 325, which is comparable to the spatial scale that a honeybee’s dance circuit

can be performed over'74.

In this chapter, we explore the idea that path integration could be involved in performing
the waggle dance and highlight that this concept is supported by the general structure of
the dance as well as its evolutionary origins. We use a computational approach to propose
how a path integration control system can be used to perform the dance, in addition to its
established use in long range behaviours, such as homing and returning to a feeder. We show
that a network modelled on the insect central complex3® can account for several features of
the dance, including classic waggle and return phases, as well as measures of angular divergence.
To the network, we add the oscillations of the abdomen and assume a hypothetical vector
memory proposed by Moél et al. 7. We also add physical restrictions to the angular velocity
of the dancer’s path when waggling informed by our new analysis of natural dances.
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3.1 The origins of dance behaviour

Honeybees exist within the Apidae family, which also encompasses bumblebees, stingless bees
and orchid bees*°. A comparison of these social bee species offers an interesting perspective on
how dance behaviour might have arisen. Kajobe and Echazarreta'#” reported that stingless bees,
Meliponula ferruginea and M. nebulata, partake in piloting flights. This is arguably the most
basic form of location sharing, where experienced foragers exit the hive in distinct foraging
bouts and directly lead recruits to the food source, without relying on communication within
the nest. Whilst foragers also returned in bouts carrying the same resource, the number of
individuals in a return bout could be less than in an exiting bout, suggesting that recruits may
not follow the whole distance. Similarly, when returning to the feeder, M. panamica foragers
perform an initial section of zig-zagging that persists up to 50 m from the nest and points
towards the resource. These flights are followed by recruits until they are able to complete the
journey on their own®*. Both examples suggest that these forms of location sharing behaviour
exist as piloting-like flights of foragers following their own path integration vector to return
to the feeder. The synchronisation of foraging trips has also been reported in honeybees when

the food source is unscented 3**

. Some species of stingless bee deposit odour droplets every
few metres extending from the resource all the way to the nest 35595585 or 2 shorter portion
of it (30 m)**. In each of these contexts, recruited nestmates can conveniently acquire the
foodward vector directly via their own path integration system when guided along the route.
However, scent trails risk inadvertently leading competition to the same food source and
obstacles, such as dense foliage, risk an inexperienced recruit losing track of the leader guiding

the trip**7.

Research has shown that many bee species also exhibit excitatory movements or pulsed vi-
brations within the hive that attract and incite nestmates to search for food ©%82226:228:230
For example, bumblebees do not participate in guiding but rather display ‘food alerting’ be-
haviour, where they perform extended excitatory runs around the nest upon successfully
finding food 8. Moreover, a variety of vibrations are produced by different species of stingless
bees®?, with even the length of pulsed vibrations depending on the feeder distance in some
species 82231 Egch 82 proposed that behaviours guiding nestmates to food sources, such as
the zig-zag flights, could be precursors to the waggle dance, with the addition of distance
information conveyed through sound pulses (Fig. 3.1). This supports the hypothesis that the
waggle dance gradually evolved as a refinement of simpler communicative foraging systems,
all utilising the same orientation system based on vector navigation, rather than emerging as
a distinct and separate adaptation. This is further reflected within the 4pis phylogeny itself.
Dances of open-nesting honeybee species which are basal to the genus point directly towards
the resource and most closely resemble a small-scale foraging flight to guide nestmates to the
resource. The intermediate stages that led to communicating on such a small-scale, and even
relative to gravity in cavity nesting species, are still poorly understood*°, but the existence of
similarities in communicative behaviour across species supports the idea that an evolutionary

conserved pathway - namely, one capable of path integration - underlies such behaviours.
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Figure 3.1. Overview of recruitment systems within the Apidae family. Tribes Bombini (bum-
blebees), Meliponini (stingless bees) and Apini (honeybees) shown. Phylogeny adapted
from Barron and Plath*; Lo et al. "®®. Bumblebee food alerting trace in nest adapted from
Fig. 2.1.1 in Dornhaus *7. Vibration sound pulse waveforms in stingless bees adapted from
Fig. 9 in Nieh and Roubik**'. All other drawings by Anna Hadjitof1.

3.2 Directional dance error: constraints and control

We were interested in examining whether natural dance paths display features that are further
indicative of a path integration control system. Towards this, we obtained and analysed datasets
for two honeybee species, 4. florea and A. mellifera, collected by Timothy Schaerf’s** group
and Tim Landgraf’s'7# group, respectively. This allowed us to compare dances with difference
reference points (i.e. the sun or gravity) and substrates (i.e. on top of other bees or on the
comb). As discussed in Section 2.2, waggle phases are often performed with a degree of
angular scatter. Towne and Gould *° tested the resulting scatter at several feeder distances
and observed a four-fold decrease when signalling a food source at 700 m compared to 100 m.
This decreasing scatter with increasing feeder distance prompted many questions as to whether
bees were strategically tuning the scatter to distribute recruits over a constant patch size*533;
or whether bees were physically incapable of dancing with great precision for nearby sources.
In the 2000s, researchers hypothesised that if bees were strategic, then they must dance more
accurately when signalling a new nest site, where the goal is typically much smaller. After 15
years of experimentation16517;2785314;317;328;349, a final cross-species review by Beekman et al. "
concluded that bees are simply physically constrained when performing short waggle durations,
irrespective of signalling a nesting or feeding site. In this section, we analyse the directional

properties of waggle dances to investigate these apparent constraints.
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Angular scatter and motivational state

We first tested whether the angular scatter measured in dances could arise from accumulating
errors over consecutive waggle phases. Does the dancer begin her dance aligned with the feeder
direction but gradually loses her way over time? Interestingly, there is no trend towards in-
creasing angular scatter over consecutive waggle phases in either species (Fig. 3.2a,¢), suggesting
that any scatter is not due to accumulating errors from performing more waggle phases. The
angular divergence was calculated as the mean absolute angular difference between consecutive
waggle phases (the signed angular differences are shown in Fig. A.1). Fig. 3.2d visualises the
cumulative fraction of dances with various differences between the angle of the first waggle
phase and the mean divergence across the rest of the dance. It is interesting that not even
the majority of first waggle phases are performed with the greatest precision, as one might
expect that the bees correctly align themselves with the foodward angle before any dancing or
waggling behaviour occurs. This may indicate that bees dance within a motivational context
in which the reward itself activates the dance movements and leaves little time to correct their
orientation to the foodward angle prior to waggling. An early commentary by Dethier 64
supports the idea of sudden excitatory behaviour of insects in response to a sugar reward. He
observed the gyrations of hungry fruit flies in response to a sugar drop, whose intensity and
duration of increased turning behaviour positively correlated with the sugar concentration.
This was interpreted as an excitatory search for the food. Shakeel and Brockmann *** observed
that honeybees also initiate a similar search and that when prevented from walking, the proba-
bility of initiating the excited searching (or dancing) decreased with time after sugar ingestion.
Furthermore, De Marco et al. ®° reported that a higher sugar concentration can lead to an
even bigger increase in the directional scatter of waggle phases at the beginning of the dance.
It is thus plausible that the first waggle phase lacks precision due to a heightened motivational
state triggered by the resource itself, rather than an error in the original vector. We explore a
possible explanation as to why the remaining waggle phases might also be imprecise in the

up-coming sections.

192

Timothy Schaerf’s group'* also recorded whether a dancer was carrying pollen in the ‘pollen
baskets’ located on their hind legs. The angular scatter within a dance appears to be irrespective
of this (Fig. 3.2b, P = 0.26), suggesting that the additional weight or presence of pollen on

the legs does not influence the precision of the dance differently to nectar.
Adjusting the waggle phase trajectory

The idea that the dance is initiated before the dancer can precisely orient to the feeder is
also consistent with the activation of a vector memory to return to the feeder, i.e. it is the
activation of the memory that drives the orientation towards the food in the first place (see
Section 2.3). A path integration control system would also predict that once activated, the bee
should continually attempt to adjust the angle of the general waggle path to the foodward
angle, instead of waggling forward with a fixed off angle. Research has not yet quantified
the potential curvature of waggle phase trajectories and commonly measures the direction
of a waggle phase using the straight line connecting the thorax at the start and end of the
waggling'?4. To follow this up, we investigated whether the angle of the dancer at the start
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Figure 3.2. Angular divergence across consecutive waggle phases. Absolute difference in the angles
between consecutive waggle phases in a-b, 4. florea, computed from dances (n = 1333)
collected by Makinson et al. * and in ¢, 4. mellifera, computed from dances (n = 63)
collected by Landgraf et al. 7#. Makinson et al. % calculated the angle of a waggle phase
as the angle of the line connecting the bee’s thorax at the beginning and end of a waggle
phase relative to gravity (manually annotated). Signalled resources were unknown but b,
whether the bee was carrying pollen was recorded (H = 1.25, P = 0.26). Photos taken
by Anna Hadjitofi Jun. 2023. Landgraf et al. 7* used an automated method'” to track
the dances of foragers trained to a feeder 230 m away. d, Cumulative distributions of the
absolute difference between the first waggle phase relative to the absolute mean differences
in the angles between consecutive phases in dances containing at least six circuits. Both
data sources were analysed and used with permission. See also Figs. 3.10 and A.1.
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dancers (n = 67) at the start of their waggle phase (red, Opeqaing) Was compared against the
angle of their entire waggle phase (blue, 6,,441¢) relative to the feeder. b, Percentage and
raw counts of waggle phases where Oj,¢4qing Was further from the feeder angle than 6,64/,
(red) and vice versa (blue). ¢, Absolute angular error of waggle phases where O044ing (red)
was further than 6,,44¢1. (blue) from the foodward angle (left) and vice versa (right). d,
Angular error of Opeqding against 8,441 for all waggle phase. The solid line depicts the line
of best fit (slope = 0.7, r = 0.79, P < 0.0001) and the dashed line depicts the relationship
expected if there was no change between the angle at the start and the angle across the entire
phase. e, Measured angles for an example dancer over seven waggle phases performed.
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of the waggle phase differs from the overall angle obtained across the entire phase (Fig. 3.3a).
Can dancers adjust the course of their trajectory during a waggle phase? We trained bees
(A. mellifera) to forage from a feeder and recorded their dances within the hive. From the
recordings of 67 dancers (2633 waggle phases), we measured the headings of dancers relative
to the feeder in the first frame of waggling and obtained the angle of the waggle phase using the
conventional method: the line connecting this point to the thorax in the last frame of visible
waggling. Almost two-thirds of all waggle phases were performed with the dancer’s initial
heading deviating further from the foodward angle than the overall angle of the waggle phase
(Fig. 3.3b). Fig. 3.3c shows the absolute angular error between the start angle (red) and waggle
angle (blue) for each phase, separated into phases where the angle of the dancer at the start was
turther from the feeder than the angle of the entire waggle phase (left) and vice versa (right).
Fig. 3.3d shows the line of best fit through the full range of (signed) errors compared to the
diagonal line, which would be observed if there was no adjustment to the angle throughout
the waggle phase. Consistent with the prediction of a path integration circuit, this comparison
suggests that there is an inclination towards bees adjusting their angle to better align with
the foodward angle if their initial angle deviates from it. The slope of the line of best fit (0.7)
suggests that there is a 30% improvement in this alignment. The fact that this is not a perfect
alignment (i.e. a horizontal line) suggests that bees are physically constrained when attempting
to update their path direction when waggling. The mean change in the angle of the path
estimated from the datasetis 53.04° /s (s.d.= 48.89° /s). Although this is a novel observation,
itis plausible that waggling would restrict path adjustments, considering the rapid oscillations
of their abdomen and their grip on the comb with their legs®*'.

3.3 A path integration control system

To bridge the gap between the observed dance behaviour and its underlying neural mech-
anisms, we now introduce how a computational model of path integration could explain
how bees perform the dance. The central complex (see Section 2.3) is a highly conserved

130 orientation control

region of the midbrain involved in the processing of polarised light
for walking and flying 289 as well as various forms of arousal33+. Neurophysiological studies
have offered insights into the neural circuits supporting these functionalities . Based
on neuroanatomical evidence of the sweat bee’s central complex, Stone et al. 35 proposed a
computational model of a subset of the circuitry illustrating that it can support the intrinsic
computations needed for path integration when foraging. The model exploits the fact thata
vector can be represented as a sinusoidal pattern of activity across a neural population, where
the phase and amplitude encodes the direction and distance to a point of origin respectively.
Sinusoids can then be combined to produce a directional control signal. As the insect forages,
CPU4 neurons charge up by integrating ground velocity input from optic flow (TN cells) and
polarised light information from the head direction circuit (TBi cells). This accumulates a
flight vector, distributed across the CPU4 population, which represents the direction and
distance to the nest. On the homeward path, structured connections draw a comparison

between the current head direction and the CPU4 memory direction to steer home (Fig. 3.4a).
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Figure 3.4. A network for path integration based on the insect central complex. a, Neural
connectivity of the principal cell types enabling the accumulation of a home vector, mod-
elled by Stone et al.>*> and extended to include vector memory recall by Moél et al. *7.
Connections between TBis omitted for brevity. b, Examples of the sinusoidal activity
representing the desired steering direction over time when (left) foraging, (middle) arriving
back at the nest and (right) when vector memory recall is used to return to the feeder.
Distance can be represented using the inbound journey (green) or outbound journey
(purple). The angle (or phase) of the home vector is determined using the fast fourier
transform 3. Only cell indices 1 - 8 are shown for brevity.

The model has been extended to include the concept of vector memory*7, where the state
of the path integrator (CPU4s) can be saved at salient locations, such as a feeder, and later
used to inhibit the current state of the integrator cells to steer a return journey to the feeder
(Fig. 3.4b). Further details of the model and neuron types are given in Section 2.3. We propose
that this circuit could also underlie the performance of the dance itself: honeybees can use
an existing vector memory on a small scale to emulate travelling to the feeder via the waggle
phase on the comb. Since the path integration continues to run in parallel to the activation of
a vector memory, during the waggle phase, the dancer also charges a home vector that retains
an estimate of the starting point of the dance. Upon deactivating the vector memory, this
small-scale home vector could then be utilised by the steering circuit to perform the return
phase of the dance circuit. This model thus presents a plausible neural mechanism that is

capable of producing the general structure of repeating waggle and return phases in the dance.
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Model details

Fig. 3.5 illustrates the path trajectories generated by this circuit (Fig. 3.4) when simulated under
various conditions: foraging, returning to the feeder, and the proposed dancing behaviour.
A bee initiates a homeward route after discovering a feeder on a foraging trip (left). She can
later activate her vector memory of the feeder to return to it (middle) or signal its location via
dancing on the comb (right). These paths are reconstructed by decoding the neural activity
of CPUj4 integrator cells into the bee’s estimated distance (amplitude) and direction (phase)
relative to her starting point, providing snapshots at 10 ms intervals.

Expression of the foodward vector. We use the most recent calibration for 4. mellifera
defined by Kohl and Rutschmann'® for mapping the distance of the decoded foodward
vector to a waggle duration which the dance model uses to gate the expression of the vector
memory. There is also evidence that the presence of odour can gate whether or not fruit flies
orient with respect to the wind direction. These findings were observed in FB local neurons
called hAC in the central complex, making it plausible that a particular cue could control
a brief period of activating a vector memory. Another option is that the foodward vector
continually discharges as the vector memory is activated, until there is no imbalance left in
the two CPU4 accumulators. This indicates that the feeder has been reached, after which the
vector memory deactivates and thereby initiates the return phase. This option assumes that
the network can operate at a different spatial scale within the hive, such that the foodward
vector is discharged at an accelerated rate than if the bee was following it to fly to the actual
resource. Behaviourally, it is difficult to disambiguate which option is more likely. Whilst it is
generally unknown how bees establish their calibrations for mapping the feeder distance to a
waggle duration, or an accelerated rate of discharging, recent work suggests that bees deprived
of following any dances before they first dance develop a long-lasting inability to accurately

convey distance in their own dances®, suggesting a potential social learning component.

Return phases. The return phase is triggered when the vector memory is deactivated at the
end of a waggle phase. The connectivity of the steering circuit dictates that the dancer turns
to the side which immediately minimises the discrepancy between her current heading angle
and the starting point of the dance. The dancer’s final heading angle at the end of a waggle is
sampled from a von Mises mixture distribution, allowing for natural variation around the
central waggle direction with a bias towards 20 offsets. We set a threshold that reactivates
the vector memory for the next waggle phase when the dancer returns to a location within
5 mm of the starting point of the dance.

Distance and direction inside the hive. For open-nesting species of honeybees which dance
on horizontal combs, the model could operate in the same directional frame of reference as it
does for performing regular return trips to the feeder: with respect to the sun and polarisation
pattern in the sky. Vertical cavity nesting species dance with respect to gravity, and it is
unknown how bees are able to translate the foodward angle between celestial cues and gravity,
or how gravity information is represented in the central complex. In this work, we assume that
gravity could exist as another cue that can similarly evoke and update a directional bump in
the EB (via TBi cells in Fig. 3.4). Regarding maintaining a measure of distance travelled inside
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Figure 3.5. From foraging to dances using vector memory. Left, The feeder’s vector memory
obtained when foraging can be reactivated in order to Middle, return to the feeder or
Right, emulate the waggle phase, and lifting its inhibition initiates homing or the return
phase. The paths show the decoded self-position from simulated neuronal activity of the
path integration memory layer (see Fig. 3.4). The length of the foodward vector can either
be represented using the inbound route (green, the straight line connecting home and
feeder) or outbound route (purple, the total time travelled before discovering the feeder).

the hive, Lyu et al. ”° showed that LNOi cells in the fruit fly, homologs of TN cells, display
similarly strong tuning to egocentric translation direction in the context of side-slipping when
walking in darkness as they do when experiencing optic flow stimuli simulating flight. It is
thus plausible that these cells could exhibit a similar nature of activity to record displacement
in the context of the dance, as they do in flight. We assume that TN cells display maximal
activity when flying at 6 m/s outside of the hive, and dancing at 1.4 cm/s within the hive.
Given our findings in Section 3.2, we also add a restriction to the steering circuit that limits the
maximum angular velocity of heading angle adjustments during waggling (ranging between
+10°/s and +80° /). For example, £30° /s means that a dancer that starts waggling at 45°
relative to gravity will be, at most, oriented towards 15° or 75° after one second of waggling.

Outbound and inbound foraging routes. As discussed in Section 2.2, bees can use the
information from either the outbound or inbound foraging route in their dances. The
memory update for the CPU4 integrator cells used by Stone et al. 3°5 makes it possible to
extract representations of either measure,

CPU4' = CPU4' "'+ h(TN' —TBI' —k) (3.1)

where ? is the current timestep, TN is the ground velocity response, TB1 is the compass-
sensitive response, i determines the rate of memory accumulation (2 = 0.005 when flying
and & = 0.025 when in the hive) and k is the uniform rate of memory loss (k = 0.05). CPU4
memory cells are initialised with a charge of 0.5 and have an activity that range between 0 and
1. Whilst the amplitude of the home vector represents the inbound distance (the straight-line
distance to the nest), the overall mean displacement of the sinusoid from its baseline starting
activity provides a measure of the outbound distance (total time travelled). These properties
are visualised in Fig. 3.4b (left). The memory cells also begin to saturate as their sinusoidal
activities approach 1, which is consistent with the gradual plateauing of the feeder distance to

waggle duration calibration curves observed for long foraging distances'®s.
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3.4 Comparison with natural dances

In this section, we compare the dance paths that emerge from this path integration model
against three features of natural dances: alternating turns, angular divergence as well as round
dancing for short feeder distances. Fig. 3.6 shows three examples of natural dance paths from
Landgraf et al. 7# demonstrating these features, alongside the equivalent that emerge from
simulations of the model. The metrics for each feature of the model are calculated over for
the same number of dances or waggle phases as in the corresponding natural dance dataset

used for comparison.

3.4.1 Alternating turns

Von Frisch'°® described a typical waggle dance as repeating circuits of waggle and return
phases, where the dancer alternates which side they turn to at the end of consecutive waggle
phases. These alternations are a notable feature as they would be responsible for creating
the figure-eight shape of the dance that is often referred to. From the perspective of a path
integration control system, a dancer could be biased to turn to a particular side at the end of
the waggle phase if she finished off-centre with respect to its starting point, due to the waggling,
for example. She would then be attracted to turn to the side that immediately minimises the
discrepancy between her current heading angle and the starting point of the dance, reinforced
by the offset anatomical connection in the steering circuitry (see Section 2.3). Measuring the
precise heading angles of dancers as they finish waggling is challenging, as it becomes difficult
(and potentially subjective) to distinguish between a gradual decrease in waggling and the
beginning of the dancer’s turning motion. Therefore, we use the model to test this prediction
and incorporate variability such that the dancer’s heading angle at the end of a waggle phase is
sampled from the von Mises mixture distribution shown in Fig. 3.7a.

Gardner *°* defined a ‘predictability index’ to measure the consistency of alternating between
left and right turns following consecutive waggle phases in natural dances. This index has a
value of 0.5 when the current side that the dancer turns to has no predictive value concerning
the next turn made and a value of 1 when the current turn provides complete certainty about
the next turn to be performed (i.e. perfect alternations). The results of three independent
colonies of A. mellifera reported in the study are overlaid in Fig. 3.7b (grey lines and markers).
Interestingly, whilst the colonies do not perfectly alternate the consecutive turns in their
dances, they do appear to alternate more than random. This pattern is mostly consistent
across increasing feeder distances up to 500 m. As we might expect, the random sampling
from the von Mises distribution for the simulated dancer’s final heading results in a random
pattern of alternating turns by the path integration model. Thus, applying the conservative
assumption that dancers finish off-centre after waggling does not solely account for the levels
of alternations observed in natural dances. Unlike the simulated environment, the natural
dance floor is often a busy area of the hive which contains many nestmates, including those
that are engaged with following the dance. The discrepancy could be reflecting the influence
that real nestmates have on the structure of the dance path.
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Figure 3.6. Natural (grey) and simulated (blue) paths of three features of dance communication.
Natural paths from automated tracking of dance circuits by Landgraf et al. 7#. Simulated
paths from the path integration network shown in Fig. 3.4. The network makes the
assumption that the dancer finishes off-centre after waggling and experiences a physical
constraint if attempting to adjust her path direction when waggling.

