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ABSTRACT

Relatively little is known about how sensory information is used for controlling flight in
birds. A powerful method is to immerse an animal in a dynamic virtual reality environment to
examine behavioral responses. The research comprising this dissertation investigated the role of
vision during free flight hovering in hummingbirds to determine how optic flow —image
movement across the retina— is used to control body position. We filmed hummingbirds hovering
in front of a projection screen with the prediction that stationary patterns would allow a
hummingbird to maintain stable body position, but moving patterns would change hovering
stability. When hovering in the presence of moving gratings and spirals, hummingbirds lost
positional stability and responded in the direction of the stimulus motion. There was no loss of
stability with stationary patterns (Chapter 1). How sensitive are hummingbirds to visual motion?
We predicted that small changes in the direction of a looming motion would result in matched
changes in backward flight response of hummingbirds. Providing stationary visual patterns in
combination with looming spirals was predicted to rescue hovering stability. Our results suggest
that hummingbirds are not only sensitive to small changes in motion direction, but also sensitive
to any visual motion of the background, even when large stationary features are present (Chapter
2). The sensitivity of hovering hummingbirds to visual motion suggested that other senses might
be involved to stabilize flight. When docked with a feeder, hummingbirds gain a stable physical
reference through bill contact. We predicted that tactile feedback during docked feeding would
provide the necessary stationary reference to help hummingbirds override their sensitivity to
visual motion. We built an instrumented feeder that measured how much a docked hummingbird
pushed laterally and vertically. Hummingbirds were not very precise during docked hovering and

pushed against the feeder in an attempt to stabilize left, right, and downward visual motions.



Upward motion was not matched by pushing against the feeder (Chapter 3). Collectively, these
experiments demonstrate that hummingbirds control hovering position by stabilizing motions in

their visual field both when hovering in space and when docked with their bill inserted into a

flower.
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INTRODUCTION

Moving through a complex, natural environment requires rapid transformation of sensory
information into instructions to the muscles that will then produce appropriate body motions
(Dickinson et al., 2000). Flight is an especially demanding form of locomotion from both a
motor and a control perspective. In the absence of the passive stability afforded to terrestrial and
aquatic animals by ground reaction forces and buoyancy respectively, the flying animal must
constantly monitor its position in the environment, both to guide the animal’s behavior and to
prevent catastrophic loss of stability. To handle this challenge, flying animals use multiple senses
to carefully monitor changes in their position and orientation (Taylor and Krapp, 2007). Vision is
especially important to flying insects and birds. As the animal flies it perceives motion because

visual projections of the environment onto the retina move, a phenomenon termed optic flow.

Optic flow has been shown to be very important for control of behavior in flying insects,
but relatively little was known about how birds use visual motion to control flight. To put this
dissertation into context, this introduction will review motion detection and how visual motion is
important for insect behavior and neuroscience. Next, advances in vertebrate neuroscience are
discussed, with an emphasis on our understanding of visual motion processing in birds. The
visual motion processing pathways in the avian brain have been well-studied, and have generated
hypotheses about visual control of flight in birds, including control of hummingbird hovering.
Hovering therefore falls at an important intersection between avian neuroscience and insect-like
flight that makes hummingbirds a candidate for new investigations of visual motion, and its
importance for the control of avian flight. This dissertation focuses on hovering in Anna’s
hummingbirds (Calypte anna) and presents a series of experiments investigating how visual

motion is used for body position control during free-flight hovering and hover feeding.



Perception of visual motion is important for many behaviors (Gibson, 1954, 1958; Lee,
1980; Lee and Lishman, 1977). Individual photoreceptors within an eye only detect changes in
the input light flux, but an array of receptors with associated neural circuits is capable of
encoding a complex pattern of translations and rotations (Nakayama and Loomis, 1974). Motion
elements comprising a visual maotion, or optic flow, pattern are perceived by comparing
information from two spatially distinct receptors, which allow detection of motion, and also of
the direction of that motion (Reichardt, 1986, 1987). This simple detector, dubbed the
elementary motion detector (EMD), can be repeated many times in a compound eye, or retina,
but is limited in that it cannot distinguish the relative contributions of spatial (cycles per degree)
and temporal (degrees per second) frequencies to the perceived velocity (cycles per second).
Although alternative motion detector models that are better suited to measure velocity have been
proposed (Zanker et al., 1999), the EMD’s ambiguous velocity coding can also be viewed as a
feature of motion perception that incorporates textural information (Egelhaaf et al., 2014). Many
subsequent studies have investigated eyes, motion processing neurons, and visually guided

behaviors with this detector, and its properties, in mind.

The importance of vision, specifically the detection of optic flow, for controlling
numerous components of flight behavior has been demonstrated in many insect studies. As
expanding motion (looming) reaches a certain threshold level in flies (and other insects), they
extend their legs in a landing response (Braitenberg and Ferretti, 1966; Coggshall, 1972; De
Talens and Ferretti, 1970; Tammero and Dickinson, 2002a). However, flies also steer or perform
a rapid turn — a saccade — away from looming features that originate in lateral portions of the
visual field, suggesting that the origin of the looming motion in the visual field informs the

decision between landing and collision avoidance (Tammero and Dickinson, 2002a). In general,



turning saccades are also elicited by visual motion, which then, together with halteres, provides
some of the feedback for terminating the saccade (Bender and Dickinson, 2006a, 2006b;
Tammero and Dickinson, 2002b). When flying to a food source, bees measure distance using
visual motion so that they can communicate distance to a food source to their nest mates. While
the motion perception is described by EMD models, the sophisticated integration used to make
distance calculations is not understood (Srinivasan et al., 1996, 1997). Behavior is also limited
by the EMD, which cannot directly measure velocity of a moving visual pattern, so behavioral
responses such as turning in flies instead are tuned to the temporal frequency of visual motion

(Srinivasan et al., 1999).

Hovering is a locomotor behavior that presents an interesting visual scenario for the
flying animal — the absence of an optic flow field. In addition, unlike some of the other flight
behaviors, where a response is difficult to predict and measure, it is simple to define changes in
hovering because the animal is stable in space under normal conditions. Introducing a visual
motion is predicted to produce a matched stabilization response characterized by the hovering
animal changing its position in the same direction as the visual motion. Visual motion could be
the result of objects moving relative to the hovering observer, for example an approaching
predator, which would most likely warrant a different behavioral response, such as abrupt escape
flight. A large and coherent optic flow field however, is likely the result of the observer moving
so body position should be adjusted slowly to minimize the background motion perceived on the
retina. Guard bees that normally hold stable positions at the entrances of their nests fly away
from centers of visual expansion, or follow translational visual motion, until they lose visual
contact with the entrance they were guarding (Kelber and Zeil, 1990, 1997). Hawk moths

regulate their distance from a flower visually, and improve their ability to maintain distance



when the ‘flower’ has a pattern that provides visual contrast (Farina et al., 1994) or when the
environment is brighter (Sponberg et al., 2015). The moths also track background motion, but
only during contact with the flower, otherwise they may even fly against the visual motion (Kern
and Varju, 1998). These experiments, as well as numerous others with insects that attempt to
hold a position in space (Collett, 1980; Junger and Dahmen, 1991) suggest that visual motion is
an important error signal when maintaining a stationary position in an environment that is

assumed to be stationary.

Insect systems have also provided models for testing perception of motion that would be
used to control a behavior like hovering. For example, the visual processing region of the head
ganglion in flies is organized into four layers where the neurons themselves are organized in
retinotopic fashion, matching the structure of the retina (Borst et al., 2010). Lobula plate
tangential cells (LPTCs) have extensive dentritic projections that suggest they receive numerous
inputs from the visual system, as was predicted for an array of EMDs, and have specific
sensitivities to different parts of the visual field or different motions (Borst and Haag, 2002;
Krapp and Hengstenberg, 1996). In addition, connections between LPTCs allow for motion
specificity in single cells to be combined to generally encode motion in a receptive field (Borst et
al., 2010). To affect the motor system, information must be sent to the thoracic ganglion, and
descending neurons of the ocellar and vertical system serve to encode self-motion cues along

preferred axes (Wertz et al., 2009).

Recently, new imaging and genetic technologies in model systems like Drosophila are
enabling increasing resolution of the activity of neurons to motion stimuli including neuron
responses to lightening and darkening changes that underlie basic, contrast dependent, motion

detection (Hopp et al., 2014, Strother et al., 2014). Studies of motion processing and the



underlying neurons are also providing insight into how spatial information is coded, providing
new perspectives on navigation through cluttered environments (Egelhaaf et al., 2014). Key parts
of the motion detection model and flight control networks remain to be described on a neuron
level. These important processes or cells may be buried in other layers of the head ganglion or in

complex interactions between neurons (Borst et al., 2010; Srinivasan et al., 1999).

In addition to gaps in our understanding of how EMDs are implemented in the brain,
some behaviors have been shown to be visually mediated but appear to require velocity coding
that is not provided by EMDs. Velocity control in bees and bumblebees depends on maintaining
a set image velocity on the retina, and incorporates both lateral and ventral visual fields as well
as flexibly incorporating different portions of the frontal visual field (Baird et al., 2006, 2011;
Linander et al., 2016; Srinivasan et al., 1996). Flight altitude is similarly tied to ventral image
velocity, with flies and bees flying lower to the surface when optic flow cues from the ground are
weak (Baird et al., 2006; David, 1979). By comparing the lateral velocity of motions in the left
and right eye, bees are able to maintain a centered flight path between two surfaces, but
measuring those visual motion velocities appears to be immune from classical EMD limitations
(Srinivasan et al., 1999). To understand more complex behaviors, studies of free flight seek to
combine sophisticated tracking with modeling or visual reconstruction to allow flight trajectories
and visual input to be related (van Breugel and Dickinson, 2012; Mronz and Lehmann, 2008).
Furthermore, laboratory studies must be validated in natural or semi-natural scenarios because
flight behaviors and neuron responses are more robust in experiments using natural scenes which
have complex spatial frequency structures (Baird and Dacke, 2012; Barnett et al., 2010; Straw et

al., 2008).



Behavior control is a complex integration of motor and sensory information, so
exploration of how visual information is used to perform a specific flight control task is only one
approach to understanding flight. Animals tend to combine a series of tasks to produce a single
flight trajectory or behavior and we are currently describing the numerous algorithms handling
visual information processing for different components of such a flight (Srinivasan et al., 1999).
In addition, many external cues modify behavior through other sensory systems (Chow and Frye,
2008; Frye, 2010; Frye et al., 2003; Wasserman et al., 2015; Willis et al., 2011). How does the
brain structure these components to produce complex flights using a single set of wings and a
single array of sensors? Understanding the transitions between flight components and the sensory
processing and prioritization that allows an animal to perform behavioral tasks when faced with

complex sensory signals is an important next step.

Vertebrate systems are starting to gain favor for these types of behavior control studies as
advances in sensors and neural probes enable more instrumentation of free behavior. Although
vertebrate fliers are not model systems with genetic technology comparable to Drosophila,
recent high-profile studies of behaving bats have led to breakthroughs in our understanding of
spatial mapping in the hippocampus (Finkelstein et al., 2015; Ulanovsky and Moss, 2007;
Yartsev and Ulanovsky, 2013) providing insight into vertebrate control that is unlike anything
seen in insects. Avian and mammalian visual motion processing circuits are well described and
compared (Wylie et al., 2009), and more recent work is focusing on cerebellar integration in
avian models (Wylie, 2013). Interestingly, studies of avian behavior have lagged behind the
neural advances. The stage is therefore set for the integration of neuroscience research with
behavior, comparable to the body of work that describes behavior control in several flying

insects.



Birds are highly visual animals (Zeigler and Bischof, 1993) with sophisticated vertebrate
eyes, and there are numerous examples of avian taxa with enhanced visual acuity, color vision
that extends into the ultraviolet range (Chen and Goldsmith, 1986; Odeen and Héstad, 2010), and
retinas with multiple specializations and/or foveae (Lisney et al., 2015; Wood, 1917). Considered
among the most visually dependent animals, birds also have large brain regions devoted to three
visual information processing pathways, called the accessory optic system (AOS), and the
tectofugal and thalamofugal pathways (Wylie et al., 2015). The tectofugal pathway involves
visual processing in the optic tectum and deals primarily with object motions relative to the
observer (Wylie et al., 2009). The thalamofugal pathway is important for detail discrimination
and fine analysis of the visual field and involves an important processing center named the Wulst
(Zeigler and Bischof, 1993). Finally, the AOS is a more diffuse pathway that has several regions
with neurons that respond to large motion patterns such as those generated when the observer is
in motion (Frost et al., 1990). These pathways have regions and functions defined by identifiable
neurons that specialize for parts of the visual field or for specific motion types (Frost et al., 1990;
Wylie et al., 2009). For example the pigeon nucleus rotundus in the tectofugal pathway has
classes of neurons that respond to different parameters of object looming motion, however they
do not respond if the pigeon is moved toward the object to create similar visual expansion (Sun

and Frost, 1998).

Large visual flow fields, such as those generated by observer motion, are processed
primarily in the accessory optic system. Much like the visual neurons of insects, motion direction
and speed preferences are characteristic of AOS neurons in two important nuclei: the lentiformes
mesencephali (LM) and the nucleus of the basal optic root (nBOR), which are interconnected

and complementary nuclei (Morgan and Frost, 1981; Wylie and Frost, 1990, 1999). The



distribution of preferred directions and speeds, as well as overall volume of these two pre-tectal
motion processing nuclei provide clues about visual motion and its importance for avian flight
control. The LM of birds, as well as the homologous nucleus of the optic tract (NOT) in
mammals, exhibits a temporonasal (back-to-front) preference, and this matches optimal
directions for head and eye stabilization reflexes (Eckmeier and Bischof, 2008; Gioanni, 1988a).
The LM is also enlarged in hummingbirds, and to a lesser extent in transiently hovering avian
species such as the kingfisher, suggesting a link between hovering and the temporonasal
preferring LM (lwaniuk and Wylie, 2007). Interestingly, the complementary nucleus, nBOR,
which prefers nasotemporal, upward, and downward translational motion (Morgan and Frost,

1981; Wylie and Frost, 1990) is not enlarged.

