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SUMMARY
The biomechanical and neuromuscular mechanisms used by different animals to generate turns in flight are highly variable. Body
size and body plan exert some influence, e.g. birds typically roll their body to orient forces generated by the wings whereas
insects are capable of turning via left-right wingbeat asymmetries. Turns are also relatively brief and have low repeatability, with
almost every wingbeat serving a different function throughout the change in heading. Here we present an analysis of Anna’s
hummingbirds (Calypte anna) as they fed continuously from an artificial feeder revolving around the outside of the animal. This
setup allowed for examination of sustained changes in yaw without requiring any corresponding changes in pitch, roll or body
position. Hummingbirds sustained yaw turns by expanding the wing stroke amplitude of the outer wing during the downstroke
and by altering the deviation of the wingtip path during both downstroke and upstroke. The latter led to a shift in the inner—outer
stroke plane angle during the upstroke and shifts in the elevation of the stroke plane and in the deviation of the wingtip path
during both strokes. These features are generally more similar to how insects, as opposed to birds, turn. However, time series
analysis also revealed considerable stroke-to-stroke variation. Changes in the stroke amplitude and the wingtip velocity were
highly cross-correlated, as were changes in the stroke deviation and the elevation of the stroke plane. As was the case for
wingbeat kinematics, electromyogram recordings from pectoral and wing muscles were highly variable, but no correlations were
found between these two features of motor control. The high variability of both kinematic and muscle activation features indicates
a high level of wingbeat-to-wingbeat adjustments during sustained yaw. The activation timing of the muscles was more repeatable
than the activation intensity, which suggests that the former may be constrained by harmonic motion and that the latter may play
a large role in kinematic adjustments. Comparing the revolution frequency of the feeder with measurements of free flight yaws

reveals that feeder tracking, even at one revolution every 2s, is well below the maximum yaw capacity of the hummingbirds.
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INTRODUCTION
Flying animals have the ability to alter velocity and orientation about
three axial and three torsional degrees of freedom with varying
degrees of independence. This ability is generally termed
maneuverability (Dudley, 2000), but this definition does not provide
a specific metric that can be compared across individuals or among
taxa. Studies with flying birds and bats have sometimes used a
specific definition of maneuverability as the smallest radius for
which a given animal can make a turn (Pennycuick, 1975). This
value is invariant for hovering insects and hummingbirds, which
can turn in place. The turning performance of many taxa across a
broad range of body sizes has been examined, including insects (Fry
etal., 2003; Ristroph et al., 2009; Springthorpe et al., 2012; Hedrick
et al., 2009), fishes (Weihs, 1972; Webb, 1983), birds (Warrick et
al., 1988; Warrick and Dial, 1998; Hedenstrom and Rosén, 2001;
Hedrick and Biewener, 2007; Hedrick et al., 2007; Ros et al., 2011),
bats (Norberg and Rayner, 1987; Iriarte-Diaz and Swartz, 2008),
carnivorous mammals (Eilam, 1994) and humans (Carrier et al.,
2001; Lee et al., 2001). These studies have revealed a diversity of

biomechanical mechanisms for turning, even within clades of flying
animals such as birds or insects. One source of this variation is that
turns can be composed of different magnitudes and phases of body
pitch, roll and yaw. Thus, even for a specific definition of
maneuverability in flight, it is unknown which, if any, kinematic
features are necessarily conserved among animal species or across
body sizes.

Hovering insects and hummingbirds provide an opportunity for
comparing maneuvering performance because these animals can all
turn in place about the yaw axis with little or no change about roll
and pitch axes and no change in horizontal or vertical position.
Experiments with tethered fruit flies [Drosophila melanogaster
(Gotz, 1968)] and locusts [ Locusta migratoria (Dawson et al., 1997)]
have demonstrated that during attempted turns, the inner wing (the
inner forewing for the locusts) sweeps through a smaller arc, i.e.
has lower stroke amplitude, compared with the outer wings. Tethered
locusts also exhibit a pronounced asymmetry in the average elevation
of the forewings, with the inner wing being more depressed
(Dawson et al., 1997). When generating yaw turns in free flight,
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the outer wing of D. melanogaster has a wider stroke amplitude
and a more horizontal stroke, i.e. a shallower stroke plane angle,
which also causes an increase in the angle of attack of the outer
wing (Fry et al., 2003). A universal mechanism for terminating yaw
turns in freely flying insects and hummingbirds is the use of
symmetrical wingbeat kinematics because the difference in velocity
experienced by each wing during the turn is sufficient to damp the
yaw torque (Hedrick et al., 2009). The kinematic mechanisms that
hummingbirds use to generate yaw turns have not been investigated
previously, although more complicated escape maneuvers have been
described (Clark, 2011).