To explore this further, we recorded the zonal position of each follower bee at the end of a
dancer’s waggle phase and the side the dancer turned to. The data was extracted from the same
dance recordings used in Fig. 3.3 and followers were defined as a bee that was facing towards
the dancer and within one bees length. Heatmaps showing the correlation coefficients of
these features against the dancer turning left or right at the end of the phase (left) or in the
previous phase (right) are shown in Fig. 3.7c. The most striking correlations are observed
between a higher proportion of followers positioned behind and to the right of the dancer
while she turns to the left; and a higher proportion behind and on the left while she turns to
the right. While it might seem intuitive to assume that followers in front of the dancer could
obstruct her movement and encourage her to turn to the opposite side, it is worth noting that
in almost all of the recorded circuits, there were bees (followers and otherwise) occupying the
space around the front such that dancers rarely had an unobstructed path in either direction
and often turned to a side irrespective of whether another bee was there. It is not yet known
whether the alternation of turns is of functional significance in communicating the dance
vector. Landgraf et al. 7# suggest that a group of followers that continue to pursue the dancer
on return phases help to clear the otherwise chaotic area for the rest of the dance. Alternating
the turns of return phases might serve to increase the area that is cleared. We interpret our
findings to be indicative of there being a certain flow associated with the interactions and
movement between the dancers and followers during the dance, which is not solely determined
by the dancer’s path integration system.
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Figure 3.7. Alternating turns during natural and simulated dances. a, Circular histogram
showing samples from the mixture of von Mises distribution (1 = +20°, k¥ = 15) used
to determine the heading angle of the dancer at the end of a waggle phase for the path
integration dance model. b, The predictability indexes for three colonies of 4. mellifera
from Gardner et al. *** (grey markers) and the model (blue markers). ¢, Heatmaps showing
how the proportion of followers in positional zones around the dancer correlates with the
side to which the dancer turns to at the end of the waggle phase. For brevity, values are
only labelled for comparisons with the side that the dancer turns.

3.4.2 Angular divergence

We also investigated whether imposing limitations on how much a dancer can modify her path
direction when waggling would yield comparable levels of angular divergence to those reported
in natural dances. Such an outcome would lend support to the ‘physical constraint” hypothesis
proposed to elucidate the patterns of angular scatter seen in natural dances. We simulated
foraging routes and subsequent dances for greater feeder distances and varied the maximum
angular velocity at which the dancer could adjust her path direction during each waggle phase,
exploring a range between +10° /s and £80° /5. Feeder distances were mapped to waggle
durations using the calibration curve reported by Kohl and Rutschmann'® (Fig. 3.8a). To
then quantify the resulting levels of angular divergence, we calculated the standard metric of
the mean absolute angular difference between consecutive waggle phases.

Fig. 3.8b shows that a path integration model can effectively reproduce patterns of scatter
observed in natural dances, where the mean angular divergence generally decreases with
feeder distance. This trend is exemplified against a colony of A. mellifera reported by Towne
and Gould **°, using a version of the model with a maximum angular velocity restriction of

Comparison with natural dances | 47



a

Kohl and Rutschmann’s

N N 80+ Model with + 38°/s
- (2021) calibration: + max. angular velocity 150 s
\E/ 3 dRaC;]UCne(i ) g % 604 —3— A. mellifera 1003 §
. cC c
k) e 2 e 5 ¢ S
g20 /. it B £ g
> s 00 % o 0 g =
° . ) S
o /i 2.2 204 <
3‘) [ B © &(bo\%\
[@)] s qu
®© 0+ T T T 0 T T T 1 KR4
; 0 500 1000 5000 0.5 1 1.5 2 3
Feeder distance (m Waggle duration (s
g9

Obtaining the angle of
a waggle phase

/,’ Gardner et al.’s (2008)
! ( A. mellifera data:

4
4
4
4
4

Figure 3.8. Angular scatter during natural (grey) and simulated (blue) dances for distant
and nearby food sources. a, Feeder distance to waggle duration calibration data from
Kohl and Rutschmann ' is used to estimate the most appropriate waggle durations
for comparing simulated and natural dance data. b, Mean =+ s.e.m. angular divergence
between consecutive waggle phases for (left) natural dances of 4. mellifera from Fig. 12
in Towne and Gould »*° and the model for different waggle durations, and (right) the
model configured with different maximum angular velocities. ¢, Examples of the angles
of simulated waggle phases estimated using the line of best fit through the first and last
segments of the phase (dashed lines). d, Circular plots showing the angular scatter of
simulated dances with brief waggle phases against natural dances of 4. mellifera from
Gardner et al."** (Colony C) for nearby feeder distances, eliciting round dances. The
model was configured to dance with 2 maximum angular velocity of £70° /s. The target
angle of the feeder has been normalised to 0° North on the plots.
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+38° /s (Fig. 3.8b, left). Distinct profiles and rates of divergence also emerge from different
configurations of the model (Fig. 3.8b, right), with tighter restrictions on the angular velocity
generally resulting in a larger scatter between consecutive phases. While Beekman et al. "
concluded a general trend of decreasing divergence with increasing feeder distance across
honeybee species, their data also suggests that the rate of this decrease could vary (see Fig. 2 of
Beekman et al.”?). For example, although most variations in dances between species remain
subtle to human observers, the giant honeybee, 4. dorsata, exhibits a visually conspicuous and
distinctive waggle which involves dorsoventral abdominal movements'®, in addition to the
lateral movements observed in other species. This raises the possibility that such a conspicuous
physical characteristic may influence their rate of angular divergence and potentially reflect a

specific configuration of the path integration system, compared to other species.

The angles of the simulated waggle phases were estimated using a line fit through the midpoints
of the first and last segments of the phase (dashed lines in Fig. 3.8c). We chose this approach to
mirror the conventional method used to measure waggle phase angles in natural dances: the
straight line connecting the location of the thorax in the first and last frames of visible waggling.
This method of estimating the angle, combined with idea that bees are physically constrained
when updating their path direction during waggling (Section 3.2), offers an explanation for
the apparent trends in angular divergence: longer waggle durations provide dancers with more
time to align their waggle trajectory to the target foodward angle, resulting in a seemingly
reduced divergence angle than would be possible for short waggle durations.

3.4.3 Round dances

We lastly compared the performance of simulated dances at one extreme end of the recruitment
system: for resources less than 50 m from the hive. Throughout his work, von Frisch'*°
repeatedly asserted that bees distinctly use round dances for signalling such nearby food
sources and waggle dances for sources further away, and that round dances show no directional
bias in their signalling or recruitment. He characterised them as the forager making “swift,
tripping steps” to run in a circle before suddenly reversing the direction of travel and circling
around again, before repeating (p. 29). Curiously, von Frisch did describe a gradual transition
from round dances to waggle dances when a feeder’s distance is increased from 10 to 100
m (p. 61), but he never emphasised the similarity in their form or the continuation between
them. There have been few attempts to quantify path statistics of round dances and they are
often described as differing from waggle dances in that their waggle phases are extremely short
and their path can appear quite random™. In 2008, Gardner et al."** showed that round
dances actually exhibit a progressively strengthening directional bias in their brief waggle
phases, corresponding to the feeder’s location (see also Jensen et al.*#*; Kirchner et al. 5%).
Grifhin et al. ™ later confirmed that this bias could also recruits follower bees to the feeder,
even when controlling for bee presence and the Nasonov pheromone. We tested whether the
path integration circuit could support the hypothesis that the round dance is not a distinct
dance type, but rather can emerge from the same underlying neural mechanism.

We calculated the angular scatter resulting from simulating dances with brief waggle phases
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Table 3.1. Circular statistics for natural and simulated dances. MVB and MVL indicate
mean vector bearing and mean vector length, respectively. All Rayleigh’s Z tests for uniformity
were statistically significant (P < 0.01).

(a) 4. mellifera from Gardner et al.** (colony C)

Distance (m) 10 30 50 70 100
n (waggles) 294 280 350 301 320
MVB (°) —14.15 —-10.59 823 —-7.35 —-9.66
MVL 0.404 0.605 0.850 0.895 0.877

Rayleigh’s test (Z)  48.08  102.48 252.58 241.10 246.01

(b) Simulated dances from path integration model

Duration (s) 0.1 0.3 0.5
n (waggles) 309 367 355
n (dances) 13 28 32
MVB (°) —6.39 372 394
MVL 0.158 0.327 0.622

Rayleigh’s test (Z)  7.72  39.26 137.19

and compared them to a colony of 4. mellifera collected by Gardner et al. 4. For each waggle
phase duration, we computed the mean vector bearing (MVB, the mean direction of all waggle
phases), the mean vector length (MVL, a measure of dispersion about the mean) and Rayleigh’s
Z tests for uniformity, with the null hypothesis that the circular distribution of all angles
comes from a uniform circular distribution. The circular scatter plots are shown in Fig. 3.8d
and the statistics are given in Table 3.1. Both demonstrate that the model exhibits considerably
greater angular scattering when expressing brief waggle phases, whilst also displaying a similar
strengthening of the directional bias that is characteristic of natural dances. But, how can
seemingly random waggle phase directions arise from a model that has an accurate encoding
of the foodward vector? In the model, when nearing the end of the return phase, the vector
memory reactivates depending on the amplitude of the CPUj4 activity that indicates whether
home has been reached. The next waggle phase initiates when the dancer enters this boundary
(set to an equivalent of 5 mm), regardless of her approach angle. Consequently, the especially
brief waggle durations, along with the maximum angular velocity constraint, gives the dancer

little time to correct her directionality, and thereby produces wide angular scatter.

Beyond their angular scatter, direct comparison between the dance paths of the model and
natural round dances is difficult, as natural round dances can appear random and lack the
detailed quantitative descriptions available for waggle dances. Fig. 3.9 therefore provides a
visual comparison of a simulated round dance and two tracings of natural round dances: one
that has been extracted for the purpose of this work and one adapted from Fig. 3 of Jensen

et al. 4>,
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Figure 3.9. Traces of natural and simulated dance paths for nearby food sources. For clarity,
the dance paths have been cut into sections. S, Start; A, end of the first section and the
beginning of the second section; B, end of the second section, and so on. Zigzags indicate
the presence and direction of any waggle phases. Top, The simulated dance path generated
by the path integration model for a waggle duration of 0.25 s and maximum angular
velocity of £80° /s. Middle, A tracing of a natural round dance signalling an unknown
food source by 4. mellifera mellifera. Bottom, Adaptation of Fig. 3 of Jensen et al. '#*; a
tracing of a natural round dance to a feeder 1 m from the hive by 4. mellifera carnica.

3.5 Discussion

We have proposed how an anatomically grounded model of path integration could be adapted
to navigate on a small-scale and operate in the context of the dance. This repurposing involves
activating an existing vector memory to emulate travelling to the feeder via the waggle phase
on the comb, whilst the parallel charging of a home vector retains an estimate of the starting
point of the dance that can guide the return phase. We also analysed properties of natural
dances to define appropriate restrictions for the simulated model. We identified that dancers
could seemingly adjust the trajectory of their dance path during the waggle phase but these
adjustments appeared to be limited, as if operating with physical constraints on these move-
ments. Based on this, we assumed that different modes of movement (e.g. flight, walking
and waggling) differ their ability to update the path direction of the circuit and imposed a
parameter to limit the rate at which a dancing bee can adjust her path trajectory when waggling
(i.e. the maximum angular velocity). Various features of natural dances arose from the model,
particularly with respect to the angular scatter observed in waggle phases. The same model also
displayed directional scatter and an overall dance path that is consistent with round dances
when communicating nearby feeder locations, suggesting that a path integration control

system can explain features that exist across the spectrum of the recruitment system.
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The quantification of waggle phase angles serve as a fundamental metric in decoding direction
in bee dances and are often simplified as the straight line connecting the start and end points
of the bee’s movement. Using this method, we showed how trends in angular divergence
could potentially arise from the path integration circuit: longer waggle durations provide
dancers with more time to align their waggle trajectory to the target foodward angle, resulting
in a seemingly reduced divergence angle than would be possible in dances with short waggle
durations. Our work highlights that waggle phase trajectories can deviate from linearity and
that the methods we use to approximate certain dance features may influence our subsequent
interpretations of it. Earlier studies, such as Towne and Gould *° in 1988, measured the
waggle phase angle by aligning a large protractor against the computer monitor to record the
dancer’s body orientation five times per waggle phase. This typically yielded a low variance
across the repeated measurements and was used to argue that the waggle phase angle had
been measured accurately, e.g. that “the true mean direction of a waggle phase was likely to
be within +2° [of their estimated average]”?3°. The timing intervals between these repeated
measurements were not explicitly stated but there was also a traditional characterisation of
the waggle phase being a ‘straight-run’, described by von Frisch'*® himself (p. 57), that was
emphasised at that time. We believe it is likely that researchers may have biased these repeated
measurements towards the middle or straighter portions of the phase. Whilst these methods
may be appropriate for estimating the general angle of the resources that the bees are foraging
from, they underestimate the challenge faced by follower bees attempting to decode the dance,

given that many would follow the dance during these misaligned or curved portions too.

There are two aspects of our model that drive the observed trends in the angular divergence.
The first is the physical restrictions that controls the angular velocity in different modes of
movement; in particular, different degrees of angular divergence can be seen depending on the
strength of restriction used, i.e. how much can the control system adjust the waggle trajectory
by. However, the path integration circuit will only adjust the trajectory if it is misaligned
with the target angle in the first place. This can happen in subsequent waggle phases since
during the return phase, the dancer will reactivate the vector memory as she enters the ‘home
distance’ threshold, regardless of her approach angle or whether she has completed the full
return loop. Curiously, whilst researchers have not yet quantified the potential curvature of
waggle phase trajectories, others have reported a reduction in the duration of return phases
in waggle dances for nearby feeders 16593 Beekman et al.’® inferred that dances would have
to be “performed more speedily” in order to be more accurate, i.e. a dancer does not have
enough time to precisely reorient before starting the next phase, which is consistent with the

behaviour of our model.

In an automated analysis of over a thousand natural dances, Landgraf et al.7# reported a slight
Y g p g

forward drift in the starting point of consecutive waggle phases. Seeley *** also noted that

dancers tend to separate across the comb due to a slight offset in their return path towards the

foodward direction. Dormagen et al. 66

suggested that this drift could influence nestmates to

favour following different dances that lead to similar food locations. In the current model, the
g

path integrator is not reset after each waggle phase. This means that the starting point of the

dance persists as the initial reference point to return back to, rather than the starting location
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of the previous waggle phase. It is possible that small levels of drift could emerge if the home

distance threshold is increased and the path integrator is reset after each dance circuit.

The current model does not incorporate the potential influence of nestmates, which could
impact the dancer’s path within the natural environment of the hive. For example, extending
beyond the control of a path integration circuit, we hypothesise that further modelling of
the dancer-follower interactions would be necessary to explain the observed degree of the
alternating turning behaviour of dancers between consecutive waggle phases. While the path
integration circuit would predict that the dancer would turn to the side she finishes her
waggling, or the side which is not obstructed with other bees, there were rarely any instances
in our behavioural data where the space ahead of the dancer was clear at the end of a waggle
phase. Sampling the alternation of turns in dances throughout the foraging season, as comb

occupancy fluctuates, would be necessary to confirm this prediction.

3.6 Methods

3.6.1 Honeybee dance datasets

External datasets. Dance datasets for 4. florea from Makinson et al.* and A. mellifera
from Landgraf et al. 7# were obtained and analysed with permission, to study how angular
divergence progresses throughout a dance. Angular divergence was calculated as the absolute
angular difference between consecutive waggle phases (Fig. 3.2, the signed angular differences
are shown in Fig. A.1). Whilst both datasets have a similar mean =+ s.d. absolute difference
in angular divergence (4.florea = 28.44° £27.31°, A. mellifera = 29.65° £20.77°), the 4.
florea dataset appears to have more outliers (e.g. divergences larger than 90°, Fig. 3.2a). This
could be due to the potential bias associated with this dataset since it is substantially larger by
comparison (4900 versus 457 phases) and manually annotated by Timothy Schaerf’s group.
On the other hand, the 4. mellifera dances were detected automatically by a method described
in Landgraf and Rojas'73. Examples of these automatically segmented waggle trajectories are
shown in Fig. 3.10. These trajectories were also used to exemplify the three features of dances

being examined in the comparison between natural and simulated dances (Fig. 3.6).

Dances of A. mellifera collected by Gardner et al. '** were also obtained and analysed with
permission, to compare the predictability (defined in Section 3.6.3) of alternating turns in
natural dances to those of the model (Fig. 3.7b, see Fig. 6 and Table 7 of Gardner et al. %),
as well as the scatter in the signalled waggle phases for nearby resources (Fig. 3.8d). We also
traced the data from Fig. 12 in Towne and Gould *° to compare the angular divergence across
longer waggle durations (Fig. 3.8b). For both datasets, since the original results were reported
with respect to the feeder distance, as opposed to the waggle duration, we used Kohl and

165>

Rutschmann '*5’s feeder distance-calibration curve (Fig. 3.8a) to estimate the most appropriate

waggle durations when conducting a comparable experiment with the model.

Internal datasets. To investigate whether dancers adjust the course of their trajectory during
a waggle phase (Fig. 3.3), we analysed video recordings of dances that we obtained from the
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Landgraf et al.’s (2011) example waggle trajectories:

—>
Feeder
direction

— Line fit to abdomen swing midpoints

Figure 3.10. Example waggle phase trajectories from Landgraf et al.”7#, Landgraf et al. 7# used
an automated method”? to track dances of foragers that had been trained to a feeder
230 m away. We calculated the angle of a waggle phase as the linear least squares fit (green
line) through the consecutive midpoints (green dots) of each waggle in a waggle phase
relative to the feeder (grey dots indicate waggle change points).

behavioural experiment conducted as part of Chapter 5. The dances were performed by a
group of foragers that had been trained to a feeder that was positioned within a patterned
tunnel. Full details of the training protocol is outlined in Section s.4. From these video
recordings, we also recorded the number of followers around the dancer at the end of each
waggle phase, their positional zone, and the side to which the dancer then turned to for the
return phase (Fig. 3.7¢). The proportional number of followers in each zone was calculated
for each waggle phase to investigate its relationship with which side the dancer turned to.
The positional zone was determined by whether the follower’s head was within a particular
boundary with respect to the dancer. Followers that were anterior to the dancer were defined
as those whose head was positioned in the space aligned with, or in front of, the head of the
dancer. Followers that were posterior were defined as those whose head was located behind
the dancer’s abdomen, and followers that were lateral to the dancer were those in between
these zones, with their head being alongside the dancer’s body (see left of Fig. 3.7¢).

Natural round dance traces. For a visual comparison of dances simulated by the path
integration model for nearby resources and natural round dances, we obtained two tracings
of natural round dances (Fig. 3.9). The first was extracted from a video we recorded in August
2022, of a round dance to an unknown natural resource by 4. mellifera mellifera in Scotland.
The dance was filmed at 200 fps under infrared illumination (690 nm), using a Basler acA1440-
220UM ace camera and a 6 mm lens. The trace was obtained by manually tracking the thorax
of the dancer in each frame and then smoothing the trajectory by applying a Savitzky-Golay
filter using the Scipy336 Python library. The dance was identified based on being a series of
rapid, short and circular movements performed in response to food (similar to descriptions by
Frisch'°°). These movements elicited interest from nearby fellow nestmates and trophallactic

exchanges. As one of the only examples of a round dance trajectory in published literature,
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the second dance trace in Fig. 3.9 was adapted from Fig. 3 of Jensen et al. ** in 1997. This
provided a trace of a round dance to a feeder positioned 1 m from the hive by A. mellifera
carnica. While Jensen et al. ** do not specify how the trace was generated (e.g. manually or

automatically), their data was obtained from video recordings.

3.6.2 Path integration model
The following details accompany those already given in Section 3.3.

Model source and formulation. Our model source code is based on previous work 735
that we extended. A comprehensive formulation of the underlying rate-based model can be
found in the STAR methods of Stone et al. >, with the vector memory extension detailed in
Moél et al. *7. We use the partially holonomic version of this model (as presented in Stone
etal.?®). This model captures holonomic movements within +90° deviation of body axis
and movement direction using TN2 neurons, which respond to forward movement. This
subtly differs from the fully holonomic version used in Moél et al. *7, which utilises both TN2
and TN1 neurons to capture the full range of holonomic motion (i.e. =2180°). Additionally
using the TNI1 neurons, which also respond to backwards movement, means that the CPU4
memory layer can be affected in an additive or subtractive manner, which results in its mean
activity remaining centred on 0.5. This property is exemplified in Fig. 1c of Moél et al.*7.