Hummingbirds (family Trochilidae) are a clade of nectivorous birds that are specialized
for hovering and have brains that may be specialized for visual motion processing to facilitate
hovering. These small hovering birds are specialized in numerous other ways and exhibit
physiological (Suarez et al., 1990; Welch et al., 2006), morphological (Greenewalt, 1962;
Mathieu-Costello et al., 1992; Suarez et al., 1991), and neuromuscular (Donovan et al., 2013;
Gaunt and Gans, 1993; Hagiwara et al., 1968; Tobalske et al., 2010) specializations required to
generate and control the high and sustained power output (Chai and Dudley, 1995; Wells, 1993)
required for their energetically expensive hovering flight mode (Clark and Dudley, 2010). In
addition, the bill of hummingbirds has become elongated to allow the birds to access the small
quantity of nectar in a flower (Wolff, 2006) with some birds even exhibiting bill shapes that
match specific corollas (Stein, 1992). The tongue is also specialized to trap nectar so that the bird
can feed by extending and retracting its tongue (Rico-Guevara et al., 2015; Rico-Guevara and

Rubega, 2011). It is clear that hummingbirds are specialized to interact with flowers, much like



insects, but the extent to which they control their insect-like hovering flight using visual motion,

instead of vestibular feedback and other sensory information, had not been explored.

Quantitative description of a hummingbird’s approach to a flower suggests that optic
flow, specifically visual expansion, could be used to control deceleration and docking (Lee et al.,
1991) much like a landing insect or bird (Baird et al., 2013; Bhagavatula et al., 2009; Lee et al.,
1993). This type of behavior does not specifically match the motion preference of the proposed
specialized LM nucleus, but hovering may provide an insight into the role of visual motion
processing in hummingbird flight control. By studying hummingbirds, naturalistic flight
behavior of a flying vertebrate can be produced in the laboratory and the sensorimotor control of
avian flight behavior can be studied in a controlled sensory environment. Neurophysiology
suggests parallels between the properties of insect and avian visual motion processing neurons,

but birds have been the subjects of relatively few behavioral studies.

Hummingbirds are the only avian taxon specialized for hovering, which places them at an
intersection between an otherwise “insect-like” flight mode and a vertebrate sensor suite and
processing center. In concert with the morphological and physiological characteristics of
hummingbirds, neuroanatomy suggests that their brains have enlarged regions that deal with
visual information relevant for their nectar feeding ecology (Iwaniuk and Wylie, 2007; Ward et
al., 2012). However, the functional flight control connection between the information collected
by the hummingbird sensor suite and hover-feeding behavior has not been investigated. The
Anna’s hummingbird (Calypte anna) provides an excellent opportunity to investigate

sensorimotor integration in a flying vertebrate.

This dissertation research investigated questions about the influence of sensory

information on station-holding behavior by measuring behavioral changes associated with a



moving visual environment. First we studied whether hummingbird ability to maintain a
stationary position in space during hovering is affected by visual motion. We measured the
position of hovering hummingbirds in a flight arena where we could present the free flying birds
with moving background patterns (Chapter 1). Hummingbird responses to visual motion were
then probed further to determine hummingbird sensitivity to small changes in motion direction
and whether stationary patterns would help hummingbirds maintain position (Chapter 2). Finally,
docking with a feeder introduces a physical reference to hovering flight because the bill is in
contact with a stationary structure. We also tested the prediction that hummingbirds are stable
and precise during hovering at flowers by measuring how much a hummingbird bumps and
pushes against an instrumented feeder. We characterized normal hummingbird-flower
interactions, then presented feeding birds with visual motion patterns to determine if docked
hummingbirds attempt to move in the direction of visual motion (Chapter 3). These experiments
represent an in-depth study of the effect of moving visual patterns on un-docked and docked
hovering position stability in hummingbirds and provide behavioral support for hypotheses
derived from neuroanatomical studies that predict hummingbird sensitivity to visual motion

during hovering.

10



CHAPTER 1 - HUMMINGBIRDS CONTROL HOVERING FLIGHT BY

STABILIZING VISUAL MOTION

Introduction

To precisely control their motion through the air, flying animals have evolved specialized
sensory structures and associated neural architecture. Neural specializations provide hypotheses
for what senses are most important to a given taxon and although flight control has been studied
extensively in insects (Taylor and Krapp, 2007), birds have until recently received limited
attention. Birds have large regions of the brain dedicated to visual processing, suggesting
parallels with insects such as a leading role for optic flow in controlling flight paths (Frost, 2010;
Mronz and Lehmann, 2008). It has recently been demonstrated that birds exhibit visually
mediated position control much like bees (Bhagavatula et al., 2011; Srinivasan et al., 1991) even
though they have complex spatial mapping in the hippocampal formation, and a much larger
brain for interpreting visual input (Ward et al., 2012) and dynamically integrating vision with
proprioceptive and vestibular feedback (Fetsch et al., 2009; Lappe et al., 1999; Pelah and
Barlow, 1996). Further work with birds is required to determine the extent of insect and avian

visual flight control convergence.

In birds and mammals, the visual information from the eyes is divided into three separate
pathways that each process a subset of motions or visual features (Frost, 2010; Wylie et al.,
2009). Two of these pathways, named the accessory optic system and tectofugal pathways in
birds, each process a single type of motion: 1) self or ego-motion is the motion produced when

an observer moves relative to their environment and 2) object motion when visual features move

11



relative to the observer (Frost, 2010). Using the same retinal information, the visual system of a
flying hummingbird must separate motions arising from the bird moving through foliage toward
a flower from the motion caused by an approaching competitor or predator. During hovering, the
hummingbird similarly must determine if visual motion is caused by positional instability, where
the observer moves relative to a stationary background feature, or by background motion that is
independent of the hovering observer. Is visual motion processing, and the potential complexity
of separating moving objects and self-motion, important for control of body position in hovering

hummingbirds?

In natural settings, hummingbirds are able to precisely hover in place, even though
natural settings are rarely devoid of visual motion in the background. Hummingbirds could hold
a stable position using a variety of sensory information, including monitoring optic flow. Here,
we test the hypothesis that vision is a major source of sensory feedback for stabilizing body
position during hovering in hummingbirds, similar to hovering control in insects (Collett and
Land, 1975; Farina et al., 1994; Kelber and Zeil, 1990). Specifically, we examine the role of
vision in avian flight control by testing three predictions in a free-flight laboratory arena:
hovering hummingbirds will 1) be stable during hovering when the background is stationary, 2)
will drift during hovering when the background is moving, and 3) drift direction will match the

direction of background motion in all directions.

12



Methods

Animal model: Experimental subjects were eight male Anna’s hummingbirds, Calypte anna,
that were trapped on the University of British Columbia campus (caught November 5, 2012-
October 29, 2013). Hummingbirds were individually housed in 0.61 x 0.61 x 0.91 m cages and
fed ad libitum sugar (15% by weight) or Nektar-Plus (Nekton, 13% by weight) solution.
Individuals were given three days to get used to captivity and the laboratory setting before
training began in the experimental chamber with a feeding schedule. The feeder, filled with sugar
solution, was closed to prevent feeding between experimental trials, and opened at intervals of
either 15 or 20 minutes depending on the experiment. When the feeder was opened, birds were
allowed to feed until they departed. Restricting food between feeding was important to increase
the time birds spent at the feeder. All experiments were performed with approval of the

University of British Columbia Animal Care Committee.

Experimental rig: The experimental chamber was a large clear acrylic cylinder (Fig. 1A; 0.70 m
diameter, 0.61 m height). A 0.91 m, full-height section of the wall (41.4% of circumference) was
covered on the outside by a frosted window coating (wallpaperforwindows.com) allowing back
projection onto the cylinder. We used a Canon REALIS SX80 Mark Il projector (3000 lumen
lamp, 14001050 SXGA, 60Hz) to display the stimuli. This projector uses Liquid Crystal on
Silicon (LCoS) technology so there is no flicker or dark phase in the projection as one would
have with a projector that has a spinning color wheel. Visual stimuli were generated and

controlled using custom scripts in VisionEgg (Straw, 2008).

At the center of the projection screen was a small hole where a clear plastic feeder was
attached such that it extended 0.175 m into the chamber. The ceiling of the chamber was nylon

mesh with holes for the lenses (Computar H220414C-MP) of three cameras (Prosilica GigE680,

13



Allied Vision Technologies). These three cameras were used to auto-track a painted white spot
on the top of the bird’s head using Flydra 3D tracking software (Straw et al., 2011). Filming was
conducted at 100 frames per second (fps) and the cameras were synchronized by an external
trigger. The tracked flight trajectories were converted into 3D (X,y,z) coordinates (Fig. 1B) and

exported for further analysis using custom scripts in Matlab (Mathworks R2012a).

Stimulus description: The spiral pattern was produced using Matlab to draw a four-armed 10
degree logarithmic spiral. Areas between the four spiraling lines were filled with black and white
in alternating fashion. The same spiral pattern was rotated in either clockwise or
counterclockwise direction at a rotation frequency of 0.5Hz. For our spiral pattern and rotation
frequency, clockwise rotation (looming) corresponds to a time-to-collision (1) value of 1.86
seconds. For a counterclockwise (receding) spiral the analogue of 1 is the time to double distance
but has the same time value (Martinoya and Delius, 1990). We tested the luminance of the
projected spiral image. White spiral segments ranged from 316 to 160 cd/m? from the center of
the spiral to the periphery. Black segments measured 87 cd/m? in the center and 35 cd/m? at the

periphery.

The linear gratings used in these experiments were black and white bars moving at
temporal frequency 0.5Hz (cycles per second) either left and right for vertical bars, or up and
down for horizontal bars. The spatial frequency of these linear gratings was 0.044 cycles per
degree. We selected this spatial frequency because it produced gratings with the same number of

cycles as encountered when moving radially outward from the center of the spiral pattern.

Experimental protocol: The experiment relied on filming during a prolonged feeding bout
which could be performed roughly every 20 minutes with a trained hummingbird. Long feeding

durations were key to maximize the number of pauses (look-ups) during feeding where the
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hummingbird hovered near the feeder but was un-docked. Access to food was restricted by
removing the feeder between trials and any moving stimulus patterns were stopped. Trials
stopped when a bird finished feeding (left the filming area around the feeder) or after two
minutes without a bird approaching the feeder. Restriction of feeding bouts, combined with a
12% by weight sucrose solution, increased the feeding duration relative to feeding flights when

hummingbirds were given ad libitum access to higher sugar concentrations.

We tested the free flight response to forward-backward, lateral, and vertical visual
motion, using three background black and white patterns: a spiral, vertical grating, and horizontal
grating. The spiral was either rotated clockwise or counterclockwise to produce constant looming
or receding motion respectively. The vertical gratings were moved either left or right and the
horizontal version was moved up or down. In addition, each pattern had a stationary (no-motion)
treatment for a total of nine treatments. Hummingbird subjects were exposed to a randomized
series of these treatments with every stimulus shown twice (18 trials per individual, 8 individuals
total) over the course of a single day. Any feeding flight where the hummingbird consumed
<0.25 milliliters of sugar solution was discarded and the trial was repeated until the minimum

consumption level was surpassed, which was generally after a single repeat.

Measuring response to visual motion: Flight response measurements were generated by
custom Matlab (Mathworks R2012a) analysis scripts. Representative traces for feeding bouts in
the presence of moving and stationary visual patterns (spirals and gratings) are presented in
figures 3-5. A bird’s position and velocity were used to define two types of hovering behavior,
which could each appear multiple times within a single feeding bout. Docked feeding segments
are defined by the bird being within physical reach of the front of the feeder and having a net

velocity less than 0.050 meters per second. Undocked look-up segments are defined by the bird
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not being within physical reach of the front of the feeder but still having a net velocity less than
0.050 meters per second. Only segments that lasted at least 0.25 seconds were included in

analyses.

For each segment of docked feeding or undocked look-ups we calculated the average
movement in six directions along three axes. The three axes (x,y,z) were defined globally with
respect to the feeder with x as forward-backward, y as left-right, and z as down-up. Movements
in the forward, left, and down directions were defined as negative, and movements in the

backward, right, and up directions were defined as positive.

We first calculated the derivative of the bird’s position along each axis. These derivatives
were then sorted by motion direction (positive vs. negative values within a single axis) and all
values pertaining to a single motion direction were summed to get a total distance traveled in
each of the six directions. We next normalized the summed movement by dividing it by the
duration of the segment. Thus, movement in each direction is represented as movement (in

centimeters) normalized to one second of flight.

Movement in each of the six directions was analyzed separately in R (Pinheiro et al.,
2016; R Core Team, 2015). Post-hoc testing to compare different direction treatments was
conducted with the multcomp package (Hothorn et al., 2008). Six identical linear mixed effects
models with stimulus as a fixed effect and individual bird as a random effect were used to test for
the effect of each stimulus level (9 levels total) on response motion in each of the six directions
measured. Tukey tests were then performed to examine pairwise comparisons of stimulus types
within individual axis directions. We analyzed several additional measures to generally describe

the behavior of the hummingbirds during stimulus trials. Feeding duration (time in docked
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position) and the frequency of look-ups (number of look-ups divided by total duration) in each

trial were analyzed in the same way.

Results

The free flight responses of Anna’s hummingbirds (Calypte anna) to different optic flow
cues were studied in a circular chamber that included a projection screen. Feeding bouts were
composed of two intermittent phases, docked feeding and undocked look-ups during which the
bird withdrew from the feeder and hovered in front of it. When there was a non-moving pattern
on the screen, the head position was stable during both docked and undocked phases (Fig. 1B-C,
Figs. 3-5 B). A looming stimulus elicited oscillations in head position during docked feeding,
and elicited non-oscillatory backward drifts during look-up phases (Fig. 1D, Fig. 3A). Both
responses are consistent with the prediction that looming motion produces a matched backward
avoidance response. Rotating the same spiral in the opposite direction causes receding visual
motion. In this case, the feeder physically blocked forward motion during docked feeding, so we
decided to focus only on body position during the undocked look-ups for further analysis (Fig.
3C). We provide all of the raw traces of drifts during look-ups in the x-axis for one

representative bird in response to looming, receding, and stationary spirals (Fig. 1E).