Any difference between left and right wingbeat kinematics must
be reflected in the activation features of at least one bilateral pair
of muscles. Numerous recordings from the basalar muscles of
tethered insects have revealed that the activation phase and number
of spikes are associated with changes in wing deviation and stroke
amplitude (Dawson et al., 1997; Tu and Dickinson, 1996; Lehmann
and Gotz, 1996). When larger groups of muscles are recorded
simultaneously, subsets have been found to act synergistically
(Heide, 1975). For example, two of the basalar muscles of tethered
blowflies (Calliphora vicina) are associated with wing downstroke
deviation, and interactions among basalar and pterale III muscles
influence the stroke amplitude (Balint and Dickinson, 2001).
Recordings from freely flying convolvulus hawkmoths [Agrius
convolvuli (Ando et al., 2002)] further demonstrate associations
between the timing on direct muscles in the insect thorax and the
stroke amplitude and deviation (Wang et al., 2008). Timing
differences in the main power muscles, the dorsal longitudinal and
dorsal ventral muscles, of the tobacco hawkmoth (Manduca sexta)
influences the overall yaw velocity of the body in free flight, but
do so by acting upon the inertial velocity that is extended from the
previous stroke (Springthorpe et al., 2012).

The activation patterns of avian muscles are more difficult to
interpret because the large number of motoneurons innervating each
muscle leads to considerable variation in timing (temporal
recruitment patterns) and intensity (spatial recruitment patterns).
Hedrick and Biewener (Hedrick and Biewener, 2007) recorded from
two pectoral muscles (pectoralis major and supracoracoideus) and
two wing muscles (biceps brachii and extensor metacarpi radialis)
as rose-breasted cockatoos (Eolophus roseicapillus) navigated a
90deg turn. They observed left-right activation asymmetries in all
of the muscles, but none of these patterns were associated with
among-wingbeat changes in body kinematics. Hummingbirds can
hover like many insects and, during this behavior, the pectoralis
major has a relatively simple activation pattern composed of only
one to three spikes (Hagiwara et al., 1968). Experiments in low-
density air, during load lifting and in a wind tunnel demonstrate an
association between the maximum electromyogram (EMG) spike
amplitude from this muscle and the wingstroke amplitude (Altshuler
et al., 2010; Tobalske et al., 2010). The hummingbird therefore
presents an opportunity to examine neuromuscular and kinematic
mechanisms of turning in birds that can be directly compared with
the extensive literature on insect flight control.

For the present study, we sought to address three questions: (1)
what are the wingbeat kinematic and neuromuscular features used
by hummingbirds to generate sustained yaw turns; (2) how
repeatable are these features; and (3) what are the temporal
associations between muscle activation patterns and wingbeat
kinematics? To address these questions, we trained hummingbirds
to track a feeder that revolved around the outside of the animal,
thereby eliciting a pure yaw turn, without any change in roll, pitch,
horizontal or vertical position. The hummingbirds tracked the
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feeder for several seconds, amounting to as many as a hundred or
more wingbeats. During these steady-state maneuvers, we recorded
the wingbeat kinematics using high-speed cameras and made EMG
recordings from the pectoralis major, pronator profundus and
pronator superficialis muscles. Associations among kinematic and
electrophysiological variables are examined using several statistical
approaches including time series analysis.