Environment and agent. We simulate an agent moving in a two-dimensional environment
using Python 3.9. There are two distinct environments: a foraging environment which
contains both a hive and a feeder, and an environment representing the comb inside the hive.
In the former, the hive and feeders are circular with a small defined radius (10 m) within
which the agent is assumed to have landed successfully at the target. The agent is assumed
to have sensory information about its heading direction in an absolute external reference
frame, as supplied by the insect’s celestial compass (see Section 2..3). It is also assumed to have
information about its instantaneous speed of movement in its heading direction (ground
velocity), as could be supplied by optic flow or self-motion (i.e. proprioception or motor
efference). These provide inputs to the central complex circuit for path integration. For each
simulation, the agent’s starting position is set to a point of origin (x* =0, y? = 0), which is at
the hive when foraging, or the centre of the comb when in the nest. Its position is updated
iteratively depending on its heading (Bpeading, in degrees) and speed (s, in m/s when outside
the hive and cm/s when within the hive):

t+1 _n! t
Gheading - eheading + rot’ Qdt (3-2)
cos(0; .
V= ‘ ( izeadmg) sdt (3.3)
Sln( ehead ing)
I =A (3-4)
Y=y (3:5)
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where,

0
s°=0
accgrqg = B (s')? when flying outside hive (m/s)
st = st =g + (acc fived — ACCaraq )dt
sO=s =3, when walking in hive (cm/s)
\ sO=s' =125, when waggling in hive (cm/s)

(3.6)

and rot is the angular velocity (°/s) at the current simulation time step ¢, Q is the parameter
to control the maximum angular velocity of the agent (see Section 3.2), dt is the sampling time
interval (set to 0.01, i.e. 10 ms intervals), and v is the displacement vector (in metres when
outside the hive or cm when inside the hive). The acceleration, acc, is only used when outside
the hive and is set to 29.76 m/s? to achieve a maximum speed of 6 m/s when flying. The
acceleration due to drag when flying, acc yqg, is computed using B = (0.5 Cp p area)/mass
where Cp is the drag coefficient (set to 0.45, based on Nachtigall and Hanauer-Thieser **3),
p is the air density (set to 1.225 kg/m3 ), area is the reference area (set to 0.0003 m?) and
mass is the mass of the bee (set to 0.0001 kg). When on the outbound journey of a foraging
trip to discover a feeder, the heading is controlled by a random walk process, where a rot
is sampled from a von Mises distribution, with parameters t = 0 and Kk =2, and Q = 1.
When returning home, or at any point within the hive, rot is determined by the outputs of
the central complex steering neurons (CPUis). During the waggle phase, the  parameter is
set such that the desired maximum angular velocity is achieved (10 < Q < 200).

During the waggle phase of a dance, a lateral displacement is added to the agent’s position to
generate the characteristic waggle oscillations, which is implemented as a sine function. The
Oheading and v are modified as follows:

t
y :Asin(deH-d)) (3.7)
dy'
evtvaggle = eitzeading + Edl‘ (3-8)
! ! - Sin(eslmooth) dy '
= ——dt .
Viaggle =V |: Cos(eslmooth> dt (3.9)

where A is the amplitude, @ is the frequency (set to 15 Hz), ¢ is the phase and 011, is
a moving average of the previous Ojeqqing (Window size set to 10). 6,,4¢1c and Vyygggie are
updated using different sine functions, such that Ajeuging = 30° and @peqging = 0 when
updating 6,,4¢¢1¢> and A, = 1 cm and ¢, = 7 when updating v. The shifted phases mean that
the displacement vector and heading are modified in opposing directions. For example, when
the bees abdomen shifts to the right, its heading direction shifts to the left. The output of
the sine functions (y) are interpreted as the positional or rotational displacements at a given

time in the simulation. To obtain an update for 6,444/, and Vy4ge1¢ in a single time step, we

s6 |  Dathintegration in dancing



!
numerically integrate the rate of change of the corresponding sine function (%) The input

for the optic flow sensitive TN cells on the left and right side, Iy, and ITyy, is then given by,

T T
t T t T
It _ Cos(eheading - Z> Va It _ COS(Gheading + Z) VYo ( )
INL ™| sin(6! -z INe ™| sin(6! +Z) 310
heading 4 heading ' 4
t _nt ot .
where 0; . .= 0, gele andV' =v| cale when in the waggle phase of a dance. The model

then follows onward from Eq. 7 in Moél etal. *7. ¢t is the sensitivity parameter that is tuned to
achieve maximal TN cell activity at the desired speeds (¢ = 23.57 when flyingand o¢ = 33.33
when in the hive).

Dance simulations. The experimental simulations in Section 3.4 consist of two stages.
Starting at the hive (x = 0,y = 0), a simulated bee first embarks on a random foraging trip
where a feeder is discovered at a predetermined distance from the hive (ranging from 10 m
to 5.5 km), and stores its final integrator state as a new vector memory. Then, after being
reset to the nest (coordinates reset to x = 0, y = 0; CPU4 integrator reset to baseline = 0.5),
the vector memory is then recalled within the hive and allowed to drive dance behaviour (see
Section 3.3). The distance of the feeder, represented by the amplitude of the vector memory
(the inbound route) is mapped to a waggle duration using the calibration curve reported by
Kohl and Rutschmann®. Where possible, the metrics for each feature of the model (i.e.
alternating turns and angular scatter) were calculated over a comparable number of dances or
waggle phases as in the corresponding natural dance dataset used for comparison. When the
corresponding dataset only provided the total number of waggle phases, a bout of dancing for
an individual was simulated for long enough to produce between 18 and 25 waggle phases. A
single experimental trial therefore represents a bout of dancing simulated for an individual

forager trained on a random foraging route. No simulated forager was excluded from analysis.

3.6.3 Data analysis and statistics

Polar plots. The polar plots in Fig. 3.3a,d and Fig. 3.8d present the angular data relative to a
target angle which has been normalised to 0° (North on the plots). A positive angle indicates
a deviation to the left of the target angle (counterclockwise rotation) and a negative error
indicates a deviation to the right (clockwise).

Predictability index. In order to determine how consistent simulated dances contained
alternating turns when initiating the return phases of consecutive waggle phases, we computed
the predictability index of dances for difterent foraging distances. Defined by Gardner et al. *4,
the predictability index attempts to measure the consistency in alternating between left and
right turns at the end of waggle phases using transition probabilities (TP),

predictability_index =1 — (TPgg X TPrp, + TPg X TPLL) (3.11)

Methods | 57



where T Py is the probability of turning right at the end of a waggle phase after turning left
in the previous phase, and so on. This index has a value of 0.5 when the current state has no
predictive value concerning the next act to be performed and a value of 1.0 when the current

states provides complete certainty about the next act (i.e. perfect alternations).

Estimating the angles of waggle phases. The angle of a simulated waggle phase was
estimated using linear least squares to fit a line through the midpoints of the first and last
waggle segments in the phase (Fig. 3.8¢), relative to the feeder or gravity on the comb. The
same approach was employed to calculate the angle of the raw waggle phase trajectories from
Landgraf et al. 7#, used in Figs. 3.2 and A.1(green lines in Fig. 3.10). This approach was chosen
to be consistent with the conventional method used to define the angle in natural dances:
the straight line connecting the location of the thorax in the first and last frames of visible
waggling (which was used when collecting the data in Fig. 3.3). In Fig. 3.8c, these angles have
been visualised as circular histograms, with 0° straight up depicting the expected angle, i.c.
the difference between the sun’s azimuth and the feeder’s direction.

Angular divergence. The angular divergence of a dance (or a simulated dance) was calculated
as the mean angular difference between consecutive waggle phases (Fig. 3.2a-c and Fig. 3.8b).
We computed divergence as an absolute (unsigned) value ranging between minimum 0° to
maximum 180° (except for Fig. A.1, where the signs have been conserved).

Cumulative distributions. To analyse whether the first waggle phase is performed with
greater precision than the rest of the dance in natural dances, the cumulative distributions of
these differences were calculated for dances containing at least six circuits (Fig. 3.2d). Each
step in a distribution is from a different dance: the value on the y-axis at the top of a step is
the fraction of dances which have a difference between the first waggle phase and the mean
divergence across the rest of the dance which is less than or equal to the value on the horizontal

X-axis.

Analysis software. Data analysis and modelling was carried out using Python, relying on
Numpy'?, Scipy**, and Pandas>°° libraries. Seaborn?#* and Matplotlib'#° were used for

plots.

Statistical tests. All plots show the mean = s.d. unless stated otherwise. Circular equivalents
were used where appropriate. A Kruskal-Wallis H test was used to compare differences in the
absolute mean difference in angular divergence per dance between dancers carrying pollen
and those not carrying pollen (Fig. 3.2b) (as data non-normal, tested by Levene’s test for equal
variance and Shapiro-Wilk normality test). Pearson’s r correlations were used to measure
the strength of the relationship between proportional positioning of followers around the
dancer and the side to which the dancer turned (Fig. 3.7¢). Rayleigh’s Z test?° was used to test
for directionality in the scatter of signalled foodward angles in natural and simulated dances
(Table 3.1 and Fig. 3.8d), with the null hypothesis that the circular distribution of all angles

comes from a uniform circular distribution.
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Assirnilating the ﬂight vector information

The initial proposal that honeybees possess such an abstract system of communication was
not easily accepted by the research community; although correlations between field site and
dance properties existed, it could not immediately be concluded that nestmates decode and
actually use the vector information available (i.e. distance and direction). In fact, Wenner 3
and Johnson'# initially proposed that recruitment of nestmates could be explained by a
simple odour search in which naive bees could rely on a resource’s scent alone, provided by the
dancer. Debate over whether the recruitment might actually be driven by scents, rather than
dances, continued until 1975, when Gould "* published a study in which he manipulated the
perceived position of the sun when bees were dancing to induce them signalling locations they
had never visited, and found that recruits arrived at the deceptively advertised locations. After
decades of further honeybee dance research, new findings still support the notion that dance
vector information is indeed decoded by nestmates and can be used to locate the resource.
This includes evidence from radar tracking of recruits’ search flights following displacement
upon leaving the hive®7, as well as nestmates directing stop signals towards a dancer if they
had previously encountered danger at the resource being signalled'#' (suggesting that they
decode the dance at the time of performance). It remains likely that honeybees use both (and
many) kinds of information to locate the resource and the use of olfactory stimuli or dance
vector information are not exclusive search strategies. In this chapter, we concentrate on the

latter: how nestmates assimilate their own flight vector that they can follow to the resource.

Although the honeybee waggle dance has been widely studied as a communication system, we
know surprisingly little about how nestmates assimilate the information needed to navigate
towards the signalled resource. They are required to detect the orientation of the dancer relative
to gravity and the duration of the waggle phase and translate this into a flight vector with a
direction relative to the sun?® and a distance to be travelled from the hive®73°". While verbal
models have been discussed within the field and describe the presumed necessary processing of
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this information at a coarse level, a definitive neural mechanism for this process has yet to be
identified. In this chapter, we study in detail the positioning of nestmates and their antennae
as they follow the waggle phases of a dance. We find that nestmates follow dances from varied,
dynamically changing, positions around the dancer and uncover a previously unremarked
correlation between antennal position and the relative body axes of dancer and follower bees.
Combined with new information about antennal inputs 563195 and spatial encoding in the

insect central complex189”9°

, we show how a neural circuit first proposed to underlie path
integration can be adapted to decoding the dance. This provides the first plausible account of

how the bee brain could support the interpretation of its dance language.

4.1 Perspectives on following behaviour

Von Frisch '°° originally termed nestmates around the dancer followers due to their appar-
ent motivation to follow behind the general path of the dancer. That is, some nestmates
position themselves towards the dancer and follow behind them during the waggle phase
and sometimes the return phase too. Several studies since have used this actzve following
movement as a strict criteria for identifying valid followers (e.g. Bozi¢ and Abramson *?; Bozi¢
and Valentin¢ic¢3°; George et al. 1°6: Gil and Marco °%; Tautz and Rohrseitz3*°). For example,
Bozi¢ and Valentin¢ic¢ *° categorised bees that extended their antennae towards the dancer
but only occasionally moved with them as ‘dance attendants’ and excluded them from being

146209262 wa ¢ that nestmates could

followers. Reinforcing this notion, an early assumption
determine the signalled direction by aligning their body to be parallel with the dancer’s, such
that their own heading angle equals the waggle phase foodward angle (Fig. 4.1, left). This
‘follow-behind’ idea is consistent with the behaviour of experienced stingless bees leading the
inexperienced to the resource'#’, and horizontal open-nesting honeybee species Apzs florea
dancing directly towards the resource instead of relative to gravity'®3.

The most naive proposal for a mechanism underlying this classical behaviour is that following
behind the dancer allows nestmates to directly assimilate a foodward flight vector with respect
to their own frame of reference. This is rather intuitive with respect to the path integration
network described in Chapter 3: by aligning their body to be parallel with the dancer’s,
nestmates could hypothetically charge the amplitude (length) of their foodward vector in
tandem with the length of the waggle phase, whilst accumulating this in the correct direction
to the resource. With an appropriate feeder distance to waggle duration mapping, followers
could charge their vector at an accelerated rate in the hive. This approach would be akin to
accumulating a flight vector should the nestmate happen to fly a straight path when foraging
and discover the feeder. However, this means that only one follower bee can comfortably
obtain the dance vector from directly behind the dancer at a time.

Whilst several experiments support the importance of follower bees being positioned behind
the dancer'08146:209262+ gtherg suggest that this is not always the case 305152388 Farlier obser-
vations by Bozi¢ and Valentin¢i¢3® argued that nestmates appear to maintain their body

to be nearly perpendicular to the dancer during waggle and return phases. In support of
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Following from behind: Following from any angle:
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Figure 4.1. Assimilating the foodward angle (6/,0414:) When following from behind (left)
versus from any angle (right) relative to the dancer. When following from behind,
Ofoodward is equivalent to the nestmate’s heading angle and we propose that the assimilation
of vector could arise from the same neural circuitry that performs path integration when
foraging. When following from any angle, a nestmate’s heading angle must be corrected by
its angle to the dancer in order to assimilate its foodward vector in the signalled direction.
It is currently unknown how this is achieved.

this, Tanner and Visscher>® reported that at least 35% of follower bees (9/26) that were
successfully recruited to the resource by a dance had exclusively followed dancers from side-on.
Such lateral positioning is common amongst subspecies of Asian honeybees t00"°°. This
does not necessarily mean that information from the dance is collected better from the side
of the dancer; in fact, Tanner and Visscher3™® found there was no significant difference in
the accuracy between the bees following from behind versus side-on, as measured by their
distribution in feeder traps positioned +45° either side of the intended feeder. Most recently,

Kietzman and Visscher 5%

observed that successfully recruited nestmates (i.e. recruits that
arrived at the advertised feeder) could have occupied at least any one of the positions around
the dancer (posterior, lateral or even anterior), even when only following for one dance circuit.
Thus, nestmates appear capable of assimilating the vector information whether following
along or following bebind; although the collective mechanism underlying these abilities was
unclear. When following from side-on or head-on, nestmates must proportionally adjust the
angle in which they charge their foodward vector by their angle relative to the dancer (Fig. 4.1,
right). Existing hypotheses have focused on how nestmates interpret signals to ultimately
position themselves behind the dancer (e.g. near sound fields***'#, and temporal patterns of

1085262

antennal contact , see Section 2..2.3), instead of how this angle might be detected and

corrected.

To examine which features of sensory input experienced by follower bees may enable them to
detect this angle, we filmed Scottish black honeybees, 4. mellifera mellifera, tollowing dances
in the hive advertising natural resources. This is a vertical cavity nesting species that is native
to Scotland, whose common name is derived from their predominant brown-black colour

and fewer yellow spots on the abdomen.
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4.2 An observational study of follower bees

4.2.1  Dynamic variation of relative body axes

We first studied the positioning of 47 follower bees’ relative body axes around dancers in the
hive (Fig. 4.2a-c). The body axis was defined using the line connecting the centre of the thorax
to the midpoint between the antennal bases. This meant that the axes of follower bees were not
influenced by the possible bending of their abdomen when trying to maintain contact with

the dancer?°

and aligned more closely with their true head direction. Nestmates were defined
as following a dance if facing towards the dancer and within one bees’ length. We observed
that follower bees were positioned all around the dancer. Most exhibited considerable changes
in the angle of their body axis relative to the dancer throughout a waggle phase (Fig. 4.2b).
Plotting this angle over time as a path, straightness values (straight-line distance divided by
path length, i.e. consistency in maintaining the same angle to the dancer) were observed
across almost the entire range of Batschelet’s™ straightness index. Those that started to follow
from particular angles (e.g. behind the dancer) did not appear to be any more consistent at
maintaining it than those starting at other angles (Fig. 4.2b, right). In fact, few nestmates
appeared truly consistent at maintaining an angle and these tended to be those that followed
for a short time (Fig. 4.2¢).

In contrast to previous studies', follower bees appeared to finish in various positions around
the dancer instead of solely being clustered behind (Fig. 4.2¢). This could reflect the different
criteria used to identify follower bees; namely, such studies include only those that actively
follow the dancer around the comb (which are also more likely to finish behind the dancer)
and exclude those that face towards the dancer within a distance to receive contact but appear
less motivated to actively move across the comb to pursue the dancer. No definition of valid
follower bees can truly detract from the uncertainty surrounding (1) which nestmates are
decoding the dance, (2) which will act on the information, and (3) which are following for
some reason other than active foraging, such as waiting to unload nectar from the dancer?%3.
There is no evidence to suggest that even the latter category of bees are not decoding the
information, despite performing a different task. Therefore, we adopted an inclusive criteria,
encompassing all nestmates facing the dancer within potential contact distance, regardless of
active pursuit, as a proxy for interest in the dance.

It has been proposed that mechanosensory input via the antennae allows nestmates to assimi-
late the dance vector information when not aligned behind the dancer, a possibility known as

the tactile hypothf:sisIOS

. Nestmates appear to position themselves at a distance where their
antennae receive repeated contact with the dancer as it waggles by. Actual contact appears
passive, that is nestmates do not actively touch the dancers with their antennae but instead
are simply hit by the body moving past and exhibit no signs of collision avoidance 35108202
Recent work has also shown that genes are upregulated in the antennae of bees that use the
dance (or social) information compared to those that rely on their own private information of
route memories acquired during previous foraging trips4?. Using the antennae to obtain the

information when positioned at any angle to the dancer should provide several advantages. It
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Figure 4.2. Positioning of follower bees and their antennae when following waggle phases.
Data from 47 bees across n = 59 total phases. a, Measuring the angle of follower bees’
relative body axes (blue) with respect to the dancer (grey) when following the waggle phase.
b, Batschelet’s straightness index™ of bees’ angles to the dancer treated as a path over time.
A constant angle would have a value of 1. ¢, Stable (index > 0.75) and changing (index
< 0.5) example paths coloured by their straightness index. d, Measuring the angle of a
bee’s left (green) and right (pink) antenna relative to its body axis (blue). Angles of the
left antenna are denoted as positive angles and the right antenna denoted as negative. e,
Angle of nestmates’ antennae when positioned around the dancer. The distance from the
origin indicates the antennal angles. The two circular boundaries indicate antennal angles
of £45° and £90°. Dots indicate the circular mean of left and right antennae angles
computed across nestmates in 5° bins of angles to the dancer; shaded area represents mean
=+ s.d. Dancers’ directions have been normalised to 0°. f, The mean midpoint of nestmates’
antennae (grey) along with the same data as in e. Data computed in 15° bins of angle to
dancer; shaded area represents mean =+ s.d. Midpoint data circular correlation coefficient
of —0.56 (F = —56.76, P < 0.001). g, Real nestmates’ antennae when positioned at
45° (left) through to —45° (right) to the dancer. Adapted from Hadjitofi and Webb **
under CC BY 4.0.
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PQOV: general head / antennae positions
Head tilt up vs not Trophallaxis

\{«q“

Sideways on comb Antennae tilted down

c Ambiguous cases

Hidden by empty cell  Interruption to clean antennae Hidden by dancer Antenna tip hidden Hidden by bee on glass

Figure 4.3. Point of view (POV) from camera positioned perpendicular to honeycomb. a,
Examples of general head and antennae positions from around the hive. In such cases,
the varying pitch and roll of head and antennae make it difficult to determine the their
true orientation. b, When following dances, nestmates’ antennae are outstretched and
they show a stable positioning of head, making it feasible to measure antennal angles
from a top-down camera view. D and F indicate dancer and follower bee, respectively. c,

Intermittent cases where determining the angle of antennae is not possible and excluded
from the dataset. Adapted from Hadjitofi and Webb '** under CC BY 4.o0.

alleviates the constraint of limited space around and behind the dancer?*°. It does not rely on
visual input, allowing communication in the darkness of a cavity nest, and removes any need
for accurate positioning capabilities of a follower bee in relation to a dance. But how could
antennae be used to detect the actual angle of the dancer relative to gravity from an arbitrary —

and changing - relative angle between dancer and follower?

4.2.2 Arelationship between antennal positioning and angle to dancer

We next tested whether antennal positioning could be used by nestmates to distinguish their
angle relative to the dancer by tracking the antennae positions of followers in high-speed,
high-resolution video (Fig. 4.2d-g). Compared to their movement elsewhere in the hive, when
nestmates approach a dancer they exhibit a notably consistent posture, with antennae evenly
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Figure 4.4. A similar relationship between antennal positioning and angle to the dancer is seen
irrespective of whether the antennal angles are determined using the full length
of the antenna (top row) or its base to halfway point (bottom row). a, Segmented
bees with labels for defining the antennal angle using its full length (n = 54 total phases)
or its halfway point or visible bend between the scape and pedicel (n = 59 total phases). b,
Angle of nestmates’ antennae when positioned around the dancer. Dots indicate circular
mean computed in 5° bins of angle to dancer; shaded area represents mean =+ s.d. ¢, Mean
positioning of the left versus right antennae computed for 3° bins of angle to dancer.
Colour indicates angle to the dancer. d, Test predictions of a multivariate Gaussian process
regressive model using antennal positioning to predict a nestmates angle to the dancer.
Blue indicates target encoding and black is the best fit through the predictions using the
angle defined by the full length of antennae (Pearson’s r = 0.68, P < 0.0001), or the
halfway point (Pearson’s r = 0.61, P < 0.0001). Adapted from Hadjitofi and Webb **
under CC BY 4.0.

outstretched from their midline and their roll and pitch head orientation aligned with the
plane of the comb (Fig. 4.3). The angle of an antenna could hence be estimated as the angle of
the line connecting the base of the antenna to its tip.