In addition to looming and receding visual motion, we also present the flight responses of
hummingbirds to left, right, down and up motion, caused by vertical and horizontal linear
gratings. Raw traces of responses to all motion types for one individual are provided in figures 3-
5. The complete set of look-up phases that were extracted from all eight individuals and all

stimulus treatments is provided in figure 2 (A-D). In all treatments without pattern motion, the
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magnitude of drifts during look-ups was relatively small, and exhibited a forward tendency. The
average look-up response to treatments with pattern motion (Fig. 2E-F) illustrates that hovering
hummingbirds 1) are stationary when the background is stationary, 2) respond to large, moving
visual patterns by drifting, and 3) drift along all three global axes primarily matching the

direction of stimulus motion.

Stimuli had a significant effect in all cases (all Fg 106 = 23.619 to 86.009, all P < 0.0001)
and the results of all tests indicate that during undocked look-ups the hummingbirds exhibit an
increase in movement in the direction of the stimulus pattern motion (Figs. 6-8). Given our
prediction that drift direction would match stimulus direction, the corresponding comparisons
between the direction of the stimulus and all other directions have been highlighted in figures 6-
8. During docked feeding, strong oscillatory movement is seen with a looming spiral stimulus
(Fig. 6) but we did not analyze these movements further for this experiment because we were
unable to measure docked feeding responses with other motion directions. The rigid feeder limits
the ability of a bird to move laterally and vertically, as well as forward, once docked. However,
the presentation of a moving stimulus could also affect the overall feeding behavior so we

analyzed how often birds stop feeding to look up, and how long the feeding flights lasted.

There is considerable variation among individuals in the frequency of look-ups and in
their feeding duration (Fig. 9). We did measure an effect of stimulus treatment on look-up
frequency (Fs 128 = 2.766, P = 0.0075), but this was the result of a single significant Tukey
contrast, between looming and receding spiral treatments (estimate: 0.161, P < 0.01). No other
contrasts yield a significant difference in look-up frequency (estimates: -0.109 to 0.105, all P >=
0.0872, Fig. 9A). Stimulus treatment did have a significant effect on feeding duration (Fg 128 =

4.658, P < 0.0001). Birds fed for shorter durations in the presence of a receding spiral (estimates:
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-9.051 and 6.912 to 9.074, all P < 0.01), except compared to a no-motion spiral (estimate: -5.388,
P = 0.080). All other stimulus comparisons were not significant (estimates: -3.663 to 3.687, all P

> 0.537, Fig. 9C).

Discussion

Collectively these results indicate that hovering hummingbirds are highly sensitive to the
direction (Figure 2) of visual pattern motion when presented with large coherent stimuli, and
hold a stationary position in the absence of visual motion. Behavioral responses to optic flow,
called optomotor responses, are common across animal taxa, and we demonstrate that hovering
hummingbirds will respond to visual motion in three global axes by changing their body
position. Our results show that freely hovering hummingbirds drift in a moving visual
environment, primarily to match the direction of background motion, and do not drift when the

motion is absent.

Our study has limited resolution for comparing the responses to different motion axes or
directions. We measured only the position of the head in space and do not have the ability to
dissociate eye, head, or body movement components of the overall response to our stimuli. There
is reason to predict that hummingbirds would have optomotor gains that are stronger in some
directions than others based on experiments with birds (Eckmeier and Bischof, 2008; Gioanni,
1988a) and other vertebrates (Dubois and Collewijn, 1979; Tauber and Atkin, 1968) but we did
not detect such a preference for drifting responses. Overall, hummingbird drifts are roughly
equal in all directions and do not exhibit a bias for a particular motion direction. A similar study

with ruby-throated hummingbirds showed that head and body rotations, as well as curved flight
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paths, are used to stabilize both left and right moving gratings in a cylindrical arena, and did not
report any asymmetries (Ros and Biewener, 2016). Both hummingbird studies used binocular
stimulation however, which may confound monocular direction preferences. Repeating an
experiment with hovering hummingbirds and covering one eye of the flying subject would be

important to detect directional differences.

Stationary objects are salient features for guiding flight. Tethered flies in a closed loop
virtual environment will ‘steer’ to fixate a bar in front of them (Reichardt and Wenking, 1969).
Stabilizing a stationary feature in the fovea or another portion of the visual field also offers a
potential mechanism for holding station during hovering. Our flight arena was not fully
immersive and included multiple stationary features including a projected image with distinct
edges in the lateral field, an open ceiling with cameras, a perch, and a single feeder. During
docked feeding, the clear plastic feeder (filled with clear liquid) could subtend an angle up to 26
degrees, although this feature occupies much less of the visual field during look-ups. Despite the
presence of numerous stationary features — such as the feeder — visual motion consistently
elicited a drift in position. This suggests that, unlike in other studies where visually-guided
behavior was similar with grating and natural scene manipulations (Baird and Dacke, 2012), the
visual motion stimuli used here may be especially strong compared to moving backgrounds that

occur naturally.

In a natural environment, visual motion is unlikely to be coherent and unidirectional for a
stationary observer like a hovering hummingbird. Motion in the visual environment also does not
have to fall along perpendicular global axes, which we used in these experiments. Our results
show that hovering hummingbirds drift to generally match visual motion direction, but do

hummingbirds also change drift direction for small changes in the direction of the motion? In
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addition, natural scenes would likely have moving and stationary components, so we predict that
weakening the immersive background motion with stationary patterns would provide
hummingbirds with a stable reference that could rescue normal, stationary hovering. How these
results translate to flight in more natural settings remains to be investigated, but it is clear that

unidirectional visual motion has a strong influence on hovering behavior.

The brains of hovering birds exhibit specialization for processing unidirectional visual
motion. The accessory optic system of birds encodes optic flow produced when an observer
moves relative to their environment. Its neurons have wide receptive fields and are directionally
biased (Winterson and Brauth, 1985). One of the key accessory optic system nuclei is the
lentiformis mesencephali, and it is hypertrophied in all birds capable of hovering, including
transient hovering (Iwaniuk and Wylie, 2007). Hummingbirds have the largest lentiformis
mesencephali relative to all other birds, which led Iwaniuk and Wylie to propose that
directionally-selective responses are a key adaptation for controlling hovering flight (Iwaniuk
and Wylie, 2007). Our behavioral experiments lend further support to this hypothesis, and
hypertrophy of the lentiformis mesencephali also offers a potential mechanism for the heightened

multi-directional motion sensitivity we observed.

The use of directionally selective neurons in hovering position control represents a subset
of the neural mechanisms required for the flight repertoire of hummingbirds. Visual processing
and integration with other sensory information has not been studied during flight in a
hummingbird or in any other bird. However, evidence from fictive flight preparations of other
birds and insects indicates that they can change how senses are integrated and that different
neuron populations are emphasized in different behaviors. An example of variable sensory

integration comes from restrained pigeons that exhibit different head stabilization reflexes and
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tail responses to visual and vestibular perturbations during simulated flight than during resting
conditions (Bilo and Bilo, 1978; McArthur and Dickman, 2011). At the level of sensory neurons,
cells of the avian accessory optic system are divided into populations that differ in maximum
sensitivity to either fast or slow motion (Winship et al., 2005; Winterson and Brauth, 1985;
Woylie and Crowder, 2000). The functional roles and the relative abundance and distribution of
fast and slow cells have not been described in any bird. This is in contrast to the directionally
selective visual neurons of insects, which have been studied in several species and behavioral
contexts (Borst et al., 2010; Taylor and Krapp, 2007). A comparative study with ten species of
insects revealed that the lobula plate neurons of hovering insects are maximally sensitive to low
temporal frequencies of sine wave gratings whereas the equivalent cells in fast-forward flying
insects are maximally sensitive to high speeds (O’Carroll et al., 1996). Combining free flight
experiments that manipulate sensory information with neuroscience approaches to understand the
underlying cell populations and their responses represents an exciting new direction for avian

research.

Development of virtual reality approaches with both tethered preparations and in free
flight arenas has been essential for decades of research on the visual guidance of insect flight
(Borst et al., 2010; Srinivasan et al., 1999; Taylor and Krapp, 2007). Similar to the
hummingbirds, hovering insects have previously been shown to exhibit sensitivity to the
direction (Kelber and Zeil, 1997; Kern and Varja, 1998) and orientation (Tammero and
Dickinson, 2002a) of visual motion during flight behavior. Our study joins a handful of recent
avian studies that highlight the convergence between visual guidance strategies for flight in
insects and birds (Bhagavatula et al., 2011; Collett and Land, 1975; Eckmeier et al., 2008;

Srinivasan et al., 1991) and also suggest potential similarities in neural specialization to match
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flight styles. The ability to study the visual motion detection in flying hummingbirds now
provides an opportunity to examine how large populations of visual neurons are used to guide
behavior. We suggest that future research on the properties of the additional cells in the

hummingbird accessory optic system may yield novel insight into the evolution of flight in birds.
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Figure 1. Anna’s hummingbirds respond to moving visual patterns during free flight
hovering. A back-projection screen allows images to be projected onto the wall of a cylindrical
flight arena with a feeder at the center of the screen. A three camera tracking system determines
the head position of a freely flying hummingbird (A). The 3D traces of head position (B) are then
separated into motion along three axes: forward-backward (x), left-right (y), and down-up (z).
With a stationary background the bird is stationary during docked feeding (blue region) and
undocked look-ups (red) near the feeder (C), but a looming spiral pattern changes the bird’s
position stability during both hovering phases (D). By isolating the responses during the look-up
portions (red and maroon in C,D respectively) of the free flight recording we show that visual

motion produces a matched destabilization response in an individual hummingbird (E).
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Figure 2. Rotating spirals and moving gratings caused hummingbirds to lose positional

stability in the orientation of the motion but stationary patterns did not affect hovering.

Two motion treatments and one no-motion treatment were conducted for each of three black-

and-white patterns (A): spiral (red), vertical grating (blue), and horizontal grating (green). The

look-up drifts for all hummingbirds (n=8) are plotted by stimulus pattern with drift distance

along the x-, y-, and z-axes shown in rows B-D respectively. Means of all drifts for a single

stimulus treatment are shown in both a top view (E) and a side view (F) to illustrate the

directional matching of response to stimulus motion. Almost no directional drifting occurs with

no-motion treatments.
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Figure 3. Representative traces of hummingbird movement demonstrate how docked
feeding and undocked look-ups differ depending upon spiral motion. Each feeding bout is
represented by three traces corresponding to the x-, y-, and z-axes. Positions are shown relative
to the feeder, which is placed at approximately O in all directions. In the presence of looming
motion (A), an individual hummingbird approached and docked at the feeder, and oscillated
during feeding at less than 1 cm amplitude on the x-axis. Periodic look-ups are evident where the
bird flew backward (increasing x) and upward (increasing z) with these look-ups also exhibiting
backward drifts on the x-axis but little drift in the other axes. Look-ups are interspersed with
short feeding events. In the presence of a non-moving spiral (B) there were no oscillations during
docked feeding or drifts during look-ups. In the presence of receding motion (C), there were no
oscillations during docked feeding because the feeder physically restricts movement in the
predicted direction. During undocked look-ups however, hummingbird drifted forwards
(decreasing x) as predicted. All representative traces (Figs. 3-5) are from the same individual on

the same day.
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Figure 4. Representative traces of hummingbird movement demonstrate how docked
feeding and undocked look-ups differ depending on motion of a vertical grating. In the
presence of motion to the right (A), hummingbirds drifted to the right (increasing y) during
undocked look-ups with little drifting in the other axes. In the presence of a non-moving vertical
grating (B) there were no drifts during look-ups. In the presence of motion to the left (C),
hummingbird drifted to the left (decreasing y) as predicted. There was little motion observed
during docked feeding because of the physical restriction imposed by the feeder. All other details

as in figure 3.
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Figure 5. Representative traces of hummingbird movement demonstrate how docked
feeding and undocked look-ups differ depending upon motion of a horizontal grating. In the
presence of upward motion (A), hummingbirds drifted upward (increasing z) during undocked
look-ups with little drifting in the other axes. In the presence of a non-moving horizontal grating
(B) there were no drifts during look-ups. In the presence of downward motion (C), hummingbird
drifted downward (decreasing z) as predicted. There was little motion observed during docked

feeding because of the physical restriction imposed by the feeder. All other details as in figure 3.
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Figure 6. Pairwise comparisons for movement along the x-axis demonstrate that looming
and receding motion elicit strong backward and forward flight responses. Each panel
presents the post-hoc test associated with a linear mixed effects model. The upper panels
correspond to post-hoc analyses for backward movement during undocked look-ups (left) and
docked feeding (right). The lower panels correspond to post-hoc analyses for forward movement.
Each panel contains 36 pairwise comparisons derived from nine stimulus levels. The stimulus
levels (1-9) are assigned in the same order as the panels in figures 3-5. For example, the top
comparison (2-1) is the difference between a no motion spiral and a looming spiral. Black circles
and brackets indicate the effect estimate and 95% confidence interval for comparisons where the
stimulus level is not predicted to affect that type of movement. Colored circles and brackets
indicate the same for comparisons where the stimulus is predicted to affect that type of
movement. The colors correspond to movement direction in all figures. Looming produces
significantly more backward motion during both undocked look-up and docked feeding
segments. Forward motion during undocked look-ups is similarly much higher in the receding
spiral treatment. During docked feeding, the oscillations produced by looming are also evident.
For all other stimulus levels, movement in the predicted direction is physically blocked by

docking with the feeder.
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Figure 7. Pairwise comparisons for movement along the y-axis demonstrate that right and
left visual motion elicit strong right and left flight responses. The upper panels correspond to
post-hoc analyses for movement to the right during undocked look-ups (left) and docked feeding
(right). The lower panels correspond to post-hoc analyses for movement to the left. Moving a
vertical grating to the right produces significantly more flight to the right during look-ups
compared to other stimulus levels. Moving a vertical grating to the left produces significantly
more flight to the left during look-ups compared to other stimulus levels. During docked feeding
(right panels), the effect estimates were all close to zero, even for the oscillations produced by

looming visual motion (maroon). All other details as in figure 6.
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Figure 8. Pairwise comparisons for movement along the z-axis demonstrate that upward
and downward visual motion elicit strong upward and downward flight responses. The
upper panels correspond to post-hoc analyses for upward movement during undocked look-ups
(left) and docked feeding (right). The lower panels correspond to post-hoc analyses for
downward movement. Moving a horizontal grating upward produces significantly more upward
flight during look-ups compared to other stimulus levels. Moving a horizontal grating downward
produces significantly more downward flight during look-ups compared to other stimulus levels.
During docked feeding (right panels), the effect estimates were all close to zero, even for the

oscillations produced by looming visual motion (maroon). All other details as in figure 6.
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Figure 9. Frequency of look-ups and feeding duration are similar among different stimulus
treatments. The frequency of look-up events (A) does not vary consistently across the nine
stimulus treatments (B). For feeding duration (C), there is a significant difference when receding
spiral trials are compared to most other stimulus treatments. Other comparisons are not
significant. Each column contains the data for a single background stimulus treatment and is
colored to match figures 1-8. The two trials for each individual hummingbird within a single

stimulus column are indicated by symbols and are slightly separated along the x-axis.
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CHAPTER 2 - HOVERING HUMMINGBIRDS RESPOND TO SMALL

CHANGES IN BACKGROUND LOOMING MOTION

Introduction

Animals moving through their environment can use vision as a source of information
about posture and position (Gibson, 1950, 1954; Lee, 1980). The motion of visual features across
the retina is called optic flow, and is an important signal of motion, either of the environment
relative to the observer, or the opposite, the motion of the observer relative to the environment.
When the observer moves, the motion is termed self-motion, and the optic flow produced on the
retina has a characteristic pattern depending on the type of motion. For example, body rotation
looks different than moving forward along a straight path. Many animals exhibit postural or
position changes in response to visual motion created in laboratory settings by moving
background patterns (Kern and Varju, 1998; Ros and Biewener, 2016; Shaw and Tucker, 1965;
Soechting and Berthoz, 1979; Zeil and Wittmann, 1989). The motion stimuli used in these
behavioral studies are traditionally immersive, high-contrast, and coherent, which brings into

question their relevance for animals behaving in a complex natural landscape.