MATERIALS AND METHODS
Animals

Between May and September 2009, we captured four adult male
Anna’s hummingbirds [Calypte anna (Lesson 1829)] at the
University of California, Riverside campus, using portable drop-
door traps and Hall traps (Russell and Russell, 2001). The
hummingbirds were housed individually in cages measuring
0.93X0.62X0.62m and fed ad libitum with a solution of 13%
artificial nectar (Nektar-Plus, Nekton, Pforzheim, Germany) and 5%
sucrose. The light cycle in the vivarium was 12h:12h light:dark
with lights on from 07:00 to 19:00h. Prior to experiments, the
animals were brought to the laboratory for 3—4 days of training and
acclimation to the flight chamber. All the procedures were conducted
under permits from the United States Fish and Wildlife Service and
the California Department of Fish and Game, and approved by the
Institutional Animal Care and Use Committee at the University of
California, Riverside.

Experimental setup and training

The flight chamber (Fig.1A) was 0.61m high, 0.58m deep and
0.51m wide and contained a wooden perch in one corner and an
artificial feeder made out of a 1 ml syringe that was mounted at the
end of a J-shaped aluminum arm. The long arm was connected to
a stepper motor (MDrive 23 Plus, Schneider Electric Motion,
Marlborough, CT, USA) placed in the center of the cage roof. The
distance between the mouth of the feeder and the axis of rotation
of the motor was adjusted slightly, if needed, for each bird such
that they could feed from the revolving syringe while maintaining
their center of gravity in the axis of feeder rotation, thereby
executing a pure yaw turn.

An individual hummingbird was initially moved from the
vivarium, placed in the experimental chamber, and trained for the
experiment. They first learned to feed on command from the
stationary feeder by covering it for 20 min in between feeding bouts.
As soon as a bird terminated a feeding bout by flying away, the
feeder was once again covered. Within 1 to 3h, each bird learned
to approach the feeder as soon as access was allowed and then feed
for bouts longer than 5s. Thereafter, the bird learned to feed while
the feeder was rotated at a slow frequency of 7.5r.p.m. We
maintained this frequency until the hummingbird consistently
followed the feeder for 2s and then increased the revolution
frequencies to 15, 25 and finally 30r.p.m., which was the frequency
used for all experiments with the turning feeder. The birds were
trained equally on both clockwise and counterclockwise directions
at all training frequencies. Each hummingbird typically required
3 days of training, 4h per day before they could follow the feeder
consistently at 30r.p.m. (0.5Hz).

Surgery and experimental procedures
Hummingbirds were anesthetized with isoflurane during the surgical
procedure to implant the EMG and ground wires. Induction
concentrations were 2.5%, but the isoflurane concentration was
brought to 1.8% as quickly as possible once the animals reached a
surgical plane. Oxygen flow rates were maintained at 500 ccmin .
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Each animal had four recording electrodes implanted into muscles,
two on each side. Our intention was to target the pectoralis major
(PM) and the pronator superficialis (PS) on both the left and right
sides. The PM was targeted because it powers the downstroke and
its activity varies in response to mechanical demands (Hagiwara et
al., 1968; Altshuler et al., 2010; Tobalske et al., 2010). The PS was
targeted because it is one of the larger superficial muscles in the

Fig. 1. Hummingbirds performed yaw turns while tracking a revolving feeder
in a flight chamber (A). The feeder was mounted to a J-shaped aluminum
arm that was itself connected to a stepper motor. The arm was adjusted for
each bird so that the bird’s center of mass was located at the motor’s axis
of rotation. The feeder was covered between feeding trials and the bird
was provided with a perch at all times. Electromyograms from up to four
muscles were recorded using trailing leads that connected to an
extracellular amplifier. The frame of reference was defined in part by the
position of the wings for each stroke (B). Downstrokes are indicated in
orange with the tail, shoulder and wingtip positions indicated by a point for
each video frame. Upstrokes are indicated in purple. The angular change in
the wingbeat-centered frame of reference between strokes is given by the
yaw angle . In this example from a counterclockwise turn, the ¥ values
for 29 sequential strokes are depicted in the maroon—orange curve. The
indent represents several strokes during which the hummingbird did not
vary ¥. The ¥ values for all of the hummingbirds included in the study are
provided in a polar diagram (C). Any change along the radius indicates a
change in ¥ for that stroke. The sequences differed with respect to the
number of wingbeats digitized. Experiments are color coded with blue
indicating hovering at the stationary feeder, and green and red indicating
feeder revolution in the counterclockwise and clockwise directions,
respectively.

hummingbird wing (Welch and Altshuler, 2009). It is nonetheless
a very small muscle and we inadvertently recorded from two other
proximal wing muscles, the pronator profundus (PP) and the flexor
digitorium superficialis (FDS) in place of recordings intended from
the PS.