We identified that the position of nestmates’ antennae relative to their midline followed a
unique relationship according to their positional angle to the dancer (Fig. 4.2d-g). When
positioned on the left side of the dancer (e.g. between 0° and +90°), the left antenna (green)
is angled further away from the nestmates’ midline whereas the right antenna (pink) is angled
much closer. A similar but opposite effect is seen when on the right of the dancer (e.g. between
0° and —90°), with a smooth transition in between. We also found a statistically significant
circular correlation coefficient of —0.56 for the relationship between the midpoint between
nestmates’ antennae and their angle to the dancer (P < 0.001, Fig. 4.2f). Earlier work™®
recorded the angle formed between the two antennae (rather than the angle of each antennae)
at the end of each waggling movement but did not identify a consistent relationship of this
angle to the follower’s angle to the dancer. Recording at 200 frames per second (fps) captured
around eight frames per waggle of the dancer’s abdomen and indicates that this relationship
is continual across waggling movements, i.e. it exists even when the dancer’s abdomen had

swung away from the follower.
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Similar results were obtained when the angle of each antenna was defined as the angle of the
line between the base of the antenna and the halfway point along it (Fig. 4.4). This reinforces
the notion that the antennae are outstretched while dance-following. If there was a visible
bend in the antenna (i.e. between the pedicel elbow-like joint and scape of the antenna), the
position of this bend was used instead of the halfway point. This observation is consistent
with early experiments where clipping the tips of both antennae did not lead to a reduction in
the number of recruits arriving at the feeder”®. We also fitted a multivariate Gaussian process
regression model to see how well the pairs of left and right antennae angles (using either tip or
halfway point) could predict the angle of the nestmate relative to the dancer (Fig. 4.4d). The
predictions on the test set confirm that the antennal angles are informative towards this angle,
despite a degree of noise in the data.

4.3 A proposed circuit to recover the dance vector

The antennal relationship in Section 4.2.2 could allow the nestmate to detect its orientation
relative to the dancer, but how could this be transformed into a flight vector towards food? In
this section, we propose how a neural circuit modelled on the central complex (see Section 2..3)
might use the antennal input that nestmates experience to acquire the signalled information
as a flight vector that they can follow to the resource. This allows us to infer the food location
after observing a single follower bee, which has never been possible before.

4.3.1 Vector assimilation by the central complex

Recent research'899°

has shown that the insect central complex contains circuitry that sup-
ports the transformation of angular variables from egocentric (body-centred) to allocentric
(world-centred) coordinates. Optic flow-sensitive neurons (TN cells in the sweat bee3°5; LNO
in the fruit fly"%°) fire proportionally to the velocity component in directions of £45° and
+135° around the insect. This motion appears to modulate the relative amplitudes of left
and right (for front and back) sinusoidal bumps of activity in the brain that are otherwise

yoked to the insect’s head direction™°

. Sinusoidal activity across a neural population can
represent a flight vector, where the phase encodes the angle of the vector and the amplitude
represents its length>*. The projection pattern of these neurons to the fan-shaped body in the
central complex supports a vector sum computation that results in an allocentric travel vector,
enabling the insect to accurately track its ground velocity even when its motion is not directly

aligned with its head direction (holonomic motion)*°

. Moreover, it has been proposed that
continuous integration of either the components?® or the downstream allocentric vector
could provide the neural basis for path integration. That is, a foraging bee that continually
sums its travel vector (over a flight path varying in direction) will thereby maintain a home-
vector’ indicating the straight-line direction and distance it has travelled from its nest*. Our
key hypothesis is that a nestmate following a dance is similarly (and using the same neural
circuitry) converting its egocentric orientation to the dancer to an allocentric estimate of the

dancer’s direction. This means that the follower uses its antennal positions to decode the angle
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Assimilating foodward vector via foraging Assimilating foodward vector in hive (proposal)
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Figure 4.5. Proposed mechanism to assimilate the foodward vector (overview). Left, A foraging
bee combines skylight compass information with optic flow to integrate ground velocity
on the outbound path (segments indicated by ¢,) into a vector between home and food.
Middle, The neurons sensing optic flow form an orthogonal basis to derive the allocentric
ground velocity for holonomic motion (blue arrow). Right, By the same principle, a
nestmate combines gravity sensing with antennal position to integrate the allocentric
motion of the dancer during the waggle phase as a vector towards food. Adapted from
Hadjitofi and Webb ** under CC BY 4.0.

between its body orientation and that of the dancer. Knowing its own orientation relative to
gravity, this allows the follower to deduce the dancer’s orientation relative to gravity, which is
the direction of the food source relative to the sun?®. Crucially, this estimate of the dancer’s
orientation remains consistent (relative to gravity) over continuously varying angles of the
follower to the dancer, so that by continuous integration of this estimate during a waggle
phase the follower can obtain a corresponding foodward vector (Fig. 4.5).

Our model thus assumes that the relative positions of the antennae whilst following the wag-
gle phase could modulate four sinusoidal gravity bumps to allow nestmates to charge their
flight vector in the foodward direction, irrespective of their (changing) angle to the dancer
(Fig. 4.6). This modulation is determined by first mapping the antennal angles to a 360°
representation from their position within £90° of the bee’s midline, the maximum angle of
either antennae observed (Fig. 4.6a). Within the central complex (Fig. 4.6b), the direction
relative to gravity produces a sinusoidal bump in the ellipsoid body, and the antennal input
differentially modulates four sets of neurons that convey the bump from the protocerebral
bridge to the fan-shaped body with +45° and +-135° anatomical offsets (Fig. 4.6c). Modula-
tion is equal when the nestmate is directly behind the dancer, and varies proportionally as the
antennal position becomes more extreme (Fig. 4.6d), such that the sum in the fan-shaped body
always represents the allocentric orientation of the dancer (Fig. 4.6¢). Simulating this circuit
(Fig. 4.6f) shows that in principle this works perfectly to allow the dancer’s vector direction to
be recovered, for an arbitrarily changing nestmate position, and is robust to simulated noise
in the antennal input.

This hypothesis requires two further assumptions:

1. The first is that bees can track their head direction relative to gravity within the hive.
It is unknown how gravity is represented in the central complex, although it is well
established that the head direction bump of activity in the central complex is influenced
by a number of cues in the environment, including celestial °, visual*** and proprio-
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A central complex circuit to recover the allocentric dance angle. a, Relationship of
the angle of a nestmate’s antennae to their angle to the dancer used in testing the circuit.
b, Frontal view of a three-dimensional reconstruction of the bumblebee Bombus terrestris
brain, with central complex neuropils illustrated in green (obtained from the insect brain

Time following (s)

database™®, www.insectbraindb. org; datafrom Rother etal. 264) ¢, Example cell activations
in the proposed assimilation circuit for a nestmate positioned at 147° relative to the dancer.
Cells in the left and right sides of the protocerebral bridge (PB) (green and purple, for front
and back) receive inputs from head direction cells in the ellipsoid body (EB) (blue) of the
central complex which are multiplied by mapped antennal input from the noduli (NO)
(orange), resulting in an amplitude modulation. Summing the four PB cell populations
result in a vector that represents the signalled foodward direction relative to gravity in the
fan-shaped body (FB) (yellow). Schematic illustration of the central complex neuropils
shown in top left. Circuitry adapted and inspired by Lyu et al. ”°. Connections between
the EB and PB backward-sensitive cell populations are not shown for brevity. d, Example
antennal positions mapped onto noduli cell activity, as a result of different orientations of
the follower bee relative to the dancer. e, Example activity patterns of cell populations in ¢
simulated for a nestmate (dark grey bee) changing orientation whilst following a dance
(light grey bee). Dashed line indicates target allocentric orientation of dancer. f, Angular
error of accumulated foodward vectors (n = 25) resulting from (top) perfect simulation
of relationship and (bottom) simulation with noise added to antennae at each time step,
drawn from von Mises distribution on the right (1t = 0° and k¥ = 10). Adapted from
Hadjitofi and Webb '** under CC BY 4.0.
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ceptive®? cues. Bees are believed to mainly sense their orientation to gravity via sensory
neurons of the neck hair plates35”87. The removal of these hairs resulted in disoriented
dancing on vertical combs in the dark but bees could still able to orient with respect to
the sun when on open horizontal combs™7. This loosely aligns with the idea that they
detect their angle to the dancer using their antennae too; sensing their orientation to
gravity with respect to their head direction may avoid having to further account for any

bending of the abdomen while attempting to maintain contact with the dancer®®°.

2. The second assumption is that antennal position or motion can influence the processing
of the directional bump. There is evidence from bees®#, locusts'?, cockroaches 260 and
fliess%*3® that mechanical signals from antennae reach the central complex. Significantly,
a recent study has found a basis vector representation (that is, neurons with peak
sensitivity at £45°) encodes wind direction sensed via displacement of antennae in the
fruit ﬂy56, similar to the optic flow input described above. In a following study'®, the
authors’ proposed that similar modulation of the head direction bump could allow an

allocentric estimate of wind direction.

4.3.2 Real antennae data as input

We used the real set of antennae positions from each follower bee as input to the model to
measure the directional accuracy of the assimilated foodward vectors (Fig. 4.7). We assume that
the integration occurs during the frames in which the nestmate satisfies the ‘follower’ criteria
(see Section 4.2.1) and the dancer is waggling. Note that this inherently produces a correlation
between the length of the integrated vector and the waggle duration, implicitly encoding
distance. In the bee, such gating of the integration could occur in the central complex's. We
suggest that the input could come from an auditory interneuron that has been observed >
to have stopwatch-like behaviour encoding sounds 208213 emyjtted by the dancer during the
waggle phase (see Section 2.2.3), the duration of which signals distance to the food source ¥73°".
Lacking information about this sound signal in our recordings, and also lacking ‘ground
truth’ for the intended distance communication, our analysis focuses on the direction of the
vector estimate rather than the length. However, our inclusive estimate of the waggle could
also contribute to error in the direction that could be reduced by more precise gating of the
integration period and thereby represents an upper bound on the error.

Antennal modulation improves accuracy of assimilated foodward vectors

We compared the performance of the assimilation circuit to the performance predicted by
the simple ‘follow-behind’ hypothesis by calculating the vectors that would be assimilated
if nestmates solely use their heading orientation relative to gravity to assimilate the vector
(i.e. no antennal modulation). We found that simulated nestmates’ estimated the average
direction towards food significantly more accurately when using antennal information than
when estimating based on their own orientation alone (P < 0.005, Fig. 4.7a). Angular error
was largest for nestmates positioned anterior to the dancer and lowest for those positioned

behind (Fig. 4.7b). Although some bees appear motivated to more actively pursue the dancer
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Figure 4.7. Deviation of decoded foodward vectors of nestmates relative to the dancer’s mean
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waggle phase angle, as a result of feeding antennal positioning data to the assimi-
lation circuit. Data from 47 bees across n = 59 total phases. a, Absolute angular error of
assimilated vectors according to the feature of antennal position used: information from
both antennae, midpoint of antennae, left antenna, right antenna or gravity heading only
(without antennal modulation). Notches on boxplots indicate 95% confidence intervals
for the median value. Asterisks indicate statistical significance between conditions (* if
P < 0.05; > if P < 0.01; **if P < 0.001). b, Mean absolute angular error according
to nestmates’ angles to the dancer computed for 15° bins when using midpoint feature;
shaded area represents mean = s.d. ¢, Absolute angular error according to nestmates that
have more stable (straightness index > 0.5,n = 22) or changing (index < 0.5,n = 37)
angles to the dancer. d, Mean absolute angular error according to nestmates’ mean angle
relative to gravity computed for four quadrants (n = 16, n = 12, n = 15, n = 16 phases,
respectively). Dots indicate mean and height of coloured boundaries indicate s.d. e, Mean
absolute angular error according to the time nestmates spent following a waggle phase
(Pearson’s r = 0.032, P = 0.807). f, Angular error at each time step (top row), at the end
of following a waggle phase (middle row) or when most accurate (bottom row), using
heading only (left) or antennal modulation (right). Colours for each nestmate are consis-
tent across panels. b-f use antennal midpoint feature. See also Figs. A.2 and A.3. Adapted
from Hadjitofi and Webb *** under CC BY 4.0.
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around the comb whilst others do not, the accuracy of assimilation when using antennal
information was independent of whether nestmates exhibited a changing or stable angle
relative to the dancer during a waggle phase (determined using a straightness index threshold of
0.5) (Fig. 4.7¢). Moreover, neither the nestmates’ angles to gravity nor the time spent following
a phase gave an apparent advantage to assimilating the foodward direction (Fig. 4.7d,e).

The performance of the ‘heading only’ condition will depend on the distribution of nestmates
in a given dataset. For example, a dataset containing only follower bees behind the dancer will
perform very well. Fig. A.2 shows that a hypothetical improvement is possible when nestmates
are simulated in a uniform distribution around the dancer.

Recruits flight vectors are scattered but centred on the feeder

Fig. 4.7f shows the angular error of each nestmates’ vector estimates at different points through-
out following a waggle phase: the successive vector on each time step, the final vector accumu-
lated at the end of following a waggle phase (i.e. to be stored in long term memory) and the
most accurate vector. A positive angle indicates deviation to the left of the signalled food, and
negative angle indicates a deviation to the right. Fig. A.3a shows the individual vectors for all
four features of the antennal input. Utilising antennal positioning information considerably
reduced the overall spread of recruits’ flight vectors compared to when using the heading angle
alone. Each vector type results in search flights that would be centred on the food source and
fanned out in directions across the correct hemisphere containing the food. This spread is
slightly larger than the range predicted when researchers have examined how much directional
information is conveyed by dancers. Haldane and Spurway *5 estimated the directional in-
dication in the dances from von Frisch’s publications to have an information value of 2 bits
(or Binary units), where a bit represents a single choice between two options. The more bits
you have, the more complex information you can store. With 2 bits of directional data, a
follower bee must theoretically choose between four 90° sectors for its outbound flight. More
recently, Schiirch and Ratnieks*”%, based on their own measurements, estimated it to be 2.9
bits, suggesting that followers have eight sectors of 45° each to choose from.

Vector averaging over multiple waggle phases improves angular accuracy

Previous work suggests that recruited nestmates fly in a direction that more closely resembles
an average of many waggle phases, rather than any single phase?5. In line with this, whilst
the length of time that nestmates followed an individual phase showed no effect on accuracy
(Fig. 4.7¢), we found that averaging the final vectors that nestmates assimilated at the end
of consecutive waggle phases led to a significant reduction in the error (P < 0.01, Fig. 4.8a).
Furthermore, the tendency for nestmates to switch sides of the dancer during consecutive
waggle phases suggests that any errors that may be present on one side are likely to be coun-
teracted over time (Fig. 4.8b). Fig. 4.8c shows an example of this apparent benefit, where an
individual follower bee averages its vectors obtained over three consecutive waggle phases to
yield a more accurate estimate of the foodward direction. Note that the estimate of vector

length across these phases in this example are consistent too. Such vector averaging could also
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Figure 4.8. Averaging over consecutive waggle phases improves angular accuracy of the vector

estimate. a, Absolute angular error of the final vector for nestmates that only followed
one waggle phase (‘first’, n = 38) or when the final vector is averaged for nestmates that
followed more than one consecutive phase (‘averaged’, n = 12). b, The probability of
nestmates (n = 27) changing sides of the dancer when transitioning from ‘this’ to the
‘next’ waggle phase. L and R indicate left and right sides of the dancer, respectively. x 2
test of independence: P = 0.001. ¢, Foodward vectors from a nestmate following three
consecutive waggle phases. Thin lines indicate error at each time step; thick indicate
the final vector for that phase; blue is the vector that arises if averaging across waggle
phases. d-f, Comparison with recruits’ flight vectors from Wang et al.>*° open source
radar data. d, Final locations of the flight vector phases of follower bees (n = 61) recruited
to a feeder via dancing. N and F represent the nest and feeder, respectively. e, Same
data as d but the final positions are plotted as an angular error relative to the feeder. f,
Absolute angular error for the harmonic radar dataset?#° and our dataset when using
the assimilation circuit with midpoint feature and vector averaging. Radar data URL:
bttps:/fosf-io/asgrs/files/osfstorageview only=6dazgez30c8d4072b27ab70ccecbobez. Accessed:
2023-08-15. Adapted from Hadjitofi and Webb '** under CC BY 4.0.

minimise the impact of systematic curvatures in the waggle phase trajectories. For example, as

noted in Chapter 3, it is possible that the dancer briefly indicates the incorrect direction as she

begins to adjust her waggle angle to the intended foodward direction. If this occurs on both

consecutive leftward and rightward deviated waggle phases, their effect on assimilation should

be negligible when the vectors are averaged. Studies have shown nestmates following up to 15

consecutive waggle phases?, although evidence also suggests that following four consecutive

waggle phases is sufficient to estimate the variation of dancers across their entire dance%. We

observed nestmates following up to three waggle phases, a feasible number considering the

resources required for annotating and tracking their antennae at 200 fps.

72

Assimilating the flight vector information



a Mapping: b Linear: O Logistic: 0
—Linear --Logistic -

'S 0 0- o ‘
5 o Final vector: 90 “ ‘ -90
o » —

5 3

o . +180- =

o0 ke

—-— — q)

% £ Intermediary

0 = .
5: vectors: 90

-45 0 45

Midpoint antennae

angle (°) +180 +180
Angular error (°)

Figure 4.9. A non linear function improves the mapping of antennal angle to dancer angle. a,
The original linear and the new logistic (k = 11.2) relationships tested when mapping the
antennal midpoint to a corresponding angle to the dancer. b, Resulting angular error of
the decoded vector relative to the dancer’s mean waggle phase angle, at the end of following
a waggle phase (top row) and at each time step (bottom row).

Comparison with existing radar data

We have also plotted open source data from Wang et al. >#° showing recruits’ final vector search
positions tracked via harmonic radar, after following dances within the hive signalling a new
feeder (Fig. 4.8d-f). The performance of the assimilation circuit (augmented with vector
averaging) appears to be comparable, even though the recruits in the Wang et al. 3#° study
likely followed multiple waggle phases and may have used additional cues for interpreting
the waggle (discussed below in Section 4.4). We thus consider it to be fairly conservative to
compare these data to our proposed assimilation circuit with vector averaging. We also note
that the spread is larger for recruits that have been displaced from the hive before flying their
dance-acquired vector (see Fig. 3 in Wang et al.?#®) but the authors attribute this to other

navigational influences so we have not included these data in the comparison.

A non linear antennal mapping function

We lastly experimented with using a non linear function to map the antennal midpoint to an
angle to the dancer across the range of 360° (Fig. 4.9a). Fig. 4.9b shows the assimilated vectors,
in their final and intermediate forms, produced from the assimilation circuit when using a
logistic mapping function (k = 11.2) compared to the original linear mapping function. The
mean = s.d. for the final vectors obtained from the different functions are 2.68° £34.71° and
—2.03° £52.46°, respectively. Whilst the logistic mapping increases the sensitivity near the
antennal midpoint values around 0° (i.e. the steepest section of the function), as evidenced by
the variability of intermediate vectors, the overall spread of the final vectors is significantly
smaller based on an Equal Kappa test for the homogeneity of the distributions’ concentration
parameters (X 2 =17.18, P = 0.0074). Thus, non linear functions may allow the model to
better capture the relationship between the antennal position and the angle to the dancer.
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4.4 Discussion

We have reported a novel feature of antennal positioning of bees following a dance: thatit corre-
lates to their angle to the dancer. Combining this with recent insights in the vector-processing
circuitry of the central complex, we proposed a plausible mechanism by which the follower
could assimilate a vector indicating the resource being advertised. Specifically, supported by
recent characterisation of pathways between antennal input and the central complex 56195238,
we suggested that antennal positioning during the dance maps to an orthogonal basis vector
representation that is known to exist for other cues: winds® (also sensed via the antennae)

and optic flow'°

. Then, following the previously proposed principle for using such a basis to
map head direction to allocentric ground velocity and integrate this into a home vector3®s, we
demonstrated through modelling that, in principle, the same neural circuit could be used to

integrate the dancer’s direction relative to gravity, forming a food vector.

An antennal response for orientation and tracking tasks has been identified in several insects.
In crickets, the antenna closest to an object moving horizontally in the visual field will track
the object whilst the head remains fixed %3, In the fruit fly, the difference between left
and right antennal displacements generates a linear code for wind direction®" and can be
further tuned by active antennal movements®?. In this work we have tacitly assumed that the
nestmate’s antennal position is a consequence of its angle to the dancer, e.g. the antennae are
passively deflected further by the dancer’s body when at more extreme angles to it. However
we cannot rule out that some other sensory cue provides the information about this angle and
leads the nestmate to actively adopt different antennae positions. Indeed it seems likely that
the mechanosensory experience of the bee, either through other antennal cues such as the
force exerted on them, or other tactile, wind, or electric-field ™® sensing systems, is substantially
richer than the one simple kinematic measurement we have made. The integration of such
cues (although difficult to measure) could significantly improve the estimate of the angle, and
consequently the accuracy of the vector. Towards this, developments in biomimetic robotic
dancers'75"7* present a potential future avenue to measure other aspects of the interaction. For
example, the force or timing of antennal contact perceived by the follower could be measured
by equipping the robot’s abdomen or body with force sensors. There are many additional
sensory cues emitted by the dancer in the hive that may also play a role in communication,
including olfactory and chemical cues?**, temperature°*, and comb vibrations 23%267:320
(see Tables 2.1 and 2.2). These may assist nestmates in identifying, localising, and broadly
orientating towards dancers within an area of the hive, but seem unlikely to provide accurate

information about relative angles.