Natural scenes can be relatively simple, but can also be complex mosaics with patches of
varying color, brightness, shape, motion direction, motion speed, and texture. In experiments
including treatments with natural scenes, natural light conditions, and three-dimensional stimuli,
bumblebees in complex environments exhibited similar flight responses to those in traditional
black-and-white experimental environments (Baird and Dacke, 2012). Motion detecting neurons

in hoverflies were shown to respond to motion of natural scenes across a range of scene
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compositions and contrasts (Straw et al., 2008). These studies show that both behavior control
using visual motion and underlying motion detection are comparable in laboratory and
naturalistic settings. In contrast to insect systems where visual control of flight paradigms are
well established, avian flight control studies are just beginning to identify important visual cues

and have not explored more complex visual scenes.

Hummingbirds in natural and laboratory settings are able to precisely control their body
position during hovering. We have shown that large, coherent, black-and-white pattern motion
change hovering in Anna’s hummingbirds, and that the resulting drift responses match the
stimulus motion direction (Chapter 1). A more recent study using a cylindrical arena with full
360 degree stimulus projection similarly found that left and right grating motion elicited head
and body rotations in hovering ruby-throated hummingbirds (Ros and Biewener, 2016). We have
also shown that hummingbirds respond to looming motion with backward drifts even when they
are feeding (Chapter 1; Goller, 2011). The coherent motion of the visual environment completely
changes hummingbird hovering in the laboratory, but how does hummingbird sensitivity to

motion translate to more complex visual scenarios?

We predicted that hummingbird responses were strong primarily because the stimuli
projected onto flight arena walls in previous experiments were large, coherent, and high-contrast
(Chapterl; Goller, 2011; Ros and Biewener, 2016). In addition, our experiments tested three
perpendicular axes of motion, requiring a different pattern for each axis, which only enhanced
the artificial nature of the background motions and their different directions. To investigate
hummingbird sensitivity to visual motion during hovering with less contrasting treatments, we
focused on the backward drifting response to a looming spiral because hummingbirds could

respond during both hovering in space and at the feeder. It was important to measure many
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behavioral responses in order to detect smaller adjustments that are more likely characteristic of

hummingbirds making position adjustments to small changes in their visual environment.

Are hovering hummingbirds sensitive to small changes in motion direction? The
direction of expansion for a looming spiral pattern is determined by the position of the spiral
center. Without changing patterns, visual motion direction could be changed slightly to no longer
align with the forward-backward axis of a feeding hummingbird, creating a more natural
scenario where motion was not restricted to major global axes. We investigated hummingbird
sensitivity to small changes in visual motion direction by moving the spiral center up, down, left,
or right and measuring changes in the backward drift response. Drift responses were predicted to
be strong and tuned to the motion direction because the strength of the stimulus remained
unchanged. We followed with an experiment designed to test the role of visual motion strength

on hovering position stability.

Does a complex visual background, with stationary and moving patterns, rescue hovering
position stability? To investigate this question we created a composite stimulus where a circular
mask with varying radius, and containing one pattern, was centered in front of a different pattern.
A checkerboard and looming spiral were used for the paired patterns and could be alternately
placed in either the mask or the background position. We hypothesized that the checkerboard
would provide enough stationary contrast to the moving pattern to allow the hovering
hummingbird to maintain a stationary position in space. The aim was to determine the relative
amount of stationary pattern required for a hummingbird to regain hovering stability when the

background contained visual motion.
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Methods

Animal model: Experimental subjects were eight male Anna’s hummingbirds, Calypte anna,
that were caught on the campus of the University of British Columbia (UBC, caught November
5, 2012-October 29, 2013). Hummingbirds were individually housed in 0.61 x 0.61 x 0.91 m
cages and fed ad libitum sugar (15% by weight) or Nektar-Plus (Nekton, 13% by weight)
solution. Individuals were allowed to acclimate to captivity for three days, and were then trained
in the experimental chamber with a feeding schedule. The feeder, filled with sugar solution, was
closed to prevent feeding between experimental trials, and opened at intervals of 20 minutes
during training and the experiments. When the feeder was opened, birds were allowed to feed
until they departed. Restricting food between feeding was important to increase the time birds
spent at the feeder. All experiments were performed with approval of the University of British

Columbia Animal Care Committee.

Experimental rig: The experimental chamber was a large clear acrylic cylinder (Fig. 10A; 0.70
m diameter, 0.61 m height). A 0.91 m section of the wall (41.4% of circumference, 100% of
height) was covered on the outside by a frosted window coating (wallpaperforwindows.com)
allowing back projection onto the cylinder. We used a Canon REALIS SX80 Mark Il LCoS
(Liquid Crystal on Silicon) projector (3000 lumen lamp, 1400x1050 SXGA, 60Hz). Visual

stimuli were generated and controlled using custom scripts in VisionEgg (Straw, 2008).

At the center of the projection screen (approximately 180 degrees horizontally and 102
degrees vertically) was a small hole where a clear plastic feeder was attached such that it
extended 0.175 m into the chamber. The ceiling of the chamber was nylon mesh with holes for
the lenses (Computar H2Z0414C-MP) of three cameras (Prosilica Gige680, Allied Vision

Technologies). These three cameras were used to automatically track a painted white spot on the
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top of the bird’s head using Flydra 3D tracking software (Straw et al., 2011). Filming was
conducted at 100 frames per second (fps). The tracked flight trajectories were converted into 3D
(x,y,z) coordinates (Fig. 10B) and exported for further analysis using custom scripts in Matlab

(Mathworks R2012a).

Stimulus description: The spiral pattern was produced using Matlab to draw a four-armed 10
degree logarithmic spiral. Areas between the four spiraling lines were filled with black and white
in alternating fashion. The spiral pattern was rotated in clockwise direction at a rotation
frequency of 0.5Hz. Clockwise rotation (looming) at this frequency corresponds to a time-to-
collision (1) value of 1.86 seconds (Martinoya and Delius, 1990). We tested the luminance of the
spiral projected with the Canon LCoS projector. White spiral segments ranged from 316 to 160
cd/m? from the center of the spiral to the periphery. Black segments measured 87 cd/m? in the
center and 35 cd/m? at the periphery. For pattern combinations, a stationary black and white
checkerboard pattern with 0.5 cm squares was used. In addition the width of the projection
screen was decreased to 120 degrees horizontally and 100 degrees vertically in an attempt to

make a more square projection area to facilitate relative area calculations.

Experiment protocol: Both experiments relied on filming during a prolonged feeding bout and
trials were conducted every 20 minutes. Each experiment lasted a single day. Any feeding flight
where the hummingbird consumed less than 0.25 milliliters of sugar solution was discarded and
the trial was repeated. Access to food was restricted by removing the feeder between trials and
any moving stimulus patterns were stopped. Trials stopped when a bird finished feeding (left the
camera views) or after two minutes without a bird approaching the feeder. Restricting the timing
of feeding bouts and only providing a 12% by weight sucrose solution increased the feeding

duration but also necessitated training before experiments could start.
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The experiment testing the response to an offset spiral center had five treatments where
the center of a looming spiral was moved left, right, up, down or remained centered in the
background. The spiral center was moved by approximately 0.105 m or 30 degrees (from the
viewpoint of a docked hummingbird) in all directions. Because the spiral pattern was larger than
the projection area, the entire screen was always filled with spiral pattern. Each stimulus was

repeated twice and the overall sequence was randomized for six individuals in total.

The experiment testing the response to stationary pattern combined with a looming spiral
used a square projected image (288 x 288 pixels) partitioned into a background image (either
checkerboard or spiral) and a circular image with variable radius overlaid in the center (opposite
pattern). The spiral could be stationary or rotating. By changing the size of the central circular
image, we tested how sensitive the birds were to different amounts of visible looming. By
alternating the pattern in the middle, we changed the location of the looming stimulus, either in
the center of the image or at the periphery. Preliminary experiments suggested that birds
exhibited less response at small amounts of visible spiral so the first four birds were tested with
small central spirals and large central checkerboards (limited spiral visible at the periphery). Six
different radius treatments were used for the central looming spiral: 80, 88, 96, 104, 112, 120
pixels corresponding to 24.24, 29.33, 34.91, 40.97, 47.51, and 54.54% of the projected image
respectively. A large series of radii were used for the central checkerboard to obscure most of the
spiral as well, with central checkerboards with radius 144, 136, 128, 120, 112, and 104 pixels
yielding spiral percentages of 21.46, 29.94, 37.94, 45.46, 52.49, and 59.03 respectively. No-
motion trials were also conducted for the 96 pixel radius circle with both a central spiral and a
central checkerboard. In the first phase of data collection, 14 randomly ordered trials were

conducted for each individual and no trials were duplicated.
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We later decided to conduct the treatments with greater percentages of visible looming
spiral and tested an additional four hummingbirds with the large radii (listed above) used for
central looming spirals (144-104 pixels: 78.54, 70.06, 62.06, 54.54, 47.51, 40.97%) and the small
radii used for central checkerboard patterns (80-120 pixels: 75.76, 70.67, 65.09, 59.03, 52.49,
45.46%). Again, no-motion trials were conducted for a total of 14 different stimulus treatments
during the second phase of data collection. Thus, there were 26 different stimulus treatments for

this experiment.

Analysis - Response to offset spiral center: To examine how hummingbirds responded to the
position of looming visual motion, we analyzed their movements in a spherical coordinate
system. Every position was defined by a radius and two angles: azimuth and elevation (Fig.
10C). Movements towards the feeder were defined as negative, and movements away from the
feeder were defined as positive. We first calculated the derivative of the radius and then
extracted sequences of backward flight that were at least 0.25 seconds in duration. By taking the
start and end points of these segments, we calculated a single vector to describe the backward
motion in three dimensions. The azimuth and elevation angles of the vector, which describe
flight direction, are presented in figure 11. The radius (magnitude) of the backward flight

segments is presented in figure 12.

To evaluate whether hummingbirds responded to the change in center of expansion,
angles and radii were analyzed using linear mixed effects models in R (Pinheiro et al., 2016; R
Core Team, 2015). Stimulus was treated as a fixed effect with individual bird as a random effect.
Because the 10 trials per individual (two each of center, left, right, up, and down) were
conducted in random order and we were not specifically interested in an overall response

magnitude (radius), these models do not account for a possible response change over the course

45



of the experiment within individual. Post-hoc testing to differentiate between the stimulus

treatments was done with Tukey tests using the multcomp package (Hothorn et al., 2008).

Analysis - Response to combined stationary pattern and looming spiral: A bird’s position
and velocity were used to define two types of hovering behavior, which could each appear
multiple times within a single feeding bout. Docked feeding segments are defined by the bird
being within physical reach of the front of the feeder and having a net velocity less than 0.050
meters per second. Undocked look-up segments are defined by the bird not being within physical
reach of the front of the feeder but still having a net velocity less than 0.050 meters per second.
Only segments that lasted at least 0.25 seconds were included in analyses. To examine responses
to looming motion in the presence of stationary features, we extracted only the docked feeding

segments.

For each segment of docked feeding we calculated the average movement along the
forward-backward axis (x-axis in Chapter 1). Forward movement was defined as negative and
backward was positive. We first calculated the derivative of the bird’s position, then sorted the
derivative by motion direction (positive vs. negative values) and all values pertaining to a single
motion direction were summed to get a total distance traveled in each direction (purple highlight,
Fig. 10B). We next normalized the summed movement by dividing it by the duration of the
segment. Thus, forward and backward movement are represented as movement (in centimeters)

normalized to one second of flight (Fig. 10C).