The EMG wires were made of 99.99% silver with heavy
polyimide (HML) insulation (California Fine Wire, Grover Beach,
CA, USA). The vendor fabricated electrically isolated wire pairs
(‘bifilar’) made of either 0.0508 or 0.0762 mm diameter wires. We
used the 0.0508mm electrodes with the proximal wing muscles
(FDS, PP and PS), and the 0.0762 mm electrodes with the PM. A
single 0.1016 mm silver wire, also insulated with HML, served as
the ground electrode. We removed the last 0.5 mm of insulation from
the end of each wire, and offset the ends of the paired wires by
0.5mm.

To secure the electrodes around the muscle fibers, we fed the
end of the wire or wire pair into the tip of a hypodermic needle and
then bent back the wire to form a hook. We then inserted the
recording electrodes into the muscles and the ground electrode
subcutaneously on the back above the vertebral column using the
needle. We removed the needle and left the wires in place by holding
it with forceps as the needle was removed. The electrodes were
secured with 6-0 sutures to the skin of the hummingbird over the
site of insertion and we additionally secured the full set of lead wires
with suture through the intervertebral fascia.

Following recovery from the initial surgery, hummingbirds were
released in the flight chamber. Three different flight behaviors were
recorded:  stationary hovering, clockwise turning and
counterclockwise turning. All recordings with the revolving feeder
were made at 30r.p.m. Two trial recordings of each flight behavior
were made for each bird with one exception: only one trial was
made for bird 4 during hovering. The trials and behaviors were varied
in temporal sequence. A trial was considered successful if the bird
fed from the feeder for at least 0.5 s. Trials were separated by 20 min
and all the trials for each bird were recorded in a single day.
Following data collection, each bird was briefly anesthetized with
isoflurane and the electrodes were removed, taking care to prevent
damage to muscle fibers. The body mass was recorded on a digital
scale and the wings on both sides of the bird were photographed in
an outstretched position against white paper with a reference scale.
Measurements of wing length, wing area, aspect ratio and the non-
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dimensional moments of wing area were calculated using custom
analysis software in MATLAB (The MathWorks, Natick, MA,
USA).

Electromyography

EMG signals from the electrodes were amplified X 1000 using a
multi-channel extracellular amplifier (model 1700, A-M Systems,
Sequim, WA, USA), with the low- and high-frequency cut-offs of
the online filters set at 0.1Hz and 10kHz, respectively. The
amplifier output was acquired at 10,000sampless™ (0.1ms
resolution) with an analog-to-digital acquisition board (Digidata
1440, Molecular Devices, Sunnyvale, CA, USA). The
electrophysiology data were synchronized with the high-speed
cameras (1 ms resolution) by recording the camera trigger pulse with
the acquisition system.

The EMG signals were filtered offline using zero-phase, fourth-
order high-pass Butterworth filters with cut-off frequencies set
between three and 12 times the wingbeat frequency. The wing
strokes were defined by the furthest angular extents within the stroke
plane to determine the relative timing of excitation events. All EMG
analyses were performed separately for the left and right wings
because the angular extreme sometimes occurred at different times.

The muscle activation timing and intensity were examined using
different representations depending upon the muscle (Table 1). The
PM is unusual in having a relatively small number of discrete
excitation waveforms, and the spike amplitudes are correlated with
wingbeat kinematics and flight speeds (Hagiwara et al., 1968;
Altshuler et al., 2010; Tobalske et al., 2010). We accordingly used
the occurrence of the first spike (7) as the measure of activation
timing relative to the wingbeat, and the normalized maximum spike
amplitude (Emax) as the measure of activation intensity. The proximal
wing muscles have more typical vertebrate activation patterns in
that the burst duration is longer and a greater number of waveforms
are present. We accordingly used the average spike occurrence (7)
relative to the wingbeat for activation timing, and the normalized,
rectified area of the waveform (Eye,) as the measure of activation
intensity. The timing and activation variables were calculated over
a wingbeat cycle beginning and ending at the upstroke—downstroke