This work also assumes that follower bees have an internal representation of their head di-
rection relative to gravity that arrives at the ellipsoid body in the central complex. Gravity is
most likely detected through mechanosensors (e.g. antennae in Drosophila™%3°°, and sensory
neurons of the neck hair plates in bees'®”) and we would hypothesise that the mechanosensory
pathway via the ring neurons 238 would subserve the formation of a ‘gravity bump’, whereas
the pathway via the noduli to the fan-shaped body ¢ would subserve the orthogonal basis
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representation that transforms this to an allocentric direction estimate. We initially considered
whether the vertical comb’s regular hexagonal pattern of cells could also help bees sense their
angle relative to gravity. However, there are clear contexts whereby the regular pattern of the
comb is not available, such as in swarming and other species of honeybee where the dancing

takes place on top of other bees'®3.

It is difficult to ascertain what accuracy should be expected for the nestmates’ assimilation of
the foodward vector. The unpredictability of the dispersal and quality of foraging patches
for bee colonies may reduce the evolutionary pressure to minimise communication error >34,
Determining the true nature of the information transfer requires a sophisticated setup: (1) the
foraging of prospective dancers constrained to a known location, (2) the identity and behaviour
of both the dancers and naive followers recorded in detail in the hive, and (3) accurate tracking
of every follower bee’s immediate subsequent search flight, ideally after displacement so that
only vector information can be used to direct their path. Historically there have been several
attempts to characterise the accuracy of information transfer, e.g., from the distribution
of recruited nestmates on an arc of feeders surrounding the one to which the dancer was
trained 9. Alternatively, harmonic radar has also been used for tracking flight behaviour.
We have plotted open source data from Wang et al.>* showing recruits’ final vector search
positions obtained from the dancer to a previously unknown feeder (Fig. 4.8d-f). We note that
the recruits are scattered in varied directions (and distances) centred on the feeder, and believe
it is plausible that such a distribution could arise from the base model described here with
appropriate vector-averaging over consecutive waggle phases or augmented with additional
mechanosensory cues (Fig. 4.8f). In Chapter s, we conduct an experiment to explore the
accuracy of the recruitment system and test the predictions of the assimilation circuit against

the flight vectors expressed by real bees.

This work only provides a proof of principle: given the follower’s antennal positions as input,
a model of the neural circuitry of the central complex could recover the vector signalled by
the dancer. It is currently beyond the state-of-the-art to directly measure the neural activity
in actively dancing bees or their nestmates at the level of detail needed to test our hypothesis
for assimilation of the vector. However, some new developments are bringing this possibility
closer**3? and our model predicts a particular convergence of sensory pathways in the central
complex. Experiments in other insects, such as Drosophila, might meanwhile provide evidence
for (or against) some of our key predictions: that a vertically oriented insect experiences a
gravity orientation bump in the ellipsoid body and protocerebral bridge; and that antennal
inputs can modulate the processing of an orientation bump in an equivalent coordinate
transformation as seen for optic flow inputs to the fan-shaped body (i.e. an egocentric to

allocentric frame of reference).
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4.5 Methods

4.5.1 Honeybee data

Data collection and labelling. Honeybee data was collected during late summer (August
2022) and complied with the ‘Principles of Animal Care’, publication No. 86-23, revised 1985
by the National Institute of Health, and with the current laws of the country in which the bees
were kept (Scotland). We filmed a colony of 4. mellifera mellifera bees housed in a three-frame
observation hive. Waggle dances of bees foraging at natural food sources were filmed at 200 fps
under infrared illumination (690 nm), using a Basler acA1440-220UM ace camera and a6 mm
lens. The start and end of the waggle phase was determined by the first and last video frames
where the dancer’s abdomen had swung to one side relative to its head direction. In each
frame of the waggle phase, we extracted the angle of each follower bee relative to the dancer
as well as the angle of their antennae relative to their body axis angle (also called ‘midline’).
This was done by manually annotating key body parts using the DeepLabCut interface'9%2*
(Fig. 4.10a). A honeybee antenna is divided into three main sections: the scape, pedicel and
flagellum. These are described in Section 2.2. When visible, we labelled the centre point of a
bee’s thorax as well as the base, halfway point and tip of their left and right antennae. In cases
where there was a bend in the antenna (i.e. between scape and pedicel), this point was labelled
instead of the halfway point.

Extracting angles. From the labelled body parts, we determined the angle of each follower
bee relative to the dancer, where the angle of a bee was defined using the straight line stemming
from their thorax to the midpoint between the bases of the left and right antenna. The angle
of an antenna relative to the midline was determined using the straight line stemming from the
base to the tip of the antenna, or the base to the halfway point (or bend) in the case the tip was
not visible. We depict these using negative angles for a clockwise rotation and positive angles
for a counterclockwise rotation (in degrees). For example, 0° corresponds to the situation in
which the follower faces the dancer head-on in the case of body axis orientation, or an antenna
being directly aligned with the follower bee’s own body axis. 90° refers to the follower facing
eastward towards the dancer or an antenna being positioned 90° to the left relative to their
body axis. Fig. 4.10b shows an example of how we compute and present these angles on a polar
plot. The bees” heading relative to gravity is also determined from the angle of their body axis
relative to the vertical axis (both the hive and filming rig were aligned beforehand using a spirit
level and weighted string). Follower bees were also tracked over as many consecutive waggle
phases that they followed, where their angles, identity and the side they followed from were
recorded. The final dataset included the data of a total of 47 follower bees as they followed
waggle phases of a dance. Each follower was measured from the start to end of their time
following each waggle phase, with a minimum of 0.3 s and a maximum of 2 s (the full length
of a waggle phase in the dataset). The dataset is deposited at Figshare3.

External datasets. Wang et al. 3#°’s open source harmonic radar data was used to compare the
general range of accuracy predicted by the assimilation circuit with real vectors flown by recruits

(see Fig. 4.8d-f). The published dataset was accessed and analysed based on the documentation
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Figure 4.10. Labelling and visualisation pipeline of follower bees. a, Nestmates following a dancer
in the midst of a waggle phase (left) with labels on the central points of each bees’ thorax
and its connection to the base, halfway point and tip of each antenna (skeleton shown
in white) (middle). Identities are tracked across frames to obtain trajectories (right). b,
Example computation and plot of follower bees relative to the dancer and the angles of
their antennae relative to their body axes. The distance along the radius of the polar plot
indicates the antennae angle (positive for the left antenna and negative for the right) and
the angle of the data points (relative to 0°) indicates the angle to the dancer. Adapted
from Hadjitofi and Webb *** under CC BY 4.0.

provided by Gallistel and Beetz*". In their experiment, foragers were signalling a feeder that
was 384 m from the hive and at a compass bearing of 60° relative to North. Recruits were
captured upon leaving the hive after following a dance and fixed with a radar transponder to
track their subsequent flight path. Fig. 4.8 presents the last recorded locations of the vector
portion of the flights, which were separated from any final search portions by identifying
sudden turns between two consecutive radar readouts that were larger than 60°.

4.5.2 Rate-based assimilation circuit

Antennal input. The angles of the left and right antennae (6 and 6g) are first determined
with respect to the nestmate’s heading (described in Extracting angles in Section 4.5.1) and

clipped between a minimum and maximum position determined by the data. In our case, this
is between 0° and +90°,

T ogr<o (4.1)

0<. < 5=

YRS

We also investigated other maximum antennae angles, e.g. down to +60°, to test the limits
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of the relationship; these led to more variable vector estimates, in particular when using
information from the left or right antenna only, or both (Fig. A.3b). The model uses the
relative positions of the antennae whilst following the waggle phase to differentially modulate
four sinusoidal gravity bumps to charge their flight vector in the foodward direction (Fig. 4.6).
To determine the modulation, features of antennal position are mapped onto the activity of
four neurons (two in each hemisphere), corresponding to peak sensitivity at 45°, —45°, 135°
and —135°, respectively. These are based on the optic flow sensing cells in the noduli - TN
cells in the sweat bee3°5; LNO in the fruit ﬂy189”9° — which fire proportionally to the velocity
component in their preferred directions, modelled as a dot product. The antenna-induced

output (AIO) of these cells is defined by,

f(x) = [cosx,sinx] (4.2)

g(epref) = [f(eheading - pref)f((PL)Taf(eheading + 9pref)f(¢R)T] (4-3)
3

AIOfront =4 <%) AlOpgcr = 8 (%) (4-4)

where 0, = % and 0.5 = %Tﬂ are the offset preference angles for each pair of front (£45°)
and back (£135°) sensitive neurons respectively, and ¢ and ¢ are antennal features (de-
scribed below) for the left and right sides. To test whether the accuracy of vector assimilation
varied when different features were used (see Fig. 4.7), the activity of these neurons was de-
termined using the midpoint of the antennae, where we set ¢z, = ¢ = s(t); information
from the left antenna only, ¢; = @r = 5(6L); right antenna only, ¢y = Pr = s(6g); and
information from both, ¢r, = s(6L), og = 5(6R),

U = atan2 ( Z sin 6;, Z cos Qi) (4.5)

ie{L,R} ie{L,R}
S(x) = eheading +Ax (4.6)

where s is a linear mapping function to scale the range of possible antennae positions to a
range of angles relative to the dancer. We set A = 4 to map to a 360° range of possible angles
(shown as £180°). We also investigated a modified logistic function to map the midpoint
antennal feature to an angle to the dancer instead of a linear function (Fig. 4.9). For this case,
Eq. (4.6) becomes,

1
=6 eadin, 1~ .

where k is a parameter representing the steepness of the function, which was optimised against
the data to be k = 11.2 using orthogonal distance regression. Using this logistic function
to determine the mapped angle appears to lead to an improvement for the majority of the
assimilated vectors (Fig. 4.9b).
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Gravity bump. The head direction is calculated relative to gravity (described in Extracting
angles in Section 4.5.1) and represented as a sinusoidal bump of activity, akin to the head

130 yisual 289

direction bump seen in the ellipsoid body and known to be influenced by celestial
and proprioceptive??? cues. At each time step, the model creates a sinusoidal encoding of the
heading (Bumpgraviry € R®) across a population of eight neurons representing eight cardinal

directions relative to gravity,

1+ COS(ecardinal + eheading)
2

Bumpgravity = (4-8)

where 6.4,dinai = |0, %, %T”, %’ %”7 %’r, GT”? %] and cos is applied element-wise. The peak
activity of the bump therefore tracks the angular movements of the bee relative to gravity
whilst following a dance.

Sinusoid modulation. Four copies of the Bumpg,qyiry are replicated in the protocerebral
bridge. The amplitude of each is modulated proportionally by the corresponding projection
of the angle to the dancer, inferred from the antennal input, onto the four AIO projection
axes. Hence there are modulated copies on the left and right sides of the bridge for both front
(Bumpmodfmm € R!%) and back (Bumpynoq,,., € R16) AIO axes,

B”mpmodfmm = (AIOfrontWAIOHBumpm,,d) © (BumpgravityWBumpgmv,-,y—>Bumpm0d) (4'9)

Bumpmodback = (AI ObackWA10—>Bumpm0d) O] (BumpgravityWBumpgmvi,y—>Bumpm0d) (4.10)

where © is element-wise multiplication, and WBumpyavity— Bumpioq 1 the matrix represent-
ing the connectivity pattern between the Bumpegayiry and Bump,y,oq. Fig. 4.1 visualises the
connectivity matrices. These neurons are based on the populations of protocerebral bridge-

fan-shaped body-noduli (PFN) neurons, PFN; and PF'N,,, in the fruit fly"° (see Section 2.3).

Allocentric orientation of the dancer. Following observations by Lyu et al. *°

, the pro-
jections of the Bump,,,4 neuron populations from the bridge to neurons in the fan-shaped
body result in anatomically shifted inputs that implement a vector sum, where the amplitudes
and phases of the sinusoids correspond to the length and angles, respectively (see Fig. 4.11; see

199 for a detailed description of the projection anatomy). This promotes sinusoidal

Lyuetal.

. . . . b
activity across eight neurons that represent the allocentric bump relative to the dancer’s orien-
tation (Bump gancer), which accumulates in short-term memory (Memorygump,,,...) With a

gain (gain, set to 0.005),

Bumpdancer = Bumpm(’dfmnt WB”umodfmm —Bump qancer + Bumpm(’dback WBuumodback —Bump qancer
(4.11)

141 _ t -
= Memoryp,,,,  + gainBump ancer (4.12)

B UMPdancer

Memory

This bump is then decoded at each timestep # (Fig. 4.7f) using the fast fourier transform*», and
the error between the angle of the decoded vector and target vector is calculated. A positive
error angle indicates that the assimilated vector is deviated to the left of the target angle

(counterclockwise rotation) and a negative error indicates it deviates to the right (clockwise).
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Assimilation circuit connectivity
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Figure 4.11. Connectivity of the assimilation circuit. See Section 4.5.2 for corresponding details on
cell populations in the ellipsoid body (blue), noduli (orange, where AIO refers to antennal
induced output), protocerebral bridge (green and pink) and the fan-shaped body (yellow).
Cells were modelled as excitatory and colours indicate a value of 1. The projections that
convey the four modulated bumps in the bridge (Bumpynoa,,,,, and Bumpuod,,, for both
the left (green) and right (pink) hemisphere) to the fan-shaped body (Bumpancer) assume
equal weighting. Read matrices as: e.g. the top matrix represents the connectivity between
Bump grqviry and Bumpy,q, referred to as Wgymp eravity— BUmpyoq 10 the Methods. Adapted
from Hadjitofi and Webb *** under CC BY 4.0.

4.5.3 Data analysis and statistics

Analysing changes in body orientation. To determine whether nestmates maintain a
particular body orientation whilst following a dance, we constructed trajectories composed of
their angles to the dancer along constant step-size points in time (i.c. viewing a trajectory as a
stream of body axis angles for a bee). The Batchelet’s straightness index™ was then computed
as D/L, where D is the straight-line distance between the first and last points in the trajectory,
and L is the path length travelled (Fig. 4.2b). The index ranges between 0 and 1, where 1
indicates a constant angle. The raw body axis angles of nestmates show a small oscillation due
to the dancers’ waggles and the angle of nestmates being recorded relative to the dancer in each
frame. We smoothed these oscillations in this part of the analysis by applying a Savitzky-Golay
filter using the traja*** Python library prior to computing the straightness index. The values of
each nestmates’ index were later used to categorise them into stable and changing orientations
using a threshold of 0.5, when evaluating the circuit’s performance (Fig. 4.7¢).

Multivariate Gaussian Process regression. We fitted a multivariate Gaussian Process
regression model (see Schulz et al. >73) to see how well pairs of left and right antennae angles
could be used to predict the angle of the nestmate relative to the dancer (Fig. 4.4d). The
cosine and sine transformations of the left and right antennae angles were used as features
for the model. The data was divided into training and test sets using a 70 / 30 split, with
individual nestmates featuring in only one set. Model fitting and optimisation of parameters
was performed using the mgpr R library®, and predictions on the unseen test data were
obtained. Pearson’s r coeflicients were calculated to evaluate the predictions.
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Model performance. The neural model was evaluated based on the angular error of the
decoded vectors relative to the signalled food (normalised to 0° across dancers) when using
antennal positioning information or heading orientation relative to gravity as input (Fig. 4.7).
The latter assumes that follower bees assimilate the vector from their heading orientation only,
as suggested by early hypotheses that nestmates vie for a position directly behind the dancer'4°,
where their angle to the gravity equals the waggle phase foodward angle. For each nestmate, the
mean absolute vector error was computed with respect to the mean orientation of the dancer
over the period that the nestmate had followed for (Fig. 4.7a-¢, Fig. 4.8a). Fig. 4.7f shows the
(signed) vector error for each time step. The mean error for a nestmate was determined by
either using all intermediary vectors accumulated successively throughout following a waggle
phase (Fig. 4.7a-f, Fig. 4.8¢), the final vector accumulated by the end of following a waggle
phase (the vector stored in long-term memory) (Fig. 4.7f, Fig. 4.8c) or the most accurate vector
at any point during following a phase (Fig. 4.7¢,f). The mean error of vectors averaged over
consecutive waggle phases was computed as the circular mean of the final vectors assimilated
from consecutive waggle phases (Fig. 4.8a). For brevity, model results after Fig. 4.7a are
only reported for the antennal midpoint feature along with the condition without antennal

modulation.

Transition counts. The tendency for nestmates to switch sides of the dancer for consecu-
tive waggle phases that they followed was determined by calculating the first-order Markov
transition probabilities (Fig. 4.8b). For example, the transition probability (TP) of follow-
ing the dancer on her right side after just following on her left side (LR ) was calculated as,
TPrgr = LR/(LL+ LR), where LR indicates the corresponding frequency counts for that
sequence across the data and so on. The observed counts were evaluated using a chi-square

test of independence, )(2 =10.359, P = 0.001.

Analysis software. Data analysis and modelling was carried out using Python or R code,
relying mainly on Numpy'*7, Scipy336, and Pandas*°° libraries. Seaborn?#* and Matplotlib'+°
were used for plots. This code is publicly available on GitHub (https://github.com/
annahadji/dance2vec). The code contains the necessary elements reproduce results in

this chapter (e.g. model simulation, processing of raw antennal data).

Statistical tests. All plots show the mean = s.d. unless stated otherwise. Circular equiva-
lents were used where appropriate. Groups were compared using two-sided statistical tests,
including Kruskal-Wiallis H test (as data non-normal, tested by Levene’s test for equal variance
and Shapiro-Wilk normality test) with post hoc Dunn’s testing for pairwise comparisons,
and chi-square test of independence. The Wilcoxon signed-rank W test was used to compare
groups of paired data (i.e. different antennal features or modulation conditions across the
same bees), and for comparing more than two paired groups, the Friedman test was used with
Bonferroni adjusted post hoc tests. Pearson’s r correlations were used to investigate data and
model fit relationships. P value ranges are reported in the figure legends, and we provide the
full list of statistics here.

The following P values are associated with Fig. 4.7a, comparing the angular errors obtained
with no antennal information (termed ‘without modulation’) against different features of
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antennal position (Friedman test y2 = 32.66, P = 0.0000014): without modulation versus
both antennae, P = 0.00011; without modulation versus midpoint, P = 0.00011; without
modulation versus left antenna only, P = 0.0021; and without modulation versus right
antenna only, P = 0.0028. The following P values are associated with Fig. 4.7¢, comparing
the angular errors obtained for nestmates that exhibited changing versus stable angles relative
to the dancer for the midpoint antennal feature and without modulation: changing-midpoint
versus changing-without modulation, W = 66.0, P = 0.000017; stable-midpoint versus
changing-without modulation, H = 5.60, P = 0.018; and stable-midpoint versus stable-
without modulation, W = 45.0, P = 0.0066. The following P values are associated with
Fig. 4.8a, comparing the angular errors of bees that followed only one waggle phase versus
the average final vectors from bees that followed consecutive waggle phases followed for the
midpoint antennal feature and without modulation: first phase-midpoint versus average-
without modulation, H = 5.47, P = 0.019; first phase-midpoint versus first phase-without
modulation, W = 88.0, P = 0.000042; first phase-midpoint versus average-midpoint, H =
5.28, P = 0.022; average-midpoint versus first phase-without modulation, H = 7.61, P =
0.0058; and average-midpoint versus average-without modulation, W = 2.0, P = 0.012. All

other comparisons were non-significant.
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Testing dance recruitment

Whilst many have studied the error in the dancers’ signalling, few have explored how variations
in the experience of a nestmate following the dance influences their accuracy when searching
for the signalled resource. In Chapter 4, we reported a previously unremarked correlation
between antennal position and the relative body axes of dancer and follower bees. Based on
this, we then proposed a plausible neural mechanism that enables followers to assimilate a
flight vector that they can follow to the resource. This allowed us to infer the estimated food
location after observing a single follower bee. Using real data from tracked dance followers in
our model, we obtained appropriately centred but widely distributed estimates of the vector
direction. To follow up on this result, in this chapter, we devise an experiment to compare
the predictions of this model with the vectors expressed by real bees recruited to a feeder,
as well as foragers returning to a feeder, inspired by the forced-detour paradigm in ants. By
continuously updating their internal representation of their position via path integration, a
foraging ant that has been forced away from its direct route can reorient towards its original
goal as soon as its path is unconstrained *°. Following a similar idea, we tracked the correction
angle made by bees attempting to navigate to a feeder after an imposed detour, as a measure
of how accurately they had estimated the food location.

This chapter presents a final investigation into whether a path integration circuit, based on the
central complex, is sufficient to explain the core aspects of how a flight vector is accumulated
and expressed as part of dance communication. In Chapter 3, we focused on how the circuit
could perform the dance, based on a hypothesis that the dance resembles a miniature replay of
a return flight to food'**3. This was built upon previous research that described how return
flights could be produced if the bee can store and recall a ‘vector memory’ as a snapshot of
the state of its path integrator when food is encountered*7. We now test the concept that the
same mechanism is used with a food vector acquired from dance following (as in Chapter 4)
to allow the nestmate to fly to the food for the first time.