Behavior analysis focused on responses during docked feeding flight because undocked
look-ups occurred with unpredictable frequency. The hummingbirds exhibit individual and day-
to-day variation in how regularly undocked look-ups are performed but docked feeding is

consistent and predictable. The motion in the backward direction was normalized for the length
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of the flight segment as above. The visual stimulus was described as a percentage of looming
spiral pattern and stationary pattern, such that a totally stationary stimulus would have 0%
looming and 100% stationary, but a looming spiral without a stationary pattern would be 100%
and 0% looming and stationary respectively. The backward response was also related to the
order of the experimental trials because previous work had shown a decrease in response
magnitude over time (Goller, 2011). These data describing response, stimulus composition, and
trial order (1-14) were analyzed using non-linear mixed models in R (Pinheiro et al., 2016).
Linear and exponential models did not fit the data well, so we used a logistic function. Model
parameters were estimated using individual bird as a random effect and then compared to models

where trial order was additionally included as a fixed effect. These curves had the formula:

fO) =it ————
1+ e+G0)

where a is the upper asymptote, s is a rate term, c is the center, and i is the lower asymptote. The
terms were estimated by fitting the model for data with varying X, percentage of spiral or

stationary pattern.

Results
Hummingbirds respond to small changes in looming spiral orientation

As the hummingbirds attempt to stabilize visual motion, how precisely do they match
small changes in the direction of the stimulus? To address this question, we shifted the center of
the spiral left, right, up, and down with respect to the feeder to determine if the angular

orientation of the flight response was coupled to the center of expansion in the looming stimulus
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(Fig. 11A-B). Shifts in spiral position caused hummingbirds to shift the angle of their backward
responses for both the azimuth (0) angle (Fig. 11C; F41197 = 213.4, P < 0.0001) and the elevation
(o) angle (Fig. 11D; Fa,1107 = 170.7, P < 0.0001). The length of the backward response drifts

(radius) was also affected by shifting the spiral center (Fig. 12; F4,1197 = 6.805, P < 0.0001).

To compare the effects of the different offset positions on the angle and radius measures,
post-hoc Tukey tests were performed. Left and right offsets of the spiral center caused significant
deviations in azimuth angle compared to centered (left: estimate = 17.133, P < 0.001; right:
estimate = -24.676, P < 0.001) but there was no azimuth difference between centered and the up
and down offsets (up: estimate = 1.020, P = 0.961; down: estimate = -3.070, P = 0.184). For
elevation angle the up and down offsets were predicted to affect the bird response. All directions
were significantly different from centered (up estimate = -10.796, down estimate = 25.747, left
estimate = 7.509, right estimate = 7.006, all P <0.0001). The left and right treatments were,
however, significantly different from the up and down treatments (estimates = -17.802 to -
18.741, all P <0.0001), but not different from each other (estimate = -0.503, P = 0.997). Shifting
the center of the spiral by 30 degrees caused the radius of backwards drifts to get shorter
(estimates = -0.353 to -0.556; P < 0.0173) but the different offset directions were not different

from each other (estimates = -0.203 to 0.0372; P > 0.395).

How close did the hummingbirds come to matching the stimulus offset? The magnitude
of the angular response for elevation in the up-down offset trials and azimuth in the left-right
offset trials was similar (estimate = -2.235, P = 0.052). Both were significantly different from the
maximum angular response (maximum of both angles measured for each drift) to centered spiral
position (elev. estimate = 6.131, azim. estimate = 8.367, all P < 0.0001). With offsets of 30

degrees, a 30 degree response was predicted for exact matching. Mean individual responses to a
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left shift ranged from 16.56 to 33.44 degrees, and -24.46 to -3.57 degrees for a right shift. Up and
down elicited vertical responses of -22.57 to -5.23 degrees and 17.26 to 35.58 degrees

respectively.

In addition to analyzing every drift event, statistics were also calculated based on mean
individual responses for the six hummingbirds to each of five treatments. The mean analysis
suggests that there was no significant effect of stimulus on response radius (Fs20=2.260, P =
0.0987). Up and down shifts had a significant effect on elevation angle (up estimate = -12.127,
down estimate = 26.576, all P < 0.001) and none on azimuth (up estimate = 1.009, down
estimate = -2.657, all P > 0.89). Left and right shifts had an effect on azimuth only (left estimate
= 15.401, right estimate = -23.632, all P < 0.0001), and none on elevation angle (left estimate =
7.079, right estimate = 6.884, all P > 0.064). Overall, this analysis showed that on average,

individuals are drifting to match the stimulus direction.

Hummingbirds respond to looming motion even when portions of the spiral are covered

We have demonstrated that hovering hummingbirds consistently lose position in response
to moving visual patterns (Chapter 1) using stimuli that cover a large portion of their frontal
visual field. In addition, the previous experiment showed that small changes in the position of the
center of a looming spiral pattern change the angle of backward drift responses. The second
experiment tests the hypothesis that hummingbirds will maintain stable position, in the presence
of visual motion, if there are prominent stationary features in their visual field, especially if these
cover the center of the spiral pattern. We combined looming visual motion from the spiral with a
prominent stationary pattern, a black-and-white checkerboard. Because the center of the moving
spiral pattern appears to be especially important, we tested two configurations: 1) the spiral

obscuring the center of the checkerboard, and 2) the checkerboard obscuring the center of the
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spiral. For each configuration, the backward response was measured over a range of relative

spiral and checkerboard sizes.

When the looming spiral obscured the center of a stationary checkerboard, the backward
response increased monotonically with the increase in looming area (Fig. 13A). Surprisingly,
even though hummingbirds respond to the position of the center of a spiral (Fig. 11), the same
backward response trend was observed when the checkerboard obscured the center of the spiral
(Fig. 13B). The relationship between the backward response and the area of the central pattern
was analyzed using non-linear mixed models, with individual bird as a random effect, estimating
four parameters: a = upper asymptote, s = rate term, ¢ = center, and i = lower asymptote. Curves
without a lower asymptote (i) were also fitted but these did not improve the model for increased
looming (ANOVA, AICnoi = -152.06, AlCuithi = -150.99, P = 0.112) and were significantly
worse for increasing stationary background (ANOVA, AICnoi = -84.48, AlCuithi =-108.42, P <

0.0001).

A model that included trial order for the asymptote term was the best model for the
increasing central spiral response, and a slight but significant improvement over the second best
model which did not include trial order (ANOVA, AlCno order = -149.03, AlCa-order = -150.99, P <
0.0467) suggesting that there was a decrease in response magnitude over time. Similarly for
increasing central checkerboard, the asymptote with order version was the best model (ANOVA,
AlCis-order = -99.48, AlCa-order = -108.42, P = 0.0084). The parameter estimates for the best-fit
models are shown in Table 1 and the curves are plotted with the raw data in figure 13 with trial
order = 0. If trial order were included in the plot, there would be 14 curves, one for each

permutation of a, and shifted by their different upper asymptote.
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The sigmoidal functions were used to predict a response with 100% looming spiral
motion and plotted against the average backward response for the same individual birds from
experiments in Chapter 1. The average response to looming motion was to drift backward 0.79
cm every second of feeding. The model based on an experiment with a pattern that covers less of
the visual field still predicted this saturated response. The model for increasing central spiral
predicted 0.68 cm (0.60 for highest trial order effect) and the model for a central checkerboard
series predicted 0.95 cm per second of feeding (0.58 for highest trial order effect), within the
spread of the individual responses (Fig. 13). Trial order had a 4.3 fold greater effect on the
peripheral spiral series than the central spiral series. Models would predict that the response
would reach 50% of max when a central spiral was 52.72% of the projected image, or 53.78% on

the periphery of the image.

Discussion

Hummingbirds hovering in flight arenas with immersive, moving black-and-white
patterns on the walls, lose positional stability and track visual motion with head and body
rotations and drifts (Chapter 1; Goller, 2011; Ros and Biewener, 2016). These experiments show
hummingbird sensitivity to motion, but use large, coherent visual stimuli and large contrasts
between motion directions. Such strong visual signals are unlikely to occur during hovering in
natural settings, so we tested more subtle changes in a looming spiral stimulus to investigate
whether hummingbirds would respond to small changes in motion direction or regain positional
stability with stationary patterns. Our experiments show that hummingbirds are sensitive to
relatively small changes (30 degrees) in left-right and up-down direction of optic flow. Their

sensitivity to motion is further shown by their continued destabilization, even when stationary
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visual features are present and layered with the motion stimulus. The response increases in
sigmoidal fashion as the relative area of moving versus stationary pattern area in the background

image increases, both when the center of the spiral is visible, and when it is obscured.

A rotating spiral pattern creates the illusion of continuous expansion or contraction
depending on the direction the pattern is rotated. Visual expansion is characterized by an origin,
the spiral center, from which motion is directed radially outward and toward the observer
(Martinoya and Delius, 1990). Expanding visual motion is characteristic of an approaching
visual feature and of forward observer motion (Gibson, 1954; Lee, 1980). When expansion is
linked with an object or feature, it can signal upcoming collision and requires action on the part
of the observer, who has to decide whether to avoid the object (Tammero and Dickinson, 2002a)
or interact with it, possibly by landing (Braitenberg and Ferretti, 1966; Coggshall, 1972; Lee et
al., 1993) or docking (Lee et al., 1991). The slow expansion cues used in these experiments,
create motion characteristic of 1.86 seconds to collision, which does not appear to alarm
hummingbirds, and instead produces slow backward drifts that could serve to stabilize the
expansion cue. In addition, hummingbirds exhibit similar drifting response to visual motion in
directions other than looming (Chapter 1; Goller and Altshuler, 2014), which suggests that the
visual background motions used in these experiments are more likely perceived as signals of

observer motion than object motion.

Visual expansion around a center is motion characteristic of an observer moving forward.
To stabilize the motion, the observer would have to move backward, as seen in the
hummingbirds (Chapters 1-2). When the center of expansion is moved left, right, up, or down,
the direction of the illusory observer motion reorients toward the new center of expansion,

therefore requiring a change in the angle of the compensatory backward response. In addition to
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the offset in the stimulus image, our projection surface was the wall of a cylinder so there was
also some displacement along the curvature of the wall for the left and right spiral positions. The
large radius of the cylinder (0.35 meter radius), as well as the small 10.5 centimeter displacement
of the spiral center along the 2.2 meter circumferential midline, make this effect minimal. There
was no significant difference between the magnitudes of horizontal response angle to left-right
offsets and the vertical response angle to up-down offsets, suggesting the curvature did not
increase the apparent direction change significantly. If anything, birds more closely matched left
and down shifted spirals than those shifted up and to the right. The horizontally shifted spiral
also caused a response in the elevation angle, albeit a small one that did not show up in
individual mean analysis. Perhaps adding a left or right component to the backward drift
necessitates an upward component as well. In retrospect, it would have been interesting to
include intermediate offsets, such as upper left, or lower right, to determine how closely

hummingbirds matched these combinations.

Vection is a phenomenon where subjects perceive or feel that they are moving
(Palmisano et al., 2015), and visual stimuli that induce vection have been extensively studied in
humans. We do not know if hummingbirds seeing our expanding stimulus perceive themselves to
be moving forward, as required of this definition. Hummingbirds need not ‘perceive self-motion’
to exhibit compensatory behaviors. Postural sway in humans can occur at motion thresholds
lower than those required for inducing illusory self-motion (Previc and Mullen, 1990; Stoffregen,
1985). Instead of claiming that these hummingbirds are experiencing vection, we reference
vection literature as a context for discussion of properties of the visual stimuli because these
same features may be generally important for vertebrate visual processing to direct compensatory

behaviors to visual motion.
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Shrinking the size of the projection screen to approximate a square surface and then
layering different patterns, may have enhanced the response to motion by introducing a depth
cue. An external frame, like looking through a window, increases vection (Telford and Frost,
1993). A central mask, however, was reported to have limited effect on a laminar flow pattern
inducing vection. Without a mask, vection was induced 81% of the time, while a 54 degree
circular mask on a 96 degree by 78 degree wide angle screen reduced the illusion of self-motion
to 62% (Telford and Frost, 1993). Our non-linear mixed effects model, fit to hummingbird
response data for a looming spiral with increasing sizes of a central checkerboard mask, predicts
a maximum backward response of 0.953. Calculating our model prediction for a circular mask
with 54 degree radius (30.6%) yields 0.708 for a 26% reduction, very similar to the actual 23%
reduction in vection measured by Telford and Frost. Vection induced by radial dot motion, which
is more similar to the looming or expansion of the spiral, was not affected by masking the center,
but decreased when masking the periphery (Telford and Frost, 1993). It is perhaps notable, that
hummingbird avoidance responses were much more symmetrical for a central and peripheral
mask than the perception of self-motion in human subjects. We did not test a variety of different
motion types, but predict similarly strong responses for all motion directions based on our

previous results (Chapter 1).

It is also important to note that it is difficult to compare central and peripheral portions of
a stimulus in experiments with birds and humans. A frontal screen occupies a different portion of
the visual field for a largely binocular human compared to a laterally eyed bird, like the Anna’s
hummingbird, which has limited binocular overlap (Martin, 2007, 2009). We found that
peripheral motion is as important, if not more so, than central motion. The periphery of our

projection screen was located about 50-60 degrees in each direction from a central point defined
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by the feeder-bill axis. Hummingbird retinas have both a shallow temporal specialization and a
more lateral fovea (Lisney et al., 2015; Wood, 1917), but in addition to responding to peripheral
motion they also respond to small central spirals and shifts in spiral center. Moving the center,
while it is obscured by the mask, would provide an interesting experiment to determine if the

orientation of expansion could as easily be perceived from just peripheral motion.