Table 1. Variables used to describe the kinematic and
electromyographic features of hovering and yaw turns in
hummingbirds

Variable Symbol

Electromyographic features
Normalized maximum spike amplitude Emax
Normalized rectified area Erea
Time of the first spike t
Average spike time t

Kinematic features
Yaw angle b4
Wingtip speed Usp
Body angle, lateral XGRXZ
Body angle, frontal XGR,YZ
Position angle 0GR
Elevation angle 6GRr
Average elevation angle Oar
Stroke plane angle B
Stroke amplitude dgp
Elevation amplitude Osp

Kinematic variables were calculated separately for each downstroke and
upstroke. Electromyographic variables were calculated over the wingbeat,
which included two distinct bursts for the pronator profundus and pronator
superficialis muscles.
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transition (pronation) for the PM and PS. The wingbeat cycle for
the PP began and ended at the downstroke—upstroke transition
(supination). Because the PP and PS have biphasic activation
patterns, we analyzed the first and second bursts independently. We
recorded the FDS from only one side of one animal, which was
insufficient to include its excitation features in the analysis. We
normalized both measures of EMG intensity by first calculating the
log of each variable per wingbeat cycle and then confirming that
the maximum value was not an outlier. All of the intensity measures
for a single electrode were then divided by the maximum value for
that electrode.

Kinematic digitization

High-speed images of each hummingbird flying in the cage were
recorded in three views by two cameras. One camera
(Troubleshooter, Fastec Imaging, San Diego, CA, USA) recorded
at 640X480pixel resolution through a mirror placed at an angle of
45deg under the chamber, providing the bottom view of the
hummingbird. A second camera (Miro 4, Vision Research, Wayne,
NJ, USA) recorded the front view and a side view. The side view
was filmed through a second mirror placed outside the left wall of
the chamber and tilted at an angle of 45 deg. This camera recorded
both perspectives using an aspect ratio and resolution of
800X 600pixels. Both cameras filmed at 1000 framess™ with a
shutter speed of 1/5000s. The image sequences in both cameras
terminated with a common end trigger, thereby synchronizing the
videos.

The three camera views were calibrated using the direct linear
transformation (DLT) technique with a 14-point calibration frame
and DLTdv3 software (Hedrick, 2008). Six points were digitized
on each hummingbird: left wing tip, right wing tip, right shoulder,
left shoulder, top of the head and the tip of the middle tail feather.
Every third frame in each video was digitized, and the resulting
data were fit with a cubic spline to extrapolate the points in the
remaining frames. These splined 2-D points were then checked and
refined frame-by-frame within DLTdv3. After the 2-D points were
refined, the 3-D real-world body points were filtered with zero-
phase, fourth-order low-pass Butterworth filters. The filter cut-off
frequencies ranged between 1.5 and 5 times the wingbeat frequency,
with generally lower cut-off frequencies for the head position and
higher cut-off frequencies for the tail, wing shoulder and wingtip
positions.

The images were sampled at 1000 framess™', which translated to
~25 frames wingbeat™' or ~25 time points per wing and body point.
To improve the estimate of the maximum and minimum excursions
and their phasing with respect to EMGs, the filtered kinematic data
were upsampled to 10,000 framess ' and fit with a cubic spline using
the interpolate package from the Scientific Tools for Python (SciPy)
module (Python Software Foundation, Wilmington, DE, USA). This
procedure increased precision in the calculation of wing angles,
stroke duration and muscle activation phase relative to wing motion.
The pronation time for each wing was defined as the time of the
minimum excursion in the stroke plane whereas the supination time
was defined by the maximum excursion. The pronation and
supination times were used to calculate the wing stroke durations
and the relative timings of the muscle activation features.

Frame of reference and coordinate system
We compared the kinematics across wingbeats using two frames of
reference, both defined in part by the position of the wings at the
start and end of each downstroke and upstroke (Fig. 1B). We used
wing-stroke-centered frames of reference because the tail exhibited
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Fig. 2. Within the gravitational frame of reference, the wing elevation angle
(6cr) and stroke position angle (¢gr) Were calculated for each image frame
(A). The stroke plane frame of reference was shifted by the stroke plane
angle (B), and the elevation amplitude (©sp) and stroke amplitude (®gp)
were calculated once per stroke (B).

high-frequency oscillations (Altshuler et al., 2009) and the body
position varied within and among trials. One frame of reference
was constrained by gravity and other was aligned with the stroke
plane.