83



5. A detour experiment in bees

The primary objective was to design an experiment which could provide an unbiased measure
of how well foragers and new recruits had estimated the location of a feeder when returning
to it or navigating to it for the first time. To directly compare these real-world vectors with
the flight vectors predicted by the assimilation circuit in Chapter 4, it was crucial that the
bees relied upon their vector information when navigating in the experiment. This required
minimising the influence of external stimuli that might normally aid bees in finding the
resource, such as landmarks and other bees (see Table 2.2). Several methodologies have been
employed in the past to gauge the accuracy of foraging activity. In this section, we discuss
these existing approaches and introduce our proposed experiment within this context.

s...1 Approaches to studying foraging accuracy
Harmonic radar

One of the most appealing options for our use case could have been a harmonic radar system.
This technology operates by sending out a stimulus signal to a harmonic reflecting tag (or
transponder) which once received, then generates a second harmonic that is transmitted
back out to a receiving system. Measuring the time delays between the transmitted and the
received signals allows one to determine the distance of the transponder and its direction on the
horizontal plane. By tagging insects with tiny transponders, weighing only a few milligrams*?,
harmonic radars have been effective at tracking insects flying at low altitudes and over flat
terrain 375195239258 R ecent experimental tracking systems that utilise cameras mounted
on drones to track retroreflective tags*® suggests that it could be possible to track insects
continuously in the near future and overcome the limited readouts associated with radar (e.g.
one every three seconds?#°). Such expensive specialised systems were unfortunately beyond
the scope of our experiment. Nonetheless, the harmonic radar has been used previously to
demonstrate that after following a dance, recruits that are immediately displaced from the
hive embark on flight paths that resemble the signalled dance vector*°7*734° (in fact, we
plotted some of this data in Fig. 4.8d-f of Chapter 4). Unfortunately, these radar studies did
not include accompanying data of the dancer-follower interactions in the hive, which might
have otherwise offered an alternative data source from which we could obtain the antennal
positioning of followers and their subsequent vectors expressed. Neither Riley et al. 7 nor
Wang et al.?*° indicate the use of any video recordings in their methodologies and while
Menzel et al. *°7 provided summary statistics on the average number of waggle phases followed
by recruits, the underlying raw data or video recordings are not publicly available. Compared
to other dance features or dancer-follower interactions, the antennal positioning is difficult
to capture in enough detail to be able to consistently measure it. It is therefore unlikely that
studies without the intention to analyse the antennae would have recorded dancer-follower

interactions with the necessary level of detail.
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Feeder traps

Traditional experiments have also attempted to characterise the final accuracy of recruits by
geometrically arranging feeder traps around the intended feeder location 9931143143331553183353  Fr
example, the final distribution of recruits arriving at particular traps that have been arranged
in an arc (equidistant from the hive) has been used to measure the directional error, whilst
their arrangement along a straight line has been used as a measure of distance estimation. With
an upper bound on the feasible number of traps, this approach collects data on the accuracy
of recruits within discrete bins of angles or distances rather than continuous data. Unless
a large enough array is used, it is difficult to measure the estimation of either the distance
or direction whilst controlling the other. In directional feeder trap experiments, traps have
been arranged at a maximum of 45° either side of the intended direction, which limits the
measurable distribution of recruits to be within this range. One of the behavioural predictions
of the assimilation circuit in Chapter 4 was that recruits would be directed across almost the
whole correct hemisphere containing the food (i.e. potentially up to £90° on either side). For

this reason, our experiment required a more unrestricted readout of recruits’ flight paths.
Vanishing bearings

One approach that provides a more continuous measure of the intended flight is through
determining the angle of a bee as she departs from a location, such as the nest, feeding site
or experimental release site, and soon vanishes into the distance when navigating to the next
goal 373465725737 731053115:205277 - R eportedly visible for up to 25 m away, the bee’s position is
tracked by the human eye and the bearing is typically recorded using a compass relative to
North7. If guided by a vector memory of her goal and using her path integration circuitry,
this bearing should represent the direction of the straight-line vector that she will fly the length
of, before initiating a search for the estimated goal location. However, as the bees disappear
quickly from view, we cannot observe the final vector length using this approach and thus
cannot obtain an indication of the intended distance of travel.

Forced detour

Performing path integration while heading towards a goal makes it possible to recover from
an imposed detour and such experiments have been used to demonstrated the use of path
integration by ants whilst homing*”* and returning to a feeder*’. Ants will immediately
redirect their trajectory at the end of a detour channel, where this corrective bearing indicates
their predicted Jocation of the original goal (i.e. not just its predicted direction as measured by
a vanishing bearing) in terms of its path integration coordinates. Thus, we sought to design
a similar experiment in bees which could measure their in-flight correction bearings when
leaving an unexpected imposed detour when navigating to the feeder. To the best of our
knowledge, we are unaware of any previous attempts to use detours to study the angles of

departing bees when attempting to navigate to a known or signalled feeder.
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s...2  Training phase

The first step was to establish a feeder location that foragers would be trained to and subse-
quently signal in their dances back in the hive. Provoking distinct waggle phases was preferable
as this would provide a comparable context of dancing to that in Chapter 4 when measuring
the antennal positioning of the recruited bees. Food sources normally need to be over several
hundred metres away to invoke waggle dances with such phases and structured dance paths.
Previous work has shown that bees can be trained to forage from a feeder positioned within
a narrow tunnel with patterned walls 87299301 Flying past these patterns exploits the bees’
visually-gauged odometer and causes them to perceive that they have flown a much farther
distance (several hundred metres) than they have (six metres), which is accordingly signalled in
the dance. A transparent roof or mesh ceiling enables the bees to still monitor their direction
when flying through the tunnel using the celestial cues in the visible sky98. The tunnels also
ensure consistency of the foraging routes experienced across the bees and thus provide an

appropriate context in which foraging behaviour can be controlled.

Fig. 5.1 provides two aerial views of our experimental site. We trained a group of bees to forage
from a long training tunnel with randomly patterned (Julesz) walls, which was positioned 3 m
from the hive. This layout mirrored the setup of previously published tunnel experiments %7295,
The tunnel was composed of several smaller segments that were connected and placed 1 m
above the ground. Bees would exit the hive and fly the short route to the tunnel before flying
along to the feeder positioned at the far end (Fig. 5.2). The tunnel was closed at the other
side, which forced the foragers to return back to the hive via the same route. Foragers were
tagged with numbered discs attached to their thorax and these identities were recorded when
at the feeder throughout the experiment. The dances of the foragers were then filmed, along
with the nestmates following the dance, whose identities were also recorded. Dance followers
were identified using the same criteria as in Chapters 3 and 4: nestmates that were within one
bees length of the dancer and oriented towards her with their antennae extended. The full

experimental protocol is given in Section 5.4.

s...3 Testing phase

Once a nestmate had followed a dance and obtained her own foodward vector, the next stage
was to determine how well she had estimated the signalled location. Both dancers and recruits
that were motivated to leave the hive to fly their vector to the food were immediately captured
upon exiting and released into a shorter version of the training tunnel that was oriented at a
different angle and positioned in a different part of the field. This detour tunnel was open at
the far end, such that bees were forced to fly along the detour but could then exit and make the
corrective turn necessary to intersect their estimated location of the food. Note that because
they have been displaced upon leaving the hive, the feeder is now virtual, that s, it will not
actually be present at their estimated location. We recorded the silhouette of a bee against the
sky as they left the detour tunnel and subsequently tracked their trajectory acrossa 1.56 m
long and 0.84 m wide area on the horizontal plane at the tunnel’s height. Recording the
silhouette yields a more reliable and unbiased estimate of the flight trajectory than the manual
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Figure s.1. Top-down views of experimental area in Berlin. One arrangement of training and
detour tunnels shown. Photos obtained via a drone piloted by Pranav Kedia, July 2023,
and used with permission. Bees were trained to forage from a feeder positioned at the end
of the training tunnel. Their dances and interactions with nestmates were then filmed
upon returning to the hive. As a forager or a new recruit was leaving the nest to then fly
their foodward vector, they were caught and displaced to the entrance of a different tunnel
that forced the first segment of their journey to be a detour in a different direction. The
angle of the bee’s trajectory immediately post detour was tracked, allowing us to analyse the
accuracy of their estimated food location under the theory that they would immediately
reorient towards their original goal location once released from the detour. See also Fig. A.4.
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Figure s5.2. Equipment for the detour experiment. a, A tagged forager exiting the hive during the
experiment. The specialised ‘bee tube’ entrance makes it easier to capture bees as they
leave the hive. b, A forager flying through the patterned training tunnel with a mesh
roof. ¢, Tagged foragers around the feeder positioned at the end of the training tunnel. d,
Bottom-up view from within the tunnel and beneath the mesh. e, View of the colony in the
observation hive from the filming rig used to monitor dancing and following behaviour. f,
The training tunnel was positioned in the field at 3 m from hive. Photos by Anna Hadjitofi,
July 2023.

approach used for traditional vanishing bearings. We interpret the angle of the bee’s flight to
represent the correction that the bee has deemed necessary in order to fly directly towards its
estimated location of the feeder. This angle can then be correlated with features experienced
when following the dance, or features signalled in the dance, in the case of returning foragers.
We focused solely on the initial trajectory where the bee first leaves the tunnel because as they
fly further into the natural environment, they may realise their actual proximity to the hive (i.e.
that they have not travelled as far as they perceived) and change behaviour, such as returning to
the hive. The procedure was repeated for different relative orientations of the detour (Fig. 5.3)
and can be used to study how accurately a forager or recruit has estimated the location of a
known or new feeder, as well as how a recruit’s accuracy is related to what they experience in
the hive. Although tunnels have been used to manipulate aspects of the dancer’s signalling
and return to feeder behaviours, to our knowledge, this is the first attempt to involve recruits
with the apparatus.
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Figure 5.3. Configuration of tunnels during the experiment and the view of bees exiting
the detour. a, Relative configuration of training and detour tunnels tested during the
experiment. F and vF respectively indicate the location of the feeder during training and
its target vzrtual location when forced along a detour. Sizes and angles of tunnels are not
drawn to scale. b, Bottom-up view from the camera used to track the flight trajectory of
a bee leaving the detour tunnel. The angle of the bee relative to the tunnel exit is later
examined at four boundaries: the yellow, purple and green concentric circles, as well as
its last visible position in the frame (blue). On the horizontal plane at the height of the
tunnel, the concentric circles represent distances of 0.22 m, 0.44 m, and 0.56 m from the
tunnel exit, respectively. ¢, Top-down view of the raw trajectories of foragers’ flight paths
post detour for relative detour tunnel angles of 45°, 0° or —45°.

5.2 Accuracy of location estimation and sharing

In this section, we present the results of the experiment focusing on the nature of flight
trajectories following the detour, their relationship to the precision of dances by returning
foragers and the vectors assimilated by recruits when simulating their antennal positioning
using the assimilation circuit proposed in Chapter 4.
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s.2.1  Flight trajectories post detour

Dancers

We initially focused on testing the experienced foragers who consistently returned to the feeder
in the training tunnel to determine some of the unknown parameters of the experiment. For
example, it became clear that detour angles that were too extreme relative to the feeder (e.g.
+60° and £90°) often resulted in foragers refusing to fly the detour altogether. Instead, they
would simply fly back and forth near their release point at the start of the detour tunnel whilst
oriented towards the feeder’s general location. To promote a consistent motivation to fly the
detour, we continued with a range of smaller detour angles (£45° and £30°) and tested a

detour of 0° to include a condition where no corrective turn would be necessary (Fig. 5.3b).

As prior detour experiments had recorded post detour adjustments in walking insects, we
were also unsure where this turn or final directed bearing angle would be visible within the
trajectories of flying bees. For this reason, we calculated the angle of a bee as she crossed three
boundaries extending from the detour exit, as well as her final visible angle before leaving
the frame. The three boundaries were at 0.22 m, 0.44 and 0.56 m from the bees’ first visible
position upon emerging from the tunnel on the horizontal plane at the tunnel’s height (i..
1 m oft the ground). Fig. 5.4a shows the recorded angles of the foragers when crossing these
boundaries. Examples of the full trajectories of the foragers’ flight paths are shown in Fig. s.3c.
These angles are visualised relative to the exit of the detour tunnel (i.e. at 0° North on the
circular plots) and display dashed lines that indicate the target bearings to the location (black)
and direction (grey) of the feeder. Whilst bees can fly up to 6 m/s when foraging in their
natural environment?5, they fly slower in the tunnels (which is consistent with the intended
manipulation of increased optic flow). The mean speed when flying midway along the detour
was estimated to be 0.44 m/s (n = 30). The recorded trajectories were at most a couple of
seconds long and corrective flight adjustments were made quickly and within the observed
zone, likely facilitated by the bees’ reduced speed inside the tunnel. In support of this, Fig. 5.4a
demonstrates a progressive shift in the bearing distributions across the boundaries for bees
that experienced angled detours. The circular mean (+£s.d.) of each distribution is shown
in Fig. 5.6a and further circular statistics in Table A.1a. The distribution of the final visible
bearing angle (blue) shows the greatest shift away from the tunnel exit and is the most centred
on the feeder location. The observation that the bearing angles remained centred on the feeder
with the distance-only detour (i.e. a 0° relative detour angle) confirms that the other observed
shifts are not simply due to an urge to circle away following a detour. We thus consider the
final visible bearing angle to be a reliable indicator of the foodward location estimated by the
bees and use it for the remainder of the results. However, it is also interesting that even as soon
as the path is unconstrained (yellow), a slight bias towards the appropriate side containing the
feeder can be seen. Hence, even though in flight, these observations align with the immediate
initiation of a turn in walking insects released from a detour and is consistent with a path
integration control system acting to immediately steer towards the direction that minimises

the angle between the current and desired headings.
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Figure 5.4. Distributions of the angles of flight post detour relative to the tunnel exit for
a, dancers (returning foragers) and b, followers (recruits). Target directions are
shown for two hypotheses: bees navigate based on the location of the feeder (black dashed
lines and arrows) or follow the direction of the feeder only (grey dashed lines and arrow).
Columns indicate different target angles required to reach the feeder and rows indicate
the distribution of flight angles at different distance boundaries from the detour exit

(see Fig. 5.3b). See also Table A.1.
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Figure s.5. Returning foragers tested on multiple detour release sites. a, The mean =+ s.d.
difference between the final bearing angles of foragers post detour (n = 31) relative to the
target feeder angle, when tested on the same detour angle multiple times within the same
day. b, Examples of the final bearing angles (blue) of individual foragers when tested at the
same or different detour angles (solid grey lines) relative to the feeder (dashed grey lines).

There were also instances where the same forager was caught at different times throughout
the day and tested in the detour multiple times. This revealed that the majority of these
foragers exhibited a mostly consistent flight vector (Fig. 5.5a); a good indicator that they were
attempting to navigate to a specific target location. There were also a few foragers who were
tested in several different angles of detour routes. Despite this, the different flight paths for an
individual appeared to converge to a similar location, even if not perfectly oriented towards
the feeder (Fig. 5.5b). This further demonstrates that the bees were motivated to navigate to a
particular target location and not just a direction.

Followers

The distributions and statistics of the final bearing angles of the recruited follower bees are
given in Fig. 5.4b, Fig. 5.6b and Table A.1b. Both populations of returning foragers and these
recruits show a remarkable centring around the expected target angle that would be required
to intersect the feeder. Although nearly all bees flew out in a direction across the correct
hemisphere containing the food, it is also notable that both populations exhibit a considerable
spread on either side of the feeder. This supports the nature of flight vectors predicted by the
assimilation circuit in Fig. 4.7 when we decoded the follower bees’ foodward vectors. Whilst
the overall concentration of the dancers’ and recruits’ distributions showed no statistically
significant differences between each other, there appears to be a few more recruits that exhibited
a much larger deviation from the expected angle (i.e. > +90°). Although determining a
recruit’s true intention is impossible, these outliers might represent bees returning to the
nest after the unexpected disruption of the detour. At the time of its collection, the data was
filtered based on the bee’s performance in the tunnel. If any bee stopped flying within the
tunnel or took longer than 30 s to exit, their data was excluded from later analysis. This means
that the data presented contains only the bees that flew sensibly along the tunnel, but it might
include bees that emerged from the tunnel with a reduced motivation for foraging.
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Figure 5.6. Mean distributions + s.d. of flight angles post detour relative to the tunnel exit
for a, dancers (returning foragers) and b, followers (recruits). Same data and symbols
as in Fig. 5.4, except only the bees’ angle at the final distance is shown for the dancers.
¢, Predicted endpoints of the bees’ flight vectors calculated under the assumption that
they had correctly estimated the (left) distance or (right) direction to the food. The latter
excludes bees whose flight path would not intersect the line connecting the hive and the
feeder. N and F indicate the nest and feeder, respectively. See also Table A.1.

We also extrapolated the bees’ flight vectors to predict their endpoints relative to the feeder
(Fig. 5.6¢). Previous feeder trap studies have reported the recruits’ accuracy in terms of either
the distance2%"4353 or direction 9% 443315318 3]one; treating the other component as fixed
during the experiment. By interpreting the final bearing angle after the initial detour as the
bee’s intended flight vector to the food, we can predict the bee’s location at the end of following
this vector for the cases that they have correctly estimated the distance (i.e. where do they
end up if their vector is extended in their chosen direction for the correct distance?) or the
direction (i.e. where does their flight path intersect the straight line connecting the hive and
feeder?). When assuming the distance has been correctly estimated (left of Fig. s5.6c), the
predicted end locations of dancers and recruits are scattered on either side of the feeder, with
the majority arriving within £45°. When assuming the direction has been correctly estimated
(right of Fig. 5.6¢), both dancers and recruits have reasonably conservative estimates of the
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Figure 5.7. Features of the waggle phases of dancers (n = 24) ordered by their post detour
accuracy. a, Foodward angles signalled (grey dots) in the waggle phases ordered by their
post detour accuracy (blue crosses). b, Mean post detour flight angle according to the mean
=+ s.d. duration of each dancer’s waggle phases. ¢, Histogram of data in a, showing the
waggle phase (left) angles and (right) durations across all dances. Arrows indicate equivalent
feeder distances when in the natural environment'®. d, Kernel density estimation plot of
the relationship between the duration and angle of waggle phases. Darker regions indicate
higher density of observations. Marginal distributions shown on the top and right.

distance and most would arrive short of the feeder. There are also comparatively fewer recruits
whose vectors would lead them far beyond the feeder, which may imply that overshooting
could be more costly for them than experienced foragers returning to the site.

5.2.2 Precision of dances

The wide distribution of bearing angles of foragers returning to the feeder raises the question
of whether this variation is also reflected in their dances. Do foragers with more accurate
flight vectors signal more accurate foodward directions to nestmates? From the video data,
we retrieved the dance sessions for a random sample of foragers before they were caught and
tested in the detour tunnel (n = 24). The angle of each waggle phase was determined using
the line connecting the thorax in the first and last frames of visible waggling (as in Chapter 3).
A consistent pattern can seen across dancers in Fig. 5.7: waggle phases (grey dots) signalled
directions that were considerably scattered around the feeder, with nearly all signalling at
least one or two phases that deviated by more than +60°. The dancers have been ordered
according to the accuracy of their post detour flight (blue crosses). While the overall spread of
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Figure 5.8. Angles of waggle phases by six dancers relative to gravity across all dances within
a 2.5 hour foraging period to the trained feeder. Each black circle represents a waggle
phase signalled by a dancer. The grey line indicates the expected angle of the waggle phase
on the comb for that time of day. 0° is upwards on the vertical comb, 90° is leftwards, —90°
is rightwards and 3-180° is directly downwards. Time of day specified using a 24 hour
clock. See also Fig. A.s.

the signalled directions align with the variation observed in the flight paths at the population
level, the ordering does not reveal any obvious trend between the accuracy of a dancer’s post
detour flight and the precision of her waggle phases. Thus, the degree of signalled scatter
appears to be consistent across dancers, regardless of the accuracy of their estimated location.

A similar observation exists when comparing the signalled distances across dances (Fig. 5.7b).

Fig. 5.8 visualises the angles signalled (black dots) in each bout of dancing for a sample of these
foragers across the same 2.5 hour period (n = 6, angles relative to the feeder are shown in
Fig. A.s). A bout of dancing was defined as containing dance circuits that were performed
continuously without pauses exceeding 15 s between circuits. Throughout the foraging period,
the bees can be seen gradually shifting the orientation of their waggle dances in accordance with
the sun’s changing position. Although individual foragers exhibit variation in the number of
bouts, dance circuits per bout, and the time between bouts (where they either revisit the feeder
or remain in the hive), the pattern of scattering across waggle phase again remains remarkably

consistent. The signalling of distance by foragers’ overall appears to be more concentrated
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(Fig. 5.7¢), with a tight clustering of waggle durations around 0.8 s (measured to the nearest
0.05 s). This duration would typically indicate a feeder that was perceived to be around 60 m
away‘és, a distance where angular divergence could be noticeable'**°. Within this range of
duration, there is no apparent relationship between the duration of an individual waggle phase
and its angular deviation from the feeder (Fig. 5.7d).

s.2.3 Predictions of the assimilation circuit

We finally examined whether the spread in the bearing angles of nestmates that were recruited
to the feeder could be explained by what they experienced when following the dance. There
were two sources of video data: one that was continuously running and provided a record of
the dances and interactions of all bees in the hive on one side of the comb, and a second from
a higher-resolution camera that provided shorter, close up recordings of the dance followers
that had been initiated once the dance had been localised within its much smaller field of view.
From the first source, we were able to obtain the angle of each waggle phase that the recruits
had followed just before being caught and tested in the detour (Fig. 5.9). Recruits followed a
variable number of waggle phases, with some following only one or two and others following
more than twelve. Given the variability observed in the overall signalling of direction across
the waggle phases (Figs. 5.7 and 5.8), it is perhaps unsurprising that the angles followed by
recruits were also quite scattered. In Fig. 5.9a, the recruits have been sorted in ascending order
according to the angular difference between their post detour flight and the mean angle of
the phases they followed. Exceeding what would be expected from a random relationship, we
observe a trend of the post detour flight angles generally falling within the range predicted by
the angle of the phases they had followed. Fig. 5.9b shows the vectors for each recruit, vertically
arranged in the order of their sequence in the dance and coloured by the deviation of their
angle from the flight vector that the recruit expressed. These results suggest that the recruits
do not necessarily fly in the direction that was signalled at a particular point in the dance, i.c.
they do not bias their flight towards the information they received first or most recently.