Hummingbirds are highly sensitive to visual motion and motion direction during
hovering, and drift in the direction of the visual motion. Visual expansion from a rotating spiral
pattern causes hummingbirds to lose the ability to hold a stationary position during both free
hovering in space and hovering while feeding. Non-expansion visual motion could only be
studied in undocked hovering birds using visual tracking because docking with a rigid feeder
prevented hummingbirds from moving left, right, up, down, and forward. Yet experimental
attempts to rescue normal hovering behavior by covering moving patterns with stationary ones
suggest that any expanding visual motion is sufficient to cause feeding hummingbirds to change
body position. We suggest that tactile feedback from bill contact with the feeder can serve as a
strong stabilizing signal, and that fusion of tactile and visual information will be an important

part of docked hovering position control.
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Figure 10. The position of hummingbirds hovering near a projection screen was measured
in 3-dimensions. The acrylic flight chamber has a back-projection screen on one side with a
feeder centered in the screen (A). Hummingbird position was tracked with three synchronized
cameras filming from above at 100 fps. Computer controlled stimuli could be projected with an
external projector. Position of the hummingbird (B) was calculated using the multiple camera
views and broken into forward-backward position (x), left-right position (y), and down-up
position (z). Taking a derivative of the x-position allowed us to highlight the flight segments
where the bird moved backwards (derivative > 0) for both feeding (purple) and look-ups (red).
Two different analyses were conducted for these experiments (C, gray inset). In the first,
backward drifts at least 0.25s in duration were described using a spherical coordinate system: a
radius term, a horizontal (azimuthal, 0) angle, and a vertical (elevation, o) angle. The second
analysis is an overall backward response during feeding, where all backward motions during a

feed are summed and normalized to the duration of the feeding segment.
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Figure 11. Hummingbirds shift the orientation of their backward flight to match offsets in
the position of the looming spiral. The angular positions of the stimulus (s) and response (r)
were defined using two mirrored spherical coordinate systems (A). We moved the center of the
spiral by 30 degrees in either the horizontal (azimuthal angle, 0s) or vertical (elevation angle, as)
plane (B). Left and right spiral positions elicited matched changes in backward flight in the
horizontal plane (0r) and limited change in the vertical plane (or) (C,D). The opposite is true for
spiral center offsets above or below the center. The thick black lines in the offset conditions
indicate the magnitude of a perfectly matched response at 30 degrees. Each column of points
within the treatments represents the backward drifts for a single individual (n = 6) with the

overall mean of all individuals shown by the horizontal bar.
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Figure 12. Moving the looming spiral center left, right, up, or down causes the radius of the
flight response to decrease relative to a centered spiral. Compared to the centered condition,
hummingbirds exhibit significantly shorter backward avoidance flights when the center of the
looming spiral is offset by 30 degrees. None of the offset conditions were significantly different
from each other. All other details as in figure 11, except no predictions for effect magnitude

could be made (no thick black line).
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Figure 13. Even with a prominent stationary pattern, a looming spiral produces the
characteristic avoidance response, which increases with an increased proportion of looming
spiral in the projected image. The backward responses to looming motion, when it is centrally
embedded in a checkerboard background, are on the left (A, green). Responses to a stationary
image, a checkerboard, in the middle of a looming spiral, are on the right (B, blue). The dashed
portions of the green and blue lines are the fitted sigmoidal model projection for images with
>80% looming spiral pattern and 100% spiral response is shown for reference using data from
previous experiments (Chapter 1, with a larger projected image). The two controls (0% in A and
100% in B) were performed with an image that included a stationary checkerboard and a non-

rotating spiral. Symbols indicate individual birds (n = 8).
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Table 1. Parameter estimates for series of combined patterns with either increasing

looming spiral or increasing stationary pattern

parameter increasing looming spiral increasing stationary pattern
a 0.657 — 0.00652*trial order 0.941 — 0.0280*trial order

S 0.0704 -0.0656

C 56.694 42.051

i 0.0571 0.0685
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CHAPTER 3 - HOVERING HUMMINGBIRDS ATTEMPT TO STABILIZE

VISUAL MOTION DURING DOCKED FEEDING

Introduction

Animals moving through and interacting with their environment use information from
numerous sensory sources to control their behavior. Animals in motion, or attempting to stay still
in a moving environment, can use vision, especially optic flow — the motion of visual features on
the retina - for behavior control. A moving observer creates different optic flow patterns
depending on their motion (Gibson, 1958; Lee and Lishman, 1977) and many experiments have
found examples of animals using properties of different optic flow fields to control behavior.
Optic flow is important for steering (Bhagavatula et al., 2011; Dakin et al., 2016; Mronz and
Lehmann, 2008; Scholtyssek et al., 2014; Tammero and Dickinson, 2002a), velocity and altitude
control (Baird et al., 2006; Schiffner and Srinivasan, 2015; Srinivasan et al., 1991), distance
estimation (Srinivasan et al., 1997), landing (Braitenberg and Ferretti, 1966; Lee et al., 1993),
docking (Lee et al., 1991), diving (Lee and Reddish, 1981), etc., and used by animals moving
through water (Junger and Dahmen, 1991; Shaw and Tucker, 1965), on land (Lee & Aronson
1974), and in air (Goller and Altshuler, 2014; Kelber and Zeil, 1997; Kern and Varja, 1998) for
position or posture control. Perception of visual motion is important for guiding behavior, but
other sensors also provide important information for controlling animal movement. How does

non-visual sensory information change the use of optic flow to control flight?

Depending on the behavior and environmental context, the information from some

senses, even vision, may not be reliable or appropriate to control a behavior. Visual motion, for
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example, can cause stationary human observers to perceive themselves to be in motion (Lee,
1980; Telford and Frost, 1993). Previous studies show that hummingbirds stabilize visual motion
during hovering flight (Goller and Altshuler, 2014; Ros and Biewener, 2016) much like humans
controlling posture. Expanding visual motion causes feeding hummingbirds to drift backward
away from the feeder. Hummingbirds exhibit this backward response to expansion even in the
presence of large stationary visual features that obscure the center of expansion (Goller and
Altshuler, 2014). If visual references cannot help a hummingbird to remain stationary in the

presence of visual motion, perhaps another sensor could?

Animals integrate information from multiple sensory sources. Fusing the information
from different sensory systems to guide behavior involves not only compiling sensory
information, but also constantly evaluating its reliability and appropriateness. Simple physical
contact with a stable object increases stability of human posture when vision is unavailable or the
visual field moves, even if the contact is not forceful enough to provide body support (Holden et
al., 1994; Jeka et al., 2000; Jeka and Lackner, 1994; Oie et al., 2002). Additionally, large
perturbations in visual information increase the reliance on ankle proprioception and vice versa,
though not symmetrically (Hwang et al., 2014; Logan et al., 2014). Hummingbirds dock with, or
insert their bills into, flowers or feeders to collect nectar, and therefore have a stable tactile
reference to help them maintain body position during hover feeding. We hypothesize that
hummingbirds feeding in the presence of a moving visual background would use tactile

information to stabilize.

Previously, hummingbirds were shown to respond to visual motion during undocked
hovering, but only backward responses could be measured for docked birds. Lateral and vertical

changes in head position were restricted because the bill was inserted into a rigid feeder (Goller
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and Altshuler, 2014). We predicted that feeding hummingbirds would hold a stable position
relative to their feeder when hovering in front of stationary backgrounds, or when the
background moved laterally or vertically. We also predicted that different motion speeds,
especially slow motions, could affect how tactile and visual information were integrated. To test
these predictions, we designed a flight chamber with an instrumented feeder that measured the
forces a bird exerted on the feeder when docked. We recorded feeder measurements for
hummingbirds hovering in front of stationary and moving backgrounds to investigate three

questions:

1) Do hummingbirds push against the feeder during hovering when the visual environment
IS stationary?

2) Do hummingbirds attempt to stabilize lateral and vertical visual motion during feeding?

3) Does hovering stability depend on visual motion speed?

Methods

Animal model: All experiments were performed with eight male Anna’s hummingbirds, Calypte
anna, caught and held on the campus of the University of British Columbia. Birds were caught
between 29 October 2015 and 07 March 2016 and experiments were performed between 04
February 2016 and 17 March 2016. The hummingbirds were housed individually in 0.91 x 0.61 x
0.61 meter cages and fed ad libitum 15% (by weight) table sugar solution or 13% (by weight)
Nektar-Plus solution (Nekton GmbH, Germany) in their home cage. Animals were collected
from their home cage immediately prior to experiments, and returned immediately following
experiments. All procedures were performed with approval of the University of British Columbia

Animal Care Committee.
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Experimental rig: The experiment chamber consisted of an acrylic cube with 0.5 x 0.5 meter
wall panels (Fig. 14A). One side panel was coated with a frosted window coating
(wallpaperforwindows.com) to allow back-projection with a Canon REALIS SX80 Mark 11
projector (3,000-lumen lamp, 1400 x 1050 SXGA, 60 Hz). The floor of the cube was partially
open and covered with nylon mesh to allow downwash from the wings to escape. The cube face
to the bird’s right during feeding contained a door for access to the chamber. All three uncoated
walls were covered with black poster paper on the inside of the chamber to prevent reflection of
projected stimuli. Bird behavior was monitored at 10 frames per second using an AVT GigE680
machine vision camera (Allied Vision, Exton, PA) and the video stream was recorded during
experimental trials using Streampix 7 software (NorPix, Inc., Montreal, Canada). A feeder was
centered in front of the projection screen with the tip of the feeder 23 centimeters from the wall
surface and filled with 0.6 milliliters of 15% by weight table sugar solution before each

experimental trial.

Feeder sensor: The base of the small sugar reservoir was mounted on a home-built sensor that
measured strain in the left-right and up-down directions. The sensor was composed of 3-D
printed plastic pieces connected by four 13x5 millimeter pieces of 0.003” 18-8 stainless steel
shim stock. Each small shim stock piece had a N2A-13-S071P-350/LE2 model strain gauge
mounted with MBond 610 adhesive (Vishay Precision Group, Malvern, PA). These were wired
such that gauges in opposite orientations were mounted on opposing halves of a single
Wheatstone bridge for each axis measured (one bridge with two gauges for left-right and another
for up-down). Bridges were completed with 350 Ohm resistors. Each bridge was separately
powered by a 9 Volt battery and amplified in separate channels of a Brownlee Precision Model

440 four-channel amplifier (NeuroPhase LLC, Santa Clara, CA). Signal from the sensor was
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initially amplified 500x for the left-right channel and 2000x for the up-down channel and offset
was adjusted to bring the signal close to zero. The signal was then passed to the other two
channels on the amplifier and amplified a further 10x each for totals of 5000x and 20000x for the
horizontal strain and vertical strain measurement channels respectively. Amplified voltages were
recorded at 1000Hz using a NI USB-6009 board (National Instruments Corp., Austin, TX) and
custom written Matlab R2013b (The MathWorks Inc., Natick, MA) scripts that utilized the Data
Acquisition Toolbox. A third event channel was also recorded to synchronize the strain
recordings with stimulus onset, which was signaled with an electrical pulse. All traces were

saved in .csv format for further analysis in R.

Visual stimulus: Two types of patterns were used to create visual motion on the 0.5x0.5 meter
projection surface at a resolution of 1050x1050 pixels. Stimuli were either black-and-white
linear gratings with four sets of either vertical or horizontal bars (spatial frequency: 0.043 cycles
per degree) or random dotfields with 250 black dots (40 pixel or 3.4 degree diameter) on a white
background. Dots were initially randomly positioned and had infinite lifetimes, but would
regenerate at the origin of motion (side opposite the direction of motion) if they moved off the
screen. Both patterns were moved at the same speeds: 0, 2, 12, 48, 72, 84, 120 degrees per
second and in the same directions: left, right, up, and down, as defined by a feeding
hummingbird’s point of view. Stimuli were generated and controlled using custom scripts in

Matlab and utilizing Psychtoolbox-3 (Brainard, D. H., 1997; Kleiner et al., 2007; Pelli, 1997).

Experiment procedure: Hummingbirds were initially trained to the experimental chamber by
allowing them to acclimate with a known feeder. A non-moving pattern was projected from the
start of training, with four birds trained with a grating, and four with a dotfield. After their

behavior settled to a normal mix of perching and flying, the known feeder was removed and the
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bird was expected to begin feeding from the experimental feeder. Initially a red tube was
attached to the front of the experimental feeder to visually guide the bird, but this was removed
after the bird consumed sugar solution. Birds were then trained to feed on a 15 minute schedule
by capping the feeder so the bird did not have access to food, then opening the feeder every 15
minutes and giving the bird up to 2 minutes to feed. Once a bird reliably followed the schedule
for several hours, it was considered trained. No birds were excluded from experiments on the

basis of failed training.

Two experiments were conducted on two separate days within a four day span post-
training. The first experiment was to move the background pattern in four different directions
(left, right, up, and down) at 12 degrees per second. Birds were tested with the pattern they
received during training. Each direction was tested twice in random order, which also included
two non-moving trials. Birds were kept to a 15 minute schedule, with discretionary changes to 20
minute schedules if birds were consistently skipping trials at 15 minute intervals. At the end of
each trial, the feeder was refilled from a syringe with 0.1 milliliter graduations and trials where
birds fed less than 0.1 milliliters were added to a repeat list. The trials on the repeat list were
conducted again at the end of the initial set of 10 stimulus treatments. Each trial began with
starting the video and strain recordings, then the stimulus, and finally opening the feeder. Trials

were concluded in the reverse order.

The second experiment used the same trial-to-trial procedure but with different stimuli. In
this experiment all birds received a mix of the two patterns with each pattern moving to the left
at seven different speeds: 0, 2, 12, 48, 72, 84, 120 degrees per second. Each speed and pattern
combination was used once. Again, trials where the bird did not drink at least 0.1 milliliters were

repeated after the random trial sequence had been completed.
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Analysis: Bird presence at the feeder was determined by digitizing the video recordings. The
timestamps of the bird arriving and leaving were matched to the recorded traces from the
horizontal and vertical strain amplifier channels (Fig 14B-C). Portions where the bird was
present and feeding were conservatively cropped by 0.25 seconds on either end to eliminate
signal spikes caused by docking and undocking with the feeder. The feeding portions were
analyzed relative to a minimum of 3 seconds of recording before the first feed and after the last.
Each trace was detrended by subtracting a linear fit to the pre- and post-feed data. Trace analysis
and statistical analysis was performed in R version 3.1.3 (R Core Team, 2015) using linear
mixed models (Pinheiro et al., 2016) and post-hoc testing using Tukey tests in the multcomp
package (Hothorn et al., 2008). Fixed effects included pattern, stimulus speed, and stimulus
direction. Individual hummingbirds, and repeats of trials within individual were treated as
random effects, with feed within a trial also included where appropriate. Spectral analysis was
performed with signal (signal developers, 2013). Figures were generated with ggplot2

(Wickham, 2009) and edited in Adobe Illustrator CS4 (Adobe Systems Inc., San Jose, CA).