In the gravitational frame of reference (Fig.2A), the Z-axis was
set parallel to gravity, thereby defining an X—Y plane parallel to the
ground. Each wing stroke was rotated about the Z-axis by defining
the X-axis as a line located in between the left and right wingtip
paths projected into the X=Y plane. The midpoints between the
wingtips at the upstroke—downstroke transition and downstroke—
upstroke transition were used to calculate the wingtip path dividing
line. Thus, the frame of reference rotated for each stroke, and
kinematic parameters were calculated for downstroke and upstroke
separately. The yaw angle ¥ was defined as the angular rotation

between strokes (Fig. 1B), and the number of values per trial was
therefore twice the number of wingbeats. Within the gravitational
frame of reference, positive Z was towards the sky and the bird
faced the positive direction of the X-axis. This frame of reference
allowed us to maintain the aecrodynamic relevance to gravity but
still compare the paths of each individual wing strokes.

The stroke-plane-centered frame of reference (Fig.2B) differed
from the gravitational frame of reference in two respects: (1) the
Z'-axis was orthogonal to the stroke plane and (2) the stroke planes,
and therefore the frames of reference, were calculated separately
for the left and right wings. This transformation allowed for
comparison of the deviations from the stroke plane between the left
and right wings, across wingbeats and among animals.

Kinematic variables

We defined 10 kinematic variables, which were calculated separately
for each downstroke and upstroke (Tablel). Yaw angle was
described above for the frames of reference. Six variables were
calculated in the gravitational frame of reference. The wingtip speed
Usip was calculated by dividing the distance traveled through the
three dimensions by the duration of the stroke. The body axis was
defined as a line through the head and tail, and its orientation with
respect to the horizontal plane and the bird’s orientation provided
two body angles. The lateral body angle ¥gr xz Was calculated in
the X—Z plane and the frontal body angle ¥ gr yz Was calculated in
the Y-Z plane.

Two wing angles were calculated for each time step with respect
to gravity. The instantaneous position angle ¢gr describes the angle
between the shoulder to wingtip vector and the Y-axis, projected
into the X=Y plane (Fig.2A). The values are constrained between
—90deg (directly behind the bird) and +90deg (directly in front of
the bird). The instantaneous elevation angle Ogr describes the angle
between the shoulder to wingtip vector and its projection in the X—Y
plane. Its values are constrained between —90deg (directly below
the bird) and +90deg (directly above the bird). The average of the
elevation angle for each stroke Ogr provides the position of the stroke
plane relative to the shoulder.

The stroke plane was determined using reduced major axis (RMA)
regression of the wingtip positions in the X—Z plane for each wing
in each stroke. The stroke plane angle B is the angle between the
slope of the RMA regression and the horizontal plane (Fig.2B).
Negative values indicate that the beginning of the stroke is at a higher
elevation than the end of the stroke. The wing stroke amplitude ®gp
is the angle from the rearward most position of the wingtip to the
shoulder to the forward most position of the wingtip, projected into
the stroke plane. The elevation amplitude Ogp is the sum of the

Table 2. Morphological parameters of the four male Anna’s hummingbirds (Calypte anna) used in the study

Bird M(g) Side R (mm) S (mm2) AR #(S) (S) #(S)

1 4.20 Left 48.66 1323.70 7.16 0.4332 0.5101 0.5643
Right 46.25 1098.30 7.79 0.4061 0.4816 0.5368

2 4.21 Left 50.43 1247.30 8.16 0.4117 0.4850 0.5377
Right 52.68 1389.30 7.99 0.4243 0.4998 0.5535

3 4.06 Left 50.51 1270.40 8.03 0.4241 0.5023 0.5579
Right 51.18 1378.90 7.60 0.4395 0.5150 0.5692

4 4.64 Left 47.56 1165.20 7.76 0.4258 0.5003 0.5537
Right 51.26 1402.90 7.49 0.4354 0.5101 0.5636