While the second higher resolution video source offered the potential to track the antennal
positions of the dance followers, there were still instances where the antennae of some followers
were obscured or not visible during a phase. Consequently, we focused on a smaller subset
of this data where complete interactions of the follower with the dancer were available for
every waggle phase they followed (Fig. s.10). For each of these recruits, we fed their antennal
positioning data to the assimilation circuit in Chapter 4 and obtained the vectors that were
assimilated at the end of each waggle phase using the midpoint feature of the antennae as input.
These vectors were also averaged to obtain the mean direction of the final vector estimate
(dashed line; the mean direction when weighted by the lengths of the individual vectors is
shown in Fig. A.6). Following a similar observation that was seen for the angles of the phases
followed, the post detour flights of these recruits appear to align reasonably well with the
vectors predicted by the model. Fig. 5.10b shows a similar relationship for the recruits as in
Fig. 5.9b, i.e. across the bees, there is no specific bias towards them expressing a vector that
they obtained from any particular phase in the dance sequence.
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Figure 5.9. The angles of waggle phases followed (grey) by new recruits (n = 16) and their
subsequent angle of flight post detour (blue). All angles indicated relative to feeder. a,
Recruits have been ordered according to the angular difference between the post detour
flight angle and the circular mean angle of the phases they had followed before captured
(black dots). b, Same recruits as in a, but each phase they followed is coloured by the
absolute difference between its angle and the final detour angle. The x-axis refers to the
index of the bee in a, read as left-to-right and top-to-bottom.
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Figure s.10. The assimilated vectors of six new recruits predicted by the assimilation circuit
and their subsequent angle of flight post detour. a, The vectors assimilated at the end
of each waggle phase (lines) and the angle of phases followed (circles) by six new recruits
and their subsequent angle of flight post detour (blue). The midpoint of their antennae
was used as the antennal input feature in the circuit. All angles indicated relative to feeder.
b, Same recruits as in a, each phase they followed is coloured by the absolute difference
between its angle and the final detour angle. See also Fig. A.6.

Collectively, these findings offer promising support for the model’s overall hypothesis and
suggest that the spread in the bearing angles within the wider population of recruits could
be partially attributed to variability in the assimilated vectors derived from their antennal
positioning. Moreover, whilst only for an overall small sample size, some of the assimilated
vectors demonstrate a higher degree of accuracy relative to the feeder compared to the cor-
responding angles signalled in the waggle phase (e.g. Bees “V’, “W’, Y’ and “Z’ in Fig. 5.10a).
Thus, although experimenters often predict recruits’ search flights based on the angles of the
waggle phases they follow, recruits might be able to obtain a better vector estimate from their

antennal positioning.
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Figure s.x1. Ant detour data from Collett et al. #°. Left, Original data as shown in Fig. 1d in Collett
etal. #°. Grid lines are spaced at 1 m. Filled circle marks the usual position of the food
which is absent in the test. Right, Same data as in Left, but only angular error of the
final vector endpoints for each individual is plotted relative to detour exit. Same style and
symbols as in Figs. 5.4 and s.6.

5.3 Discussion

We have conducted a novel detour experiment to study the distributions of honeybee foragers
when returning to a feeder and of recruits when flying to an advertised feeder. The angle of
the bee’s trajectory immediately following an imposed detour was used as a measure of their
estimated location of the food. Both foragers and recruits displayed a characteristic pattern:
the flight vectors were scattered across the expected hemisphere and centred on the feeder.
This observation aligns with the predictions of the assimilation circuit at the population
level of recruits in Chapter 4, indicating that its seemingly broad distribution of predicted
flight paths may indeed be biologically accurate. For a sample of six recruits, we were also
able to record their antennal positioning data for every waggle phase of a dance they followed,
before their first attempted flight to the feeder. Comparing the model’s predicted flight vectors
to the real flight vectors expressed by the recruits revealed a correspondence between them,
exceeding what would be expected if the model’s predictions were random or unrelated. This
demonstrates that it is possible to obtain a reasonable readout of a recruit’s recovery of the
signalled dance vector by modelling their antennal positioning data with a network for path
integration that is based on the insect central complex.

Although this is the first work to employ this paradigm in flying bees, similar imposed-detour
experiments have been performed in ants returning to a known feeder+*7'. We have plotted
the data from an almost parallel experiment in Cazaglyphis fortis conducted by Collett et al. #9,
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using the same style of visualisation to our own (Fig. 5.11). The angle of their trajectories show a
similar trend of centring around the feeder, though with a potentially narrower spread overall.
It is interesting the nature of the results are similar, considering that the ants underwent a
proportionally longer detour (over half their training route) compared to the bees in our
experiment. The ants had also been trained to the feeder for several days before testing, but
their narrower spread could also reflect the inherent difference in the guidance precision
between walking and flying, for example, relating to the manoeuvrability. Nonetheless, our
data shows several instances of foragers or recruits who lie outside the clustering around the
feeder. It is unclear whether the ant data has been filtered; but Collett and Collett*® note that
disturbed foraging ants often return to the nest rather than continue foraging when being
displaced. Moreover, Wang et al.?*° describe that some of the honeybee recruits initiated
a straight homing flight after close exploration around a release site without performing a
vector or search flight. These recruits were not included in their analyses. In contrast, our data
includes all bees that successfully navigated the detour, regardless of the subsequent angle
of their flight trajectory following the detour. Consequently, we believe it is likely that the

outlying flight vectors in our dataset may represent bees returning to the hive.

At the population level of the colony it may be advantageous to scatter recruits when foraging,
however, an interesting question that remains is whether the follower bees with more deviated
vector estimates (e.g. more than +45° from the feeder) could still find the advertised resource.
After all, historically, various studies have reported that a surprising number of recruits can
successfully arrive at the intended feeder, even if it is only a small saucer located within a large
field"°°. For a long time, it has been known that ants perform a stereotyped search strategy in
which during a search for its nest after following a vector home, it performs a number of loops
of ever-increasing size, starting and ending at the origin and pointing at different azimuthal

directions347. Reynolds et al. 5

observed similar search flights in honeybees too when tracked
using radar whilst returning to a learned food source which had been removed. They show
examples where search loops can deviate up to 30 to 50 m from the vector portion of their
flight. Moreover, a radar study by Menzel and Greggers*® suggest that foragers that are
following a vector to a known feeder may deviate from their intended vector upon detecting a
familiar odour that was learned from the original food source. Foragers could be redirected by
the odour within an angle that deviates from their vector by up to 60°. Thus, it is possible
that a wide search centred on a vector that deviates from the food could still discover the food,

especially if there are pheromone attractants left by conspecifics around the target.

s.4 Methods

5.4.1 Experimental protocol

Study site. The study site was located near Freie Universitit Berlin in the district of Dahlem
(Berlin, Germany). The data were collected between June 6 to July 277, 2023. The first month
was spent setting up and testing different aspects of the experiment, including the patterning
on the tunnel walls and floor, training protocol and the total length of the training tunnel
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Figure s.12. Sky conditions throughout the detour experiment. When testing each bee in the
detour tunnel, the weather condition was categorised as clear (n = 40), partly cloudy
(n = 117), mostly cloudy (n = 66) or overcast (n = 40).
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Figure 5.13. Post detour flight angles in relation to the a, sky conditions and b, angle of the
feeder. The ridge plots visualise the kernel density estimates of the distributions across
the given categories.

required to elicit distinct waggle phases. A small colony of 4. mellifera carnica was housed in
a two-frame observation hive within a trailer positioned at one end of a field (Fig. 5.1). A short
transparent tube provided an entrance and exit to the hive for the bees and pointed outwards
into the centre of the field (Fig. 5.2a). Weather conditions were mostly fine throughout the
study but there were periods of cloud (Fig. 5.12). For each bee tested, the sky condition was
later categorised from the video recordings of the bees’ post detour flights. Fig. 5.13a shows
that the accuracy of flights distributed across these categories is reasonably consistent. It is
potentially surprising that the bees in overcast conditions also performed well, however, it is
possible that the limited view of the video could have overlooked patches of clear sky that were
available at the time. Data collected on windy days were excluded as bees visibly struggled to

fly in the tunnels in these conditions.

Marking bees. Prior to conducting the experiment, any bee leaving the hive was captured in
a queen marking tube and circular numbered tags were attached to their thorax using shellac
glue (Fig. 5.2c). The hairs on the thorax of a bee were first removed with a wet toothpick to
help the tag adhere to the bee. Marking sessions took place regularly over June to increase the
chances of being able to identify a follower bee that was seen interacting with a dancer that
had been trained to our feeder to then test their subsequent post detour flight trajectory.

Tunnels. Tunnels were assembled everyday from rectangular segments that were each 2.6 m
long, 9 cm wide and 26 cm high. The tunnel used for the detour testing phase was assembled
from two segments, each 1 m long. The side walls and floor of the tunnel were lined with
waterproof paper that displayed a random white and black Julesz pattern with each block
being 1 cm by 1 cm (Fig. 5.2b). The non-periodic nature of these patterns prevents the use of
navigational cues based on counting a sequence of landmarks or features. A fine black mesh
was used as a roof for the tunnels, which allowed light into the tunnel and a view of the sky so
that the bees could still perceive directional cues (Fig. 5.2d). This layout mirrored the setup of
previously published tunnel experiments®7*%®. The mesh was affixed at mid-height within
the tunnel, which prevented the bees from flying near the top and viewing nearby landmarks,
such as tall trees at the edge of the field.
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Training. A group of foragers were trained to a feeder placed inside the training tunnel whose
entrance was 3 m from the hive exit. The feeder offered sugar water at a ratio of 1 : 1 and
was initially placed at the entrance to the tunnel, before being gradually moved further inside
until it was at the end (12.7 m) (Fig. 5.2c). Any foragers that landed on the mesh on top of
the tunnel were placed at the tunnel entrance. The final distance of the feeder within the
tunnel remained constant after training. The orientation of the tunnel relative to the hive
exit was also constant within a given day but was changed across days to be either 0° or +20°.
Fig. s.13b shows that the accuracy of flights distributed across these different feeder angles was
very consistent. Based on this observation, we pooled the data from the different feeder angles
for the main analyses. The identities of foragers arriving at the feeder and the time of day were
recorded in short intervals (every 5 minutes). A lower frame rate camera (20 fps) filmed the
observation hive within the trailer under red light illumination (640 nm) throughout the
entire day and recorded any dancing behaviour of the foragers as they returned from the feeder.
Training would continue until a group of at least ten foragers were consistently visiting the
feeder at its final position and signalling it in their dances. This would normally take around
one to two hours.

Testing. Following the training phase, a shorter, 2 m long tunnel was setup to serve as the
imposed detour. When not in use, both ends of this detour tunnel were kept closed so that
bees could not enter. One experimenter would remain in the trailer and wait for a dance to
begin by a bee that had been foraging from the feeder. The identity of the dancer and any
nestmates following the dance would be recorded and an experimenter on the outside of the
trailer would start capturing bees in queen marking tubes as they were leaving the hive. The
dance-following interactions were filmed at a higher resolution and frame rate (80 fps) to see
the antennae, using a Basler acA1440-220UM ace camera and a 50 mm lens. The captured
bees were then filtered for those that were seen either dancing or following and released into
the detour tunnel individually, whilst the time of day was recorded. Subsequently, this time of
day, the date and location of the study site’s hive was later used to calculate the target angle of
the feeder relative to the sun. The time between the capture and release of a bee into the detour
was between five to eight minutes. The flight trajectory of the bee leaving the tunnel was
recorded within a 1.56 m by 0.84 m zone using an iPhone XR camera at 60 fps from beneath.
The camera was positioned on a flat surface on the ground and recorded the silhouette of
the bee against the sky. During testing, the training tunnel remained accessible for the other
foragers. This procedure was repeated with different orientations of the testing tunnel relative
to the training tunnel (see Fig. 5.3). The detour tunnel was positioned at different locations in
the centre of the field, so that the bees leaving the detour could not see the long white exterior
of the training tunnel (see Fig. 5.1 and Fig. 5.2f).

Bees flying in tunnels. Not all bees initially flew well in the tunnels. Some bees would repeat-
edly fly upwards, leading to them bouncing along the mesh roof. We initially speculated that
this might be reflective of them attempting to regulate the amount of optic flow experienced
beneath them (i.e. they were experiencing optic flow that indicated that they were too close
to the ground), but we soon noticed that this behaviour more often appeared when they
were returning from the feeder but not en route to the feeder. A couple of unique foragers
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would also consistently land on top of the mesh at the distance of the feeder but fly perfectly
through when released at the tunnel entrance. We also noticed that if the detour angle was too
large (> 60°), bees would fly up and down the first half of the tunnel but were resistant to fly
through and exit. Only bees that flew sensibly and straight out of the detour were presented
in the final results (Fig. 5.4). The criteria for determining whether a bee flew well in the detour
tunnel (i.e. spent more than 30 s to fly out of the tunnel, needed manual intervention to leave
or landed on the mesh or tunnel walls) was decided and recorded at the time of testing and
usually before the bee had even left the tunnel.

Pilot study. A pilot study had also been conducted from August to September 2022, near the
Roslin Institute (Edinburgh, United Kingdom). This tested some preliminary configurations
of the tunnel (in terms of patterning and dimensions) and the feasibility of connecting a
tunnel to the hive exit.

5.4.2 Video analysis
There were four sources of video data analysed during the experiment.

Automated tracking of post detour flights. Bees were automatically tracked as they
exited the tunnel using a custom Python script that made use of the OpenCV library* and a
custom-built GUIL There were several steps required (Fig. 5.14). The first frame where the
bee was visible upon exiting the tunnel was selected and a Gaussian blur with a kernel size of
(35, 35) was applied to the video to remove noise. A Gaussian Mixture-based background
subtraction algorithm3655366 was then applied to the remaining frames to isolate the bee from
the background as it moved. Contours in the resulting binary images were filtered to an
appropriate bee size and the nearest contour to the bee’s position in the previous frame was
selected. The centre x” and ‘y’ Cartesian coordinates of the contour’s bounding box were used
as the bee’s position in that frame. The flight path was reliably tracked in most cases because
the bees often left the tunnel and field of view within less than a couple of seconds, making
them the only notable set of moving pixels within that time. In the few cases where there was
strong wind that caused other objects to move within the video, the bee’s position was tracked
manually. The angle of the straight line connecting the coordinates of the bee in each frame
with respect to its position when first exiting the tunnel was calculated relative to the angle of
the tunnel exit (which had been normalised to East in the recorded videos). These angles were
then presented at four boundaries: three concentric circles representing 0.22 m, 0.44 m and
0.56 m from the tunnel exit on the tunnel’s horizontal plane, as well as the last visible position
of the bee in the frame. Fig. 5.3c and Fig. 5.4 visualise these angles from a top-down view. The
number of bees recorded at each consecutive circle generally decreased, as some bees may have
left the frame before reaching the outermost circles (e.g. if they immediately turned home).
Under normal circumstances, bees tend to fly upwards when travelling outwards from their
hive. In our experiment, the mesh roof of the detour tunnel meant that the bees had generally
become accustomed to flying at that altitude as they emerged from the tunnel and most were
seen gradually ascending as they travelled further into the natural environment.
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ROl selection

Blurred frame

Foreground
mask

Figure 5.14. Two examples of automated tracking of bees’ flight paths post detour. A region of
interest (ROI) pertaining to the bee is first selected. An adaptive background subtraction
algorithm is then applied to the blurred video frames to isolate the bee from the back-
ground. Candidate contours in the foreground mask (white) are filtered based on size
and the contour nearest to the last known position is selected. The centre of the selected
contour (bee) is shown in red and its bounding box in green. The blue circle has been
added as a visual aid.
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Measuring the precision of dances. There were two cases when the angles of dances were
estimated. The first was when the angles of all waggle phases performed by a sample of dancers
were measured based on the angle of the straight line connecting their thorax in the first to the
last frame that waggling was seen (Figs. 5.7, 5.8 and A.s). The second was when the angle of the
dances were measured between the first and last frame that a particular nestmate of interest
was following (Figs. 5.9 and 5.10). In both cases, the angles were manually labelled with respect
to gravity on the comb using a custom-built GUI. These angles were then transformed to be
relative to the true angle of the feeder by calculating the expected angle of the feeder on the
comb based on the position of the sun at the time and date that the dance had been performed
(Figs. 5.7, 5.9, 5.10 and A.s). For the sample of foragers in Fig. 5.7, the duration of each waggle

phase was also measured to the nearest 0.05 s, alongside the angle of the waggle phase.

Measuring antennal positioning. The same method from Section 4.5.1 was used to obtain
and determine the angles of the dancer, follower bees and their antennae.

Mean flight speed in the detour tunnel. The mean flight speed of foragers within the
detour tunnel was calculated from video recordings of a random sample of foragers flying
through the tunnel at 60 fps using an iPhone XR camera. The time taken to travel 0.2 m
along a portion of the midsection of the tunnel was measured to the nearest 0.016 s. The
flight data was recorded from the midsection of the tunnel to avoid the initial acceleration

phase of the bee.

5.4.3 Data analysis and statistics

Comparing angles. In keeping with Chapter 4, any comparisons between angles are pre-
sented such that a positive error angle indicates a deviation to the left of the target angle
(counterclockwise rotation) and a negative error indicates a deviation to the right (clockwise),
where the target angle can be the feeder relative to the sun, gravity, detour tunnel exit, or the

training tunnel.

Assimilation circuit results. For each follower bee that was recorded interacting with a
dancer that had been trained to the feeder in the training tunnel, the angles of their heading
relative to gravity and their antennal positioning data were fed into the assimilation circuit,
as described in Section 4.5.2. Fig. 5.10 shows the results when using the midpoint of a bee’s
antennae as the input feature for antennal modulation. The vector assimilated at the end of
each waggle phase followed was visualised with respect to the true angle of the feeder. The
mean vector direction was calculated across the phases (dashed line in Fig. 5.10). To account
for the varying durations of the phases that were followed, Fig. A.6 shows the weighted mean
where the weight of each vector was proportional to its length.

Analysis software. Data analysis and modelling was carried out using Python or R code,
relying mainly on Numpy 7, Scipy336, and Pandas*°° libraries. Seaborn?** and Matplotlib4°
were used for plots. Astropy26I was used to determine the angle of the feeder relative to the
sun on a given date at the location of the study site and a given time of day. Computer vision

methods for tracking bees flight trajectories post detour were implemented using OpenCV*
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and tkinter*** was used to build the GUISs to orchestrate manual labelling of the dance angles,
and the automated tracking of post detour flights. The annotation and tracking source code
are publicly available on GitHub athttps://github.com/annahadji/videopyer and
https://github.com/annahadji/bee-flight-tracer, respectively.

Statistical tests. All plots show the mean = s.d. unless stated otherwise. Circular equivalents
were used where appropriate. Rayleigh’s Z test”® was used to test for directionality in the
scatter of the final flight angles of dancers and followers (Fig. 5.4 and Table A.1), with the
null hypothesis that the circular distribution of angles for each configuration of the detour
comes from a uniform circular distribution. All conditions tested significant at the level of
P < 0.001. Equal Kappa tests for the homogeneity of concentration parameters were used to
compare whether the spread of the distributions of final flight angles differed between dancers
and followers for the same target angles. The following P values are associated with Figs. 5.4
and 5.6, comparing dancers and followers for the target angles: 0°, xz =0.083, P =0.773;
35°, %% =2.001, P = 0.157;and —35°, x> = 0.294, P = 0.588.

Preliminary randomisation tests. We also performed randomisation tests to try to de-
termine whether the mean angle of the waggle phases followed (Fig. 5.9a) or assimilated
(Fig. s.10a) by a recruit could predict their subsequent flight vector better than the equivalent
data obtained from random samples generated from each respective dataset. For each bee,
we calculated the absolute difference between their final bearing angle following the detour
and their mean angle of the phases followed, or assimilated, respectively. Over 10,000 itera-
tions, we then compared this observed statistic to the those generated from random samples
of the entire dataset containing the same number of phases as the given bee. We calculated
the proportional number of times that the randomised statistic was less than or equal to
the observed statistic (the P value). The results are shown in Table s.1. The majority of the
bees showed relatively high P values, meaning that the statistics computed from the random
samples often performed better their own data alone. We believe that these results might
actually be reflecting a limitation of the randomisation test that is driven by the characteristics
of our dataset. For example, the fact that each of the recruits were receiving information about
the same target and that the distribution of detour angles flown was relatively narrow, means
that any random samples drawn from across the data will also predominantly contain points
that are clustered around this same target. We have therefore chosen to present these results as
a preliminary exploration, acknowledging the need for a larger sample size and a wider range

of feeder directions for a more robust conclusion in this context.

External dataset. We visualised the detour data from a comparable ant experiment by Collett
etal. # in a similar style to our own detour data to enable an approximate comparison (see
Fig. 1d in Collett et al. #). The dataset was plotted based on the information provided by its
original caption.
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Table s.1. Randomisation test results for the angles of the vectors a, followed
(see Fig. s.9a) and b, assimilated (see Fig. s.10a) by recruits. The statistic computed
was the absolute difference between the final bearing angle of the bee post detour and the
mean phase a, followed or b, assimilated. The bee number in a, refers to the index of the bee
in Fig. 5.9a, as read left-to-right and top-to-bottom.