Calibration: Strain signals were calibrated by hanging 2, 5, and 10 gram weights on the feeder.
The feeder could be reoriented to allow hanging weight orientations in the down, left, or right
directions. Calibration points were analyzed and fit with a line through the origin. The mean of
the line slopes for horizontal and vertical axis was used to relate voltage of the respective

channel to mass units.
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Results

Hummingbirds physically interact with the feeder during feeding

Hummingbirds physically connect and interact with the feeder when they are docked. For
this section we only present analysis of experimental trials without background stimulus motion.
The physical interaction with the feeder is evident through several metrics. During feeding, the
amplitude of the strain signal often increases relative to pre-feeding amplitude (v min =1.141, v
median = 1.783, v max = 19.280; h min = 0.775, h median = 1.211, h max = 3.089). The
amplitude change is primarily in the vertical axis (Fig. 14B-C for representative raw traces, Fig.
15A for analysis) which exhibits an average change about 2.4 times (v mean = 3.000; h mean =

1.236) greater than the change in horizontal axis amplitude (F1,100 = 44.428, P < 0.0001).

The increase in signal during docked feeding is related to several behaviorally relevant
frequencies (Fig. 14D-E for representative spectrograms, Fig. 15B for analysis). Anna’s
hummingbirds extend their tongue to lick nectar at about 10-15Hz (Ewald and Williams, 1982)
and spectral analysis of strain recordings exhibit increased power in this frequency range when
the bird is docked (v min = 0.865, v mean = 4.991; h min = 0.612, h.mean = 1.956). Hovering
wingbeat frequency around 35 to 45Hz (Altshuler et al., 2012; Clark and Dudley, 2010) is also
transmitted to the feeder (v min = 1.062, v mean = 4.683; h min = 0.785, h.mean = 1.768) and is
always apparent in the vertical strain measurements. For comparison, the power of the signal at
60Hz, electrical background noise, is relatively unchanged (v min = 0.775, v mean = 1.096; h
min = 0.454, h mean = 1.047). The licking and wingbeat frequencies are transmitted significantly
more in the vertical axis than the horizontal axis (10-15Hz: F1100 = 17.725, P < 0.0001; 35-45Hz:

F1,100 = 75.862, P < 0.0001) but not the electrical noise (58-63Hz: F1,100 = 2.616, P = 0.109).
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In addition to the high frequency interactions, hummingbirds also push against the feeder.
The measurement to illustrate this pushing interaction is a difference between the feeding mean,
and the pre-feeding signal mean. Individual hummingbirds vary in how much they push against
the feeder during feeding, with no background visual motion, and also how much variance they
exhibit from feed to feed (Fig 15C). However, this is not systematic and there is no effect of
pattern (Fis2=1.432, P =0.237) or day (F1,19 = 0.791, P = 0.385) on horizontal push. Similarly,
vertical push is not affected by background pattern (F152=0.788, P = 0.389) or day (F1,10 =

1.982, P = 0.175).

Hummingbirds stabilize directional visual motion during feeding

Feeding hummingbirds push against the feeder in the direction of visual motion but
remain docked. We analyzed horizontal push (Fig. 16A) during trials with moving backgrounds
using a linear mixed effects model and found an interaction between pattern and stimulus motion
direction (Fa,125 = 3.279, P = 0.0136). As a result, we split the analysis by stimulus pattern and
found that direction of stimulus motion has an effect with both gratings (Fses = 13.120, P <
0.0001) and dotfields (Fs5s7 = 14.305, P < 0.0001). Post-hoc Tukey tests were used to compare
the response to the different direction treatments. Dotfields moving right and left had a strong
effect on how much a hummingbird pushed right and left (right: estimate: -6.894, P < 0.001; left:
estimate: 5.184, P = 0.015). In contrast, gratings only elicited significant pushing to the right
(estimate: -7.314, P < 0.001), but the lack of a significant leftward response (estimate: 0.714, P =
0.981) can be explained by the leftward push in no-motion trials with the gratings. The
horizontal response to up and downward moving gratings further indicated the leftward
preference in the treatment without visual motion. While the horizontal response to gratings

moving in both vertical directions was close to zero (as we predicted for no motion and vertical
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motion), down was significantly different from no motion (estimate: -4.228, P = 0.00495) and up
was not (estimate: -3.0491, P = 0.111). With dotfields, up and down matched predictions as they
were not different from the no motion treatment (up estimate: 2.577, P = 0.442; down estimate:

0.428, P = 0.998).

Vertical push (Fig. 16B) also exhibited an interaction between pattern and visual motion
direction (Fa,125 = 2.620, P = 0.0381) so the analysis was again split by pattern. Dotfields again
had a stronger effect on the hummingbirds’ pushing response and visual motion direction had an
effect (Fs457 = 9.377, P <0.0001). Interestingly, hummingbirds only stabilized downward motion
(estimate: -17.528, P < 0.001), there was no vertical pushing response to visual motion moving
up, left, or right. With the grating patterns, visual motion had no effect on vertical pushing (Fa.es

= 1.633, P = 0.176).

Visual motion stabilizing response in feeding hummingbirds is speed tuned

We also tested a single motion direction at a range of speeds to determine if the
hummingbird pushing response was speed tuned. Speed tuning was again analyzed with a linear
mixed effects model, this time using speed as the fixed effect instead of direction. All motion
was to the left in this experiment. Analysis of the horizontal push yielded a significant effect of
speed (Fe,166 = 10.118, P < 0.0001) but not pattern (F1,166 = 2.516, P = 0.115) and no interaction
between speed and pattern (Fs 166 = 1.276, P = 0.271). We removed the interaction term and
repeated the analysis, then conducted a Tukey test to determine differences between speeds (Fig.
17). Speeds of 2 and 120 degrees per second were not significantly different from no motion
(estimate = -0.134, P = 1.0; estimate = 2.257, P = 0.247; respectively). Leftward motion at

speeds of 12-84 degrees per second were significantly different from no motion (estimates:
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3.782-5.623, P < 0.00475). Over the range tested, the response appeared to peak between 12-48

degrees per second.

In the vertical direction, where no response was expected, the interaction term was not
significant (Fs 166 = 1.818, P = 0.0983) but visual motion speed did have a significant effect
(Fe,166 = 2.349, P = 0.0333). We removed the interaction term from the model, even though this
was not necessarily warranted, to enable post-hoc testing to probe the significant speed fixed
effect. Tukey contrasts yielded no significant speed contrasts (estimates: -3.611 to 5.277, all P
>=0.0693). This suggested that a single contrast between 2 and 120 degrees per second
(estimate: 5.276, P = 0.0693) was driving the speed significance in the model, but that there were

no systematic differences indicative of a consistent vertical response.

Discussion

We investigated how a hummingbird pushes against a feeder once it has docked by
measuring horizontal and vertical forces exerted on an artificial feeder by feeding hummingbirds.
We first measured hummingbird interactions with a feeder without manipulating the visual
background and found that hummingbirds push against the feeder when they open their bill to
drink, beat their wings, and when they shift their body or head position. Hummingbirds feeding
in front of moving visual patterns also push against the feeder in the direction of the background
motion, with the exception of upward motion. The stabilization response is speed tuned and
quickly saturates. Our results indicate that bill contact with the feeder does not eliminate the
feeding hummingbird’s attempts to stabilize visual motion, suggesting that fusion of vision and

touch does not strongly modify position control during docked hovering.
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Behavioral reactions to the direction of translational and rotational optic flow are
common in animals. Humans exhibit strong reactions to optic flow as infants, even falling
forward or backward because of visual motion (Lee and Aronson, 1974). Over time, and with
practice, other sensors are incorporated and control becomes more refined (Lee, 1980). Adults
exhibit differences in how they weight tactile and visual signals, and also their sensitivity to
conflicts between the two senses (Jeka et al., 2000). It is surprising that hummingbirds push
against the feeder because we predicted that docking would provide a second source of
information about positional stability, much as touch helps to stabilize human posture sway.
Designing a new experiment to compare the gain and phase of stabilization responses during free
and docked hovering would potentially answer whether touch can attenuate the visual
stabilization response. The absence of an upward stabilization response suggests that docking

does modify hummingbird hovering control.

Docked hummingbirds do not push upwards to stabilize visual motion. The absence of an
upward stabilization response is more likely to be the result of a behavioral trade-off than a
physical limitation or visual processing asymmetry. Hummingbirds can lift at least 150% of their
body weight (Altshuler et al., 2010; Chai et al., 1997), and pushed in other directions, so pushing
upward on the feeder was physically possible. Zebra finches exhibit an enhanced optokinetic
response, where the head moves to stabilize visual motion on the retina, in response to temporo-
nasal (forward) visual motion over the opposite direction (Eckmeier and Bischof, 2008). The
behavioral result matches temporo-nasal preferences of directionally sensitive visual motion
processing neurons in the avian brain (Winterson and Brauth, 1985). However, freely hovering
hummingbirds adjust body position to stabilize directional motion in all directions, including

upward motion and no preference was detected (Goller and Altshuler, 2014). During feeding, the
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hummingbird must open and close its bill to lick and collect nectar captured by the tongue (Rico-
Guevara and Rubega, 2011), so pushing upward may prevent the feeding motion while
downward or lateral pushes do not. Docked, hovering hummingbirds may experience a trade-off
between stabilizing upward motion and feeding. If motion stabilization can be eliminated in the

upward direction, why push against the feeder in other directions?

We measured transmission of licking and wingbeat motion primarily in the vertical axis
of the feeder. During feeding, hummingbirds open and close the tips of their bills (Ewald and
Williams, 1982; Rico-Guevara and Rubega, 2011). Measuring a signal at licking frequency of
10-15Hz suggests that the feeding hummingbird is bumping its bill into the feeder with each lick.
Feeder shape possibly contributes to the bill-feeder interaction, but studies of feeding
hummingbirds have not previously described feeder or flower shape interfering with bill motion
during feeding. The vertical wingbeat frequency signal most likely comes from the vertical body
oscillation during flapping flight. Bird head and eye stabilization reflexes increase their gain
during fictive flight in comparison to standing (Maurice, 2006; McArthur and Dickman, 2011),
and hovering birds are excellent examples of head stability (Frost, 2009). We suggest that the
feeder sensor is measuring head stabilization error during hovering. Further experiments are
necessary to determine how head stabilization may change with a non-rigid feeder or more

complex hummingbird-flower interactions.

The horizontal stabilization response was found to be tuned to motion speed, but not
specialized for slow speeds. An important visual motion processing center in birds is the nucleus
lentiformes mesencephali, and it is enlarged in hummingbirds. It was predicted that this
hypertrophy could be related to a need to process slow visual motion for hovering control

(lwaniuk and Wylie, 2007). In pigeons, neurons in the same nucleus have direction and speed
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preferences. Neurons are classified as either ‘slow’ or ‘fast’, with slow neurons preferring speeds
< 6 degrees per second (Winterson and Brauth, 1985; Wylie and Crowder, 2000). We find no
evidence that hummingbirds are sensitive to motion slower than 6 degrees per second. A
previous study with Ruby-throated hummingbirds did not test slow speeds, but the
hummingbirds were shown to track square-wave gratings (spatial frequency 0.04 cycles per
degree) moving at 62-134 degrees per second with head and body rotations (Ros and Biewener,
2016). Our results with docked hummingbirds suggest that the docked response is present over a
similar range, though we found evidence that it was declining at 120 degrees per second. We also
found no difference between square-wave grating and dotfield response curves for speed tuning,
suggesting that the response we measured was not specific to the spatial frequency of our grating
pattern. We did not test different spatial frequencies of gratings, however, and the overlap could

be a coincidence.

In the wild, where hummingbirds are feeding from flowers on flexible stems, the
hummingbird may be able to move and continue feeding by steering the flower. How docked
hovering is controlled in a more dynamic system like the more natural flower-hummingbird
interaction remains to be examined. However, this experiment is the first time that the
hummingbird’s interaction with the physical feeder structure has been investigated. Our results
suggest that hummingbirds push against the feeder in several ways during feeding, even though
the bird appears stationary as it hovers. We have shown that hummingbirds have complex
interactions with the feeder during docked hovering, which has not been addressed in studies that
use feeders to elicit hovering and other flight behaviors and should be considered when

discussing the aerodynamics of these behaviors. Approaching and docking with a flower is
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certainly a precise behavior, but our results suggest that hovering at the flower afterward may not

be as precise as it looks.
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Figure 14. Experimental rig was designed to measure how hovering hummingbirds interact
with the feeder. The flight chamber (A) is a 0.5m cube with a back-projection screen on one
wall and a feeder centered in front of it. Horizontal and vertical strain, as well as video, are
recorded and a computer also controls the motion of a background visual stimulus. Strain
recordings measure pushing against the feeder in body weight units (assuming an average 49
Anna’s hummingbird) for both left-right (horizontal axis, B) and up-down (vertical axis, C)
pushes. Blue highlights sections where the bird is not present, while red indicates sections where
the bird is docked. The two traces shown are examples where the background is stationary.
Spectral analysis of the horizontal (D) and vertical (E) axis traces (B,C respectively) show the
appearance of the wingbeat (~40Hz) and more faint licking (10-15Hz) frequency bands when the

bird is docked.
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Figure 15. Docked hummingbirds interact with the feeder. Data shown here are from trials
without stimulus motion. Strain measurements show that hummingbirds push against the feeder
in multiple ways. The amplitude of the recording (A) increases when the hummingbird docks,
especially in the vertical axis. Both axes exhibit signatures of two behaviorally relevant
frequencies (B): licking frequency (10-15Hz) and wingbeat frequency (35-45Hz). In comparison
to the electrical noise that is not bird-related, these frequencies appear in the strain recordings
after the bird docks and suggest that the bird’s bill transmits body motions. Finally the bird also
adjusts its body or head position to push against the feeder (C). These pushes are highly variable
both within and between individuals, but there is no systematic trend across days or between
background visual patterns. The faded symbols show the raw data, and the full-color squares

show daily means.
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Figure 16. Hummingbirds attempt to stabilize visual motion during docked feeding,
especially in the horizontal axis. Horizontal (A) and vertical (B) push was measured each time
a hummingbird docked, and each bird was presented with right-, left-, up-, and down-moving
patterns, as well as stationary ones, during feeding. Black arrows indicate the expected push
direction if the bird attempts to stabilize directional motion. In both axes the gratings (red) had
less of an effect than the dotfields (blue). In most cases hummingbirds docked multiple times
within a single stimulus trial (multiple feeds within a trial) and this is indicated by the increasing
diameter of the raw data symbols. Overall means of all feeds in a stimulus and pattern group are
shown by the plus symbols. Hummingbirds push against the feeder in an attempt to stabilize

right, left, and down motion, but there is no evidence that they attempt stabilize up motion.
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Figure 17. Hummingbird attempts to stabilize leftward visual motion exhibit speed tuning.
Horizontal push was measured for docked hummingbirds feeding in front of gratings and
dotfields moving to the bird’s left at different speeds from 0 to 120 degrees per second. Raw data
are shown as circles, with overall means as the plus symbols. Means are joined by colored lines
to visualize the tuning curve. The individual tuning curves for each of the eight individual birds
are shown in gray. These individual lines combine the responses for the two patterns. Overall,
birds exhibit a response plateau by 12 degrees per second that then declines for motion faster
than 84 degrees per second. No response was measured for patterns moving at 2 degrees per

second.
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CONCLUSION

Collecting nectar, and hovering at the flower to do so, is central to hummingbird
behavior, ecology, and evolution (Altshuler and Dudley, 2002). Hummingbird ability to sustain
hovering flight is unique among birds, and hummingbird morphology and physiology are
specialized for the energetic and aerodynamic demands of hovering. It follows therefore, that
sensory control of flight in hummingbirds would similarly be tuned to facilitate hovering at
flowers, and specialization of the hummingbird brain suggests that visual motion perception is
especially important for this behavior (Iwaniuk and Wylie, 2007). This dissertation shows that
hovering hummingbirds are sensitive to visual motion, and suggests that hovering control is not
tuned for maintaining bird-flower interaction but rather for minimizing perceived motion in
space. We anticipated that hovering stability at the flower would be difficult to alter but found
that hummingbirds continue to respond to moving backgrounds even when birds are docked with
a feeder. It is remarkable that hummingbirds exhibit such sensitivity to background motions

during a flight behavior that allows hummingbirds to feed from flowers.