Body mass (M) is the mean of measurements taken before and after each trial. The wing size parameters, wing length (R) and wing area (S), as well as the

wing shape parameters of aspect ratio (AR) and non-dimensional radii of the first [/4(S)], second [/2(S)] and third [/3(S)] moments of wing area were
calculated from a digital photograph of a single wing. The wing area and aspect ratio are calculated for two wings to allow for comparisons with other

measurements of hovering animals (Ellington, 1984).
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maximum and minimum angles, each defined as an angle between
the shoulder to wingtip vector and its projection into the stroke plane.
The frame of reference transformations and the calculations of the
kinematic variables were made using custom software written in
Python (Python Software Foundation).

Statistical analysis
Sequences of wingbeat kinematics and muscle activations represent
time series data. We used four statistical approaches to analyze how
these variables changed across flight modes. All statistical analyses
were implemented in R (R Development Core Team, 2012).

The variation in the kinematic and EMG variables by flight mode
was compared using the intra-class correlation coefficient (ICC),
which is the most common measure of repeatability. The specific
method was ANOVA-based (Lessells and Boag, 1987; Whitlock
and Schluter, 2009). The EMG values were considered separately
for the left and right sides. The kinematic values were assessed for
left-right differences for the downstrokes and upstrokes separately.
The two trials of each flight mode were combined for ICC analysis.

To examine overall changes in mean values of kinematic and EMG
parameters, we employed a mixed-model ANOVA with flight mode
(hover, clockwise and counterclockwise) as the fixed effect and bird
as arandom effect. For kinematic variables, downstroke and upstroke
were separated. The ANOVA approach led to a massive reduction
in the data set, utilizing a mean value for each measure for each bird
per flight mode. We chose to use a single mean instead of a more
complicated mixed-model ANOVA (e.g. trial nested within bird),
because of low variance within measures per bird—flight-mode
combination. For models with significant overall ANOV As (0:<0.05),
a post hoc analysis was employed to test for significant differences
between clockwise and hovering and between counterclockwise and
hovering using general linear hypothesis tests corrected for multiple
comparisons (Hothorn et al., 2008).

The third approach was to use time series analysis to consider how
the relationships between kinematic and EMG measures changed
through time. We first calculated the autocorrelation, which is the
cross-correlation of each individual measure with a 32-time point (i.e.
16 downstroke—upstroke pairs), time-lagged version of itself (Venables
and Ripley, 2002). Using a similar approach, we then examined cross-
correlations among pairwise combinations of all variables (kinematic
versus kinematic and kinematic versus electromyographic) for the
same 16 wingbeats. Because the sequences of wingbeats were too
short for standard time series detrending procedures, which are used
to remove non-stationarity from time series data (Cowpertwait and
Metcalfe, 2009), we implemented a method based on linear regression.
We first determined the ordinary least-squares regression slope of
each observation of each variable versus time (wing stroke period
1-32). We then used the 2-D rotation matrix to rotate the data so that
the new slope was zero.

We assessed significance of autocorrelation analyses by aggregating
the proportion of each measure with at least one non-zero lag value
whose correlation fell outside a 95% confidence interval for
autocorrelation. We used only non-zero lags because the correlation
at lag=0 is 1 by definition and, thus, is always significant. Significance
among cross-correlation analyses was assessed via randomization. For
each set of variables (kinematic versus kinematic and kinematic versus
EMG), we generated a null distribution for each variable for each of
lags=-2, —1, 0, 1 and 2. This range of lags corresponds to a period
including synchronous correlation (lag=0) as well as correlations of
+% and £1 wingbeat. An analytical P-value for each variable—lag
combination was determined as the median of the proportion of times
that the observed cross-correlation exceeded the randomized cross-

Yaw turns of hummingbirds 4075

Pectoralis major

Pronator superficialis

Flexor digitorium superficialis

Supracoracoideus

Pronator profundus

20 ms

Fig. 3. Raw electromyogram recordings from five flight muscles in Calypte
anna. The signals were acquired with the online analog filers wide open
and are presented without post-processing. Four wing strokes are depicted
for each muscle. Downstrokes are indicated by gray bars and upstrokes
are in white. The voltage increments of the y-axis have been scaled for
each panel so that each muscle trace spans the same range. The
recordings come from different individuals but the time scale is the same
for all traces. The recordings of the pectoralis major, pronator superficialis,
pronator profundus and flexor digitorium superficialis come from the
present study. A verified recording of the supracoracoideus using identical
methods but from a different individual is also included.

correlation. Because checking over 1000 distributions for normality
was impractical, we chose to use the median, which is a better
estimator of central tendency for skewed distributions and converges
on the mean for normally distributed samples. This method produced
more conservative results than assessing the likelihood of significance
based on the percentage of significant cross-correlation analyses for
each variable-lag combination.
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Table 3. Average wingbeat frequencies (f; Hz) and stroke amplitude differences (A®; deg) for four adult male Anna’s hummingbirds
(C. anna) during hovering and turning

Clockwise Hovering Counterclockwise
Bird N f ADpg ADys N f ADpg ADys N f ADpg ADys
1 38 41.59 0 -8.46 33 40.54 -2.52 -1.61 32 39.88 -15.03 —6.39
2 32 39.49 14.75 6.07 32 39.63 3.32 4.10 44 39.76 2.21 8.75
3 32 39.81 -5.85 -10.85 33 39.69 -12.46 -12.03 33 40.58 -13.91 —6.58
4 31 37.7 6.09 —2.44 30 36.84 —4.44 -4.75 15 36.76 -7.21 -0.33

The number of wing strokes (N) is provided by bird and treatment. The stroke amplitudes are presented as left minus right differences for the downstroke (DS)

and upstroke (US). Statistical analysis of the wingtip speed and stroke amplitude is provided in Table 7.

The fourth approach, principal components analysis (PCA), was
carried out to confirm the results of the ANOVA and cross-
correlation analyses among kinematic variables only. Because of
the incomplete nature of the EMG data, these data could not be
included in the PCA analysis. All variables were scaled to unit
variance prior to the analysis.

RESULTS
The body mass and wing morphology of the four C. anna used in
experiments are given in Table2. Separate measurements were made
on the left and right wings and paired #-tests were used to determine
whether the wing morphology variables differed by side. Although
there were small asymmetries for each of the wing variables, there
was no systematic difference by side (all P>0.45).

Representative EMGs are provided in Fig. 3. These raw recordings
were made with the online analog filters wide open and have not
been post-processed. The signals come from different individuals
during hovering flight. The PM and the three wing muscles (FDS,

90

dcr (deg)

Ocr (deg)

PP and PS) come from the birds in the present study. A verified
recording from the SC of a different individual adult male C. anna
is also presented for comparison. Other than electrode placement,
the SC recording was made using methods identical to those used
for the PM recordings.

The PM becomes active midway through the upstroke and likely
generates muscle force at stroke transition and during the subsequent
downstroke. The PS and FDS become active at the
downstroke—upstroke transition and presumably generate force
during the latter half of the upstroke, possibly continuing through
stroke transition. The FDS was not recorded with sufficient sample
size for analysis but it is included here because the position of the
electrode that recorded this trace was confirmed post mortem. The
SC becomes active midway through the downstroke and likely
generates muscle force at stroke transition and during the subsequent
upstroke. The PP becomes active during the upstroke—downstroke
transition and probably generates force during the latter half of the
downstroke, continuing through stroke transition.

Fig. 4. Representative traces in the
gravitational frame of reference. The
position angle ¢gr and elevation
angle 6gr are presented for 15
wingbeats across three trials, one
each of clockwise, hovering and
counterclockwise flight. The left wing
is indicated in red and the right wing
is indicated in blue. Downstrokes
are shaded in gray and upstrokes
are in white. Discontinuities between
strokes result from shifts in the
frame of reference.

Hover Clockwise

Counterclockwise

Hover Clockwise

Counter-
clockwise
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Table 4. The intra-class correlation coefficients (ICCs) for the
intensity and timing measures of the pectoralis major, pronator
profundus and pronator superficialis muscles during hovering, and
clockwise and counterclockwise yaw turns

Maneuver Intensity Timing
Pectoralis major
Clockwise 0.19 0.52
Hovering 0.43 0.51
Counterclockwise 0.41 0.35
Pronator profundus