(a) Vectors followed

Bee Observed statistic (°) P

1 4.58 0.013

2 5.00 0.014

3 12.22 0.40 (b) Vectors assimilated

2 iggg 845% Bee Observed statistic (°) P
6 33.00 0.83 U 26.43 0.59
7 35.68 0.92 \'% 10.73 0.23
8 51.455 0.12 w 49.30 0.22
9 62.71 0.43 X 35.60 0.73
10 72.44 0.96 Y 14.50 0.34
11 68.75 0.93 Z 0.72 0.016
12 74.37 0.89

13 74.46 0.92

14 108.29 0.924

15 100.58 0.77

16 111.51 0.99
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Conclusion

This thesis adopted a new approach to explore the neural mechanisms underlying the long-
studied dance communication system of bees, by evaluating computational models of the
insect brain against observed dance and foraging behaviour. Due to the newly established role
of the central complex in the acquisition and utilisation of vectors for navigation, we focused
on how this neural circuit could provide the necessary connectivity and computation for the
encoding, decoding and expression of spatial information in dance communication. This
chapter summarises the contributions of the thesis, as well as directions for future research.

6.1 Overview

In Chapter 3, we adapted an existing model of how vector memory recall in the central
complex controls the return to a feeder to produce a corresponding miniature version of
this trip as a dance. We concluded that angular scatter seen in natural dances was not the
result of accumulating errors and was irrespective of the type of resource being signalled
(nectar or pollen). Rather, our analysis of natural dances and simulations of the circuit
suggested that the patterns of angular scatter could arise from the dynamics of activating a
vector memory for consecutive waggle phases, alongside a physical constraint on the rate at
which the dancer can update her path direction when waggling. Simulating these properties
in dances reproduced the different scatter patterns observed in natural dances for nearby and
distant feeders, indicating that the circuit can explain features that exist across the spectrum
of the recruitment system. This is the first simulation of a biologically plausible circuit that is

capable of producing a dance path based on a prior foraging trip.

In Chapter 4, we provided the first detailed explanation, at the sensory and neural level, of how
follower bees could recover the vector information signalled by dancers. This work was based
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on two key factors: (1) high-speed, high-resolution videography within which the antennal
positions of follower bees were tracked in more detail than any previous study, and (2) recent
insights into the vector-processing circuitry of the fruit fly central complex that revealed a neu-
ral substrate for converting egocentric motion signals in varying orientations into a consistent

1893190 Qur modelling showed that the same anatomically grounded

allocentric travel vector
circuit could allow the antennal position signals of the follower over varying orientations to
the dancer to be converted to a consistent allocentric estimate of the dancer’s direction. By
processing the positional data from real follower bees using this ‘assimilation circuit’, we were

able to infer the location signalled by the dancer.

In Chapter s, we conducted a novel experiment to study the accuracy of real vectors expressed
by bees recruited to a feeder, as well as experienced foragers returning to a feeder. This ex-
periment was the first application of the forced-detour paradigm, commonly used in ant
studies, to bees, as well as the first to utilise the patterned tunnels apparatus to study the search
flights of recruits. The correction angle made by the bees provided a continuous measure of
their estimated location of the food source, incorporating both the distance and direction.
This experiment indicated that a broad distribution of flight paths to the signalled feeder, as
predicted by the assimilation circuit in Chapter 4, may indeed be biologically accurate. The
circuit was able to provide a readout of the mean flight vectors predicted from the dancer-
follower interactions of six recruits that differed from the actual vectors that were expressed

by a minimum of 1° and a maximum of 49°.

By considering each of the key requirements of the system — performing the dance (Chapter 3),
recovering the signalled dance vector (Chapter 4) and navigating to the resource (Chapter s) -
this thesis establishes the central complex as a plausible common neural substrate for dance
communication. There have been speculations in the past that have alluded to this idea.
In 2007, Brockmann and Robinson* concluded that there were no dance-specific sensory
projections in the brains of honeybees, suggesting that the neural circuitry facilitating dance
behaviour was likely to overlap with other behaviours. Esch 8 in 2011 commented on the
similarity between the dance and a re-enactment of the foraging trip, but the possible neu-
robiological basis for vectors in the insect brain was unknown at that time. As new insights
began to emerge, Barron and Plath ™ were the first to recognise their implications and hy-
pothesised in 2017 that the central complex could be the neurobiological link between dance
and orientation behaviours. This thesis has now extended and translated this hypothesis into
concrete computational models that demonstrate how the central complex could explain the
observed dance and following behaviours. By making this explicit connection between bee
dance communication behaviour and the central complex, we have been able to ground the
system within a rapidly developing account of the neural basis of navigation in insects.

6.2 Rethinking the dance

Honeybee dance communication has been a subject of scientific interest for many years, with
its earliest known reference dating back to Aristotle’s History of Animals®' (400 B.C.E.). The
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field arguably reached its peak with Karl von Frisch’s Nobel Prize-winning work in 1973. Since
then, researchers have documented nearly every aspect of the dancing bee according to some
of his early conceptions of the dance. Should we be rethinking some of these conceptions in

our current interpretation of the dance?

Von Frisch'®® described the waggle phase as the ‘straight-run’ portion of the dance where
the bee runs straight abead for a short distance [whilst waggling]’ and researchers since have
measured the angle of this straight portion under numerous foraging conditions. He also
briefly stated that the waggling can begin earlier, i.e. during the turn into the waggle phase,
or even extend beyond it as the dancer turns into the return phase (p. 59). This property
is often not accounted for but can introduce ambiguity when estimating the angle of the
waggle phase. For example, in such cases, deriving the angle using the line from the start to
end of waggling can differ from the angle obtained by fitting a line to the straightest portion
of waggling, especially for phases of greater length. In Chapter 3, we demonstrated how
misaligned portions of a waggle phase could in fact arise from an artefact of a path integration
control system incorporating a vector memory and a parameter to constrain how much the
dancer can update its waggle path direction. While many research questions are likely to be
unaftected by this subtle detail, the problem potentially becomes more apparent when one
considers what follower bees contend with to obtain their own flight vector to the resource.
For example, some nestmates continuously follow the dancer through all phases of the dance,
including the return phase, rather than just its straight-run portion. We can predict the effect
that these misaligned portions would have on the accuracy of the information transfer using
the assimilation circuit in Chapter 4. For a follower that can average her vector estimates across
multiple waggle phases, the effect of such inconsistencies could actually be negligible if they
occur symmetrically throughout the dance.

Early studies wishing to analyse dance followers within the hive decided to exclude nestmates
that did not actively move along with the dancer, under the assumption that these ‘dance
attendants’ were not decoding the information°. Even though there is no evidence that this is
the case, this criteria has been adopted by more recent works too, including Gil and Marco 108
in 2010, who excluded these nestmates when measuring the antennal positioning of dance
followers. In Chapter 4, we included these nestmates as followers and found that the accuracy
of vector estimates, as predicted by the antennal positioning data, was not significantly affected
by whether their orientation relative to the dancer was stable or changing. These examples
highlight the advantages of the approach taken in this thesis: computational models not only
allow us to test hypotheses for the neural processing underlying naturalistic behaviour, but
also make it possible to evaluate the system in different contexts and highlight the plausible

assumptions required to match observations.

The initial controversy between Karl von Frisch 995116 and Adrian Wenner 43353354 about the
role of the dance versus odour cues in honeybee recruitment led to somewhat polarised
perspectives on the dance. The behavioural models that arose from these discussions attributed
either the dance or odour cues alone as being responsible for the entire path of recruits from

the hive to the food source. By 1973, Wenner had largely stepped away from dance research and
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a consensus had formed in favour of von Frisch’s interpretation®**. This led to a prevailing
narrative — particularly emphasised in popular accounts of the dance®? — that recruits could
pinpoint the correct food location based on their vector obtained from the dance alone. We
believe that the assimilation circuit contributes a lower bound on the accuracy of location
information that a follower could extract from the dance. With no other cues available, the
effects of following the dancer on the follower’s antennal positions (as we measured) combined
with their orientation to gravity (as we modelled) is sufficient to create an estimate of the
direction and distance to the food location signalled by the dancer. This will allow the follower
to get closer to the feeder than they would otherwise. While real bees might use additional
factors to improve their estimates, they should be no worse than our model. Indeed we found
this to be the case in Chapter s: the circuit predicted a broad spread of estimates which is
consistent with the broad spread of initial flight paths we observed from the detour experiment.
However, the extent of the spread we observed arguably exceeds what might be expected from

100 55 well as others?®. For example, von Frisch 2 had observed

von Frisch’s experiments %
that the majority of recruits caught in feeder traps deviated no more than £15° from the
direction of the feeder. So, how is it that, despite variability in the message of dancers and a
broad scatter of initial flight paths, recruits have historically still been able find the goal, even
when it is a small saucer of sugar water in a field? We believe that the approximate vector that
nestmates obtain from the dance can be used for the initial stages of orientation to the distant

goal and that a structured search based on this vector 256

along with other orientation aids,
such as scents and the presence of other bees, can be used in the final stages of locating the
food source. It is also possible that bees project this vector into a remembered map of the
landscape and can then use landmarks to improve their accuracy at finding the source#°.
These perspectives shift the view of the dance towards the idea that the recovered dance vector
need not pinpoint the exact correct location but nonetheless, can guide them closer to the
food than would otherwise be possible. A recent book by Tautz?"? in 2022 strongly advocates
for further research on the behaviour and communication of bees outside the hive that could

accompany this interpretation.

It is easy to overlook the challenges faced by the earliest bee researchers, who decoded dances in
real-time using stopwatches and protractors positioned over the glass of the observation hive —
a testament to their dedication in a time before recording technologies became commonplace.
Most of the work presented in von Frisch’s book'*° used such methods. However, it is
worth considering whether the reliance on real-time observation could have introduced bias
to the measured data. Given the emphasis on alternating turn directions in consecutive
waggle phases, could the experimenter’s anticipation of a leftward or rightward phase subtly
influence their measurement of its angle? The ability to record and store high-speed, high-
resolution videos enables reproducibility and repeated re-analysis of the data to test different
hypotheses; something we did frequently throughout Chapters 3 to 5. This technological
preservation of the data is also invaluable in terms of data sharing. Throughout this thesis,
we were able to make use of several datasets collected by other research groups, enriching the
scope of comparisons for our models. There are also new automated methods for tracking

bees>4+28, decoding dances*7#, and even generalised methods for pose estimation of animals
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in laboratory environments**%

44, Although these are powerful tools for data analysis, their
predictions often still require human validation, as even the most sophisticated algorithms can
struggle to accurately capture fine-grained features, such as antennae movements, in a natural
setting. Nonetheless, the increasing quality and scale of data within the bee community

enables a more robust analysis of dance communication.

6.3 Future directions

In order to facilitate the development of the computational models in this thesis, we introduced
plausible assumptions that also implicate areas for further research. For example, in Chapter 3,
the path integration circuit controlled the general path direction of the dancer through its PFL
motor commands (known as CPUis in bee nomenclature) that specify leftward or rightward
turns. Whilst Tautz et al. 3*' recorded the positioning of the dancer’s feet on the comb when
waggling, the specific muscles and motor patterns involved in generating the dance remain
unknown. For this reason, we added a lateral displacement to the position when waggling to
generate the abdomen oscillations. However, it may be possible to record electrograms from
muscles in a dancing bee in order to obtain a detailed understanding of their activation and

coordination, especially when combined with improved tracking methods".

We also assumed the existence of a ‘gravity bump’ in the ellipsoid body and protocerebral
bridge of the central complex, similar in nature to the activity observed for other pertinent

130 visual*®® and proprioceptive®? cues. In bees,

cues in the environment, including celestial
the neck and abdomen hairs are believed to be candidate sensory organs for detecting the
orientation relative to gravitylg'/. Whilst it appears that the sensory information from the
neck hair plates projects to the antennal mechanosensory and motor centre (AMMC) of
the brain %4, how the gravity information could then be relayed to the central complex is an
active area of research in bees and in other insects too. It is interesting that the open-nesting
species of honeybee, A. florea, that dance on the horizontal portion of their comb can only
use the celestial cues for orienting their waggle dances (and not gravity, like in other species
of honeybee)™3. Confirming how gravity is represented in the brain could therefore offer
an insight into the evolution of the dance and its divergence from other forms of signalling

behaviour.

In Chapter 4, our hypothesis that the follower’s antennal positioning could reach the central
complex was supported by research showing that antennal displacements in the fruit fly,
evoked by wind, could yield a basis vector representation in the fan-shaped body of the central
complexsé. We assumed that the follower bee exhibits a similar representation from passive
antennal deflections that arise from contact with the dancer’s body when positioned at extreme
angles to it. Since the equivalent genetic tools are not yet available to test this assumption
in honeybees at the neural level, comparing their antennal displacements in response to
wind direction to those recorded in fruit flies**® could meanwhile reveal any differences in
the response characteristics of bee and fruit fly antennae. It is possible that modelling the
complete honeybee antennal pathway could account for any observed differences. There could
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also be other sensory cues that provide followers with the information about the dancer’s
angle or lead them to actively adopt the observed antennal positions. An interesting avenue of
future research could use the inverse methodology of trying to understand what the follower is
experiencing by measuring the force or timing of antennal contact perceived on the abdomen
of a robotic dancer'7%7*. Moreover, whilst our observations offer an explanation for the
antennal positioning of nestmates that immediately surround the dancer, other cues, such
as the electrostatic field"®, may be able to influence nestmates positioned beyond this range.
In our recordings, we did not observe any oxter nestmates showing interest in the dance or

orienting towards the dancer so did not examine this idea.

One could also further validate the proposed circuitin Chapter 4 by manipulating the positions
of nestmates’ antennae whilst following a dance. For example, if their antennae were held in a
constant position whilst following, according to the assimilation circuit, their recovered vector
should accumulate in the direction specified by the now predetermined allocentric angle of
the dancer. If the follower changes their position relative to gravity they will experience the
dancer as changing its direction correspondingly and thus, it is likely that they would end up
integrating a variety of directions. With their tracked data, we could obtain a prediction of this
vector and compare it to their actual flight vector flown. Manipulating the antennae of bees
for experimental purposes is challenging, as bees rely on their antennae for a wide range of
functions both within and outside the hive. Thus, whilst it might be feasible to fix the bases of
the antennae with glue, or potentially use piezoelectric actuators to control their position (e.g.
see Okubo et al. 3*), it would be preferable to devise a method that transiently manipulates
their position only when following, for example, by using magnetic paint on the antennae
and precisely positioned magnets. Researchers have identified genetic lines in Drosophila that
allow for experimental control over antennal movement?", with their activation causing a
forward and upward antennal movement, similar to those induced by the start of flight. This

suggests that similar tools might eventually be possible in bees.

Although our work did not explicitly examine the role of age in dance following behaviour, it
could also be interesting avenue for future exploration. Dong et al. ® identified that young bees
spend a few days observing experienced bees before attempting to dance themselves. However,
whether there are differences in the following behaviour of young versus experienced bees re-
main unexplored. Investigating this could potentially explain the styles of following behaviour
that have been noted over the years, such as the aforementioned dance follower versus dance
attendant debate. For example, do young followers exhibit the more active style of behaviour

where they pursue the dancer around the comb? Kumaraswamy et al. 169

identified changes in
the dendritic density and firing rate of the vibration-sensitive interneuron (DL-Int-1) between
newly emerged adult bees and mature foragers. This suggests that age-dependent adaptations
might be required for processing the dance’s duration information (i.e. the distance to the
signalled resource). In the assimilation circuit, we proposed that DL-Int-1 could gate the
accumulation of the follower’s vector during the train of pulses within the waggle phase. In
Section 4.1, we discuss how the circuit could also accumulate the distance information accord-

ing to the length of the waggle phase on the comb if following directly behind the dancer, i.c.

the way that distance information would normally be accumulated via path integration when
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walking. Alongside tracking the age of members within the colony, comparing the vector
estimates when integrating across these different gating periods — e.g. the more precise sound
pulse stimuli versus the distance travelled on the comb - could reveal whether age-related
differences influence the temporal cue used for the integration and accuracy of the recovered

dance vector.

The dance’s dynamic and social nature necessitates free movement and interaction of the bees,
which precludes the use of existing electrophysiological approaches that require an isolated or
restrained insect to study its neural activity. The availability of advanced neurogenetic tools
in some insects has allowed researchers to perform sophisticated experiments to explore the
neural circuits underlying behaviour by manipulating gene expression and neuron function.
However, developing techniques that allow for the neurogenetic manipulation of eusocial
insects, such as honeybees, has been challenging due to the difficulties associated with breeding
and more complex genetics‘ég. Thus, it is currently beyond the state-of-the-art to directly
measure the neural activity in dancing bees, or their followers, with the detail needed to verify
some of the predictions of the computational models in this thesis. Whilst parallel studies
using model organisms like Drosophila could meanwhile be valuable, recent advances ofter
a promising path forward for bee neuroethology in the future. In 2023, Carcaud et al.?
generated a pan-neuronal genetic driver in the honeybee, allowing them to widely express
a calcium indicator in neurons across the brain and study the activity in multiple regions
upon olfactory stimulation. Although these recordings were in restrained bees, the technique
holds promise as the first neurogenetic tool for recording neural activity in an eusocial insect
and could potentially be combined with a virtual reality setup or used to investigate neural
responses to controlled interactions.

In conclusion, this thesis has explored how computational models of the central complex
circuit could accommodate the dance and foraging behaviours observed in honeybee com-
munication. We have offered a neurobiological explanation for how follower bees decode
and extract the vector information available in a dance, addressing a key question that arose
from von Frisch’s seminal work. It is our hope that the models presented here will provide
a framework for guiding future investigations, particularly as neurogenetic tools become
increasingly available in honeybees. As a compelling example of how social interactions can
be implemented within a compact and efficient neural architecture, honeybees and the wider
insect world will undoubtedly continue to invite many years of research.
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Figure A.1. Angular divergence across consecutive waggle phases (additional view). Related
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to Fig. 3.2. Same data as in Fig. 3.2 but plotted with signed (instead of absolute) angular
differences between consecutive waggle phases. There appears to be no substantial change
in the angular divergence over the course of a dance with regards to the absolute phase
angles for either species. Both original data sources from a, Makinson et al. > and b,
Landgraf et al. 7* were analysed and used with permission.
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Figure A.2. The hypothetical gain in performance when comparing the ‘follow behind’ and
antennal modulation conditions for a uniform distribution of nestmates around
the dancer. Related to Fig. 4.7. Angular error of decoded vectors when using heading
angle only (top row) or using antennal modulation with midpoint feature (bottom row)
simulated under ‘perfect’ (left column) and noisy (right column) conditions. In the latter,
noise was added to the heading angle (top right) or antennae (bottom right) at each time
step, drawn from von Mises distribution (it = 0 and kK = 10). Nestmates’ vectors are
coloured by their according angle to the dancer when following the waggle phase.
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Figure A.3. Additional results of the assimilation circuit. Related to Fig. 4.7. a, Angular error
of decoded vectors of simulated nestmates at each time step of following when using
modulation with the four different features of antennal input. b, (Left) Absolute angular
error of intermediary vectors accumulated when using £60° (purple) or £90° (pink) as
the maximum antennae position that angles are mapped from according to the antennal
feature used. Notches on boxplots indicate 95% confidence intervals for the median
value. (Right) Angular error histogram for vectors assimilated with and without antennal
modulation (orange). Solid lines indicate smoothed kernel density estimate curves.
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Figure A.4. Surrounding area of experimental site in Berlin (52°27°34.0”N 13°17°59.7”E) from
OpenStreetMap*4°, Related to Fig. 5.1.
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Table A.x. Circular statistics for post detour flight angles of a, dancers and b, followers
relative to the detour tunnel exit. Related to Figs. 5.4 and 5.6. Row groups indicate the
recorded data at different distance boundaries from the tunnel exit. MVB indicates the mean
vector bearing. All Rayleigh’s Z tests for uniformity were statistically significant (P < 0.001).

(a) Dancers

Target angle (°) 52 35 0 -35 -52
0.22m n 47 24 28 23 54
MVB (°) 7.81 122 —-0.61 —18.54 —19.48
s.d. (°) 22.6 2333  20.83 33.15 19.27
Rayleigh’s test (Z) 40.22 20.33  24.53 16.46  48.23
0.44 m n 45 24 26 30 52
MVB (°) 26.44 1328 —191 —20.83 —27.48
s.d. (°) 26.83 27.98 25.04 3691 25.61
Rayleigh’s test (Z) 36.14 18.91  21.48 13.2 42.58
0.56 m n 33 18 13 8 41
MVB (°) 44.03 24.17 —-10.22 —-29.88 —35.59
s.d. (°) 26.03 3229 2947 41.61 23.03
Rayleigh’s test (Z) 26.65 13.10  9.98 4.72 34.88
Last visible n 47 24 28 23 55
MVB (°) 5443 36.71 —-6.39 -—37.11 —-36.6
s.d. (°) 31.09 4244 47.89  40.68  40.68
Rayleigh’s test (Z) 35.01 13.86  13.92 12.23 33.22
(b) Followers
Target angle (°) 35 0 -35
Last visible n 25 26 35
MVB (°) 2794 —-9.20 -—-35.64
s.d. (°) 60.74 5131 51.17
Rayleigh’stest (Z) 8.15 11.66  15.76
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Figure A.s. Angles of waggle phases of six dancers relative to the feeder across all dances
performed within a 2.5 hour foraging period to the trained feeder. Related to Fig. 5.8.
Each black circle represents a waggle phase signalled by a dancer. 90° and —90° respectively
indicate a signalled angle that is deviated to the left or right of the feeder, respectively.
Time of day specified using a 24 hour clock. Same data as in Fig. 5.8 but signalled waggle
phases have been visualised with respect to the feeder.
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Angle of assimilated vectors versus post detour flight relative to feeder (°)
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Figure A.6. The assimilated vectors of six new recruits with their mean vectors weighted by
their length. Related to Fig. 5.10. The vectors assimilated at the end of each waggle phase
(lines) and the angle of phases followed (circles) by six new recruits and their subsequent
angle of flight post detour (blue). Same data as in Fig. 5.10 but the mean assimilated vector
(dashed line) for each recruit has been weighted by the lengths of the individual vectors.
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