The studies comprising this dissertation are on a short, but recently expanding, list of
behavioral studies investigating visual control of avian flight. The strength of hummingbird
behavioral responses during free hovering in a virtual reality arena has helped to draw attention
to avian models and to bridge avian visual neuroscience with flight (Wylie et al., 2015). In the
avian brain large-field visual motion, or optic flow, is processed by a pathway named the
accessory optic system. Two major, complementary, nuclei in this pathway are called the nucleus
of the basal optic root (nBOR) and the lentiformes mesencephali (LM). These nuclei provide
visual motion processing underlying avian eye, head, and body reflexes that serve to minimize
perceived motion on the retina and thereby facilitate visual acuity and body stability. The LM is
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enlarged in hummingbirds while the nBOR is not, suggesting a functional importance of the LM,
and optic flow, for controlling body position during hovering (Iwaniuk and Wylie, 2007).
Neurons in the LM prefer temporonasal (back-to-front) visual motion and reflexive motions to
stabilize retinal images are accordingly enhanced for visual motion in the forward direction
(Eckmeier and Bischof, 2008; Gioanni, 1988a). Other animals exhibit similar asymmetry (e.g.
Collewijn, 1980; Masseck et al., 2008). This dissertation shows that hovering hummingbirds are
highly sensitive to optic flow, implicating the LM in hovering control, as had been previously

predicted (lwaniuk and Wylie, 2007).

Hummingbirds did not exhibit behavioral asymmetry in flight responses for the visual
motion directions tested, as predicted by LM neuron direction preferences. One factor may have
been binocular viewing of the stimuli, which was shown to eliminate asymmetry of responses to
lateral motion in zebra finches (Eckmeier and Bischof, 2008). However, for forward or
temporonasal motion, which is preferred by LM neurons, binocularity increased responses in
humans (Berthoz et al., 1975; Lestienne et al., 1977). Making finer measurements of stabilizing
behavior, including motions of the eyes, head, and body, in hovering hummingbirds would be
important to determine whether behavioral asymmetries exist. Alternatively, our results could
suggest that the hummingbird brain is more specialized for motion perception than previously
thought, or that motion processing is different when the animal is in flight in comparison to

stationary on the laboratory bench.

Birds exhibit differences in body and head stabilization reflexes depending on their
behavioral state. In addition to passive damping in the neck (Pete et al., 2015), active
compensation helps to keep the head and eyes stable during flight, a critical prerequisite for

using vision to control flight where the body oscillates with each wingbeat (Gioanni, 1988a,
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1988b; Gioanni and Vidal, 2012; Wylie and Frost, 1996). During flight, wing and tail reflexes
help to correct sudden changes in body position in concert with head and eye stabilization
reflexes. These control reflexes are significantly damped, or absent, during perching and
standing, compared to a fictive flight preparation (Bilo and Bilo, 1978; McArthur and Dickman,
2011). Behavioral state is important for numerous reflexes, but we know little about how

behavioral state affects sensory processing in the brain.

Stabilization reflexes are enhanced during active behavior suggesting that visual motion
detection pathways underlying optomotor reflexes may be similarly enhanced. Other types of
visual motion detection or guidance, such as circuits governing interactions with objects in the
environment, may not change with behavioral state and may be universally relevant. Visual
expansion is an important signal for controlling landing (Lee et al., 1993), diving (Lee and
Reddish, 1981), and even hummingbird docking (Lee et al., 1991), but is also important to detect
an approaching predator. Descriptive studies used bird behavior as examples to support
predictions about important visual parameters, such as relative rate of visual expansion, and the
predicted parameters were later found to be encoded by neurons in the tectofugal pathway of
birds (Sun and Frost, 1998). Recent flight studies with birds have further strengthened the early
descriptive work (Bhagavatula et al., 2009; Vo et al., 2016). There is a strong background of
knowledge on avian visual motion processing that provides hypotheses for behavior experiments,
but can also benefit from identification of important visual parameters through studies of flight

control in birds.

In addition to complementing research on avian motion processing, the studies of
hummingbird flight in this dissertation contribute to an increasingly interesting comparison of

visual flight control mechanisms in insects and birds. Hummingbird sensitivity to motion and
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persistent stabilization of motion once docked are surprising, but the general strategy of
stabilizing visual motion during hovering was also shown in insects. Hovering insects presented
with moving backgrounds control their position in space by moving their bodies to stabilize
visual motion (Farina et al., 1994; Kelber and Zeil, 1990, 1997; Kern and Varju, 1998). Like the
hummingbirds, these insects stabilize visual motion during a hovering behavior involving a
target. In contrast to docked hovering in hummingbirds however, hawkmoths and guard bees are
able to move relative to their targets because they are not rigidly docked. Hovering moths feed
with a long, flexible proboscis that gives them the freedom to track flower and visual background
motion without losing contact with the nectar (Farina et al., 1994; Kern and Varju, 1998;
Sprayberry and Daniel, 2007). Guard bees holding positions near their nest entrance are not
physically connected to their target and are free to drift (Kelber and Zeil, 1990, 1997; Zeil and
Wittmann, 1989), much like a hummingbird during a look-up. Once docked however,
hummingbirds are anchored by their rigid bill yet still attempt to stabilize visual motion (Chapter
3). The docked attempts to stabilize motion suggest that there may be a different interaction
between feeding hummingbirds and flowers than the flower tracking shown in hawkmoths.
Hummingbirds could “track” flower oscillations but could also resist flower motions, holding the
flowers in a moving environment or even steering them. Most laboratory studies with
hummingbirds have used rigid syringes or plastic feeders in the place of natural flowers and it

would be critical to also test flexible feeders for future hovering studies.

While hovering hummingbirds and insects respond to visual motion in similar ways
during hovering, we cannot generally assume that visual guidance strategies converge between
insects and birds. Numerous recent studies have focused on testing stimuli that are important for

insect flight control on flying birds. For example bees and bumblebees use optic flow to control
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velocity and navigate through a tunnel under both laboratory and naturalistic conditions (Baird et
al., 2006; Baird and Dacke, 2012; Srinivasan et al., 1991). Budgerigars were found to change
flight course like the bees when traversing a tunnel (Bhagavatula et al., 2011) and also to
regulate flight speed based on optic flow, although the velocity changes only occurred for
increasing flight speeds. The directional bias in visual velocity control suggests that budgerigars,
unlike the bees, may be limited by energetic or gait constraints (Schiffner and Srinivasan, 2015).
Hummingbirds in a flight tunnel did not use the same optic flow signals to navigate, instead
relying on visual expansion of large vertical features to determine lateral position (Dakin et al.,
2016). The different results between bird species, insects, and recently also fish (Scholtyssek et
al., 2014), illustrate the importance of studies that empirically test behavior control. In addition,
it is important to interpret the laboratory studies in the context of natural environments and
behaviors, and to attempt to explain how other visual information or senses may influence

behavior control.

Properties of the visual system are important considerations when explaining visual
control of behavior. The behavior experiments in this dissertation contributed to an interest in the
morphology and resolution of the hummingbird visual system. Hummingbirds have two retinal
specializations, a temporal area facing forward and a fovea projecting laterally (Lisney et al.,
2015; Wood, 1917). Receptor densities suggest that hummingbirds have spatial resolution of 5
to 6 cycles per degree (Lisney et al., 2015) and these anatomical results match behavioral
experiments indicating spatial acuity between 4.95 and 6.18 cycles per degree. Temporal
resolution was determined to be between 70 and 80 Hz (Fellows, 2015). How these properties of
the eye translate into flight control largely remains to be explored, but they help to interpret

behavior experiments. During forward flight, a lack of response to vertical gratings with high
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spatial frequency can be explained by fusion of the grating stripes (Dakin et al., 2016). Docked
hummingbirds oscillate when feeding in front of a looming spiral pattern, a behavior
characterized by backward drifts away from the feeder followed by forward flight to recover
docked position. Despite the impact of visual motion on hovering, hummingbirds are able to
reliably approach and dock with the feeder, perhaps implicating different parts of the retina and

different motion sensitivity for the hovering and docking components of hummingbird feeding.

This dissertation focuses on a single flight task, maintaining position during hovering,
which is key to hummingbird behavior. Although the experiments are motivated by questions
about hovering control in natural environments, the experiments were nevertheless conducted
with unnatural, black-and-white stimulus patterns, primarily square-wave gratings and spirals.
Initially, in the absence of previous work on visual flight control in hummingbirds, we attempted
to change hummingbird hovering stability using psychophysics stimuli that had previously been
used with other animals (e.g. Bhagavatula et al., 2011; Braitenberg and Ferretti, 1966; Kelber
and Zeil, 1990; Kern and Varja, 1998; Martinoya and Delius, 1990). We found that responses to
visual motion were strong and designed further experiments to investigate the extent to which
hummingbirds relied on visual motion to control hovering. In the process, many questions about
how the flight response matched stimulus properties, and how the stimulus patterns relate to
natural environments have gone unanswered. Hummingbird hovering is a good candidate
behavior for studies testing limits of hummingbird visual perception. Stimulus parameters such
as spatial and temporal frequency, contrast, velocity, direction, and color could be manipulated
to determine limits of the visual system and motion processing pathways. Hummingbirds may
use elementary motion detector-like visual processing to generate optomotor responses, which

would then be tuned to temporal frequency not motion velocity. Behavioral limits could also be
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tested, such as how quickly the hummingbird responds to changes in direction, and whether there
are any preferred directions such as those matching the orientation of the semi-circular canals

(Wylie et al., 1998).

Over the course of the experiments in this dissertation, hummingbird behavior patterns
unrelated to the visual stimulus treatment became apparent. Hummingbirds exhibited a
preference for the side of experimental chamber away from the chamber door or experimenter.
This preference is apparent in the non-zero horizontal angle of response drifts and lateral
movements of hummingbirds during treatments without stimulus motion in all three chapters. In
addition, hummingbirds were always able to precisely dock with the feeder, even in the presence
of immersive visual motion stimuli. The accuracy of body positioning and control during
approach flight and feeder docking suggests that placing the bill into a small, clear plastic target
involves completely different visual control mechanisms than position control during hovering,
and that docking control is insensitive to background visual motion. Understanding the way
visual motion is used when docking, in contrast to motion sensitivity once docked, may provide
important insight into the simultaneous processing of visual motion in the accessory optic system

and tectofugal pathways (Frost, 2010).

Hummingbirds are able to dock and feed from flowers in complex and dynamic natural
settings, including flowers moving in the wind. Studies of avian flight biomechanics have
recently emphasized maneuvering performance and kinematic control of maneuvers.
Hummingbirds have been a popular study organism for such studies because they can be trained
to feed in wind tunnels or to follow moving feeders to elicit maneuvers such as backward flight
(Sapir and Dudley, 2012), turning in place (Altshuler et al., 2012), arcing flight (Read et al.,

2016), or flying in turbulence (Ravi et al., 2015). These studies measure wing motion under the
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assumption that the feeding hummingbirds are generating the forces necessary to perform the
intended maneuver. Experiments in this dissertation suggest that there are complex interactions
at play during docked flight, including physical interaction between the docked hummingbird
and the feeder, and the influence of these interactions on the motion of the bird should be
addressed in studies that seek to relate wing motions to body motion. Experimental
measurements of hovering show that hummingbirds are not as stable as they may appear, and
that rigid feeders enforce and support the apparent precision and stability of hovering

hummingbirds.

Birds offer an exciting new perspective on visual control of flight that complements
behavior work in insect systems and advances in avian neurobiology. Hummingbirds have a
particularly tractable flight behavior for laboratory experiments, and this dissertation shows that
they are responsive to visual motion. Their sensitivity to visual background manipulation
provides ample opportunity to test the parameters and limitations of vision on behavior. Birds are
important models for studies seeking to integrate vision, behavior, and neural control. Advances
in technology like eye tracking (Yorzinski et al., 2015; Yorzinski and Platt, 2013) and
neurophysiological recording in freely behaving animals will be critical to facilitate this research.
Hummingbirds may be too small for early implementation of these technologies, but this
dissertation shows that they are sensitive to visual motion and translate that sensitivity directly
into consistent changes in hovering behavior. They are excellent candidates for further studies

bridging bird brains, vision, and behavior.
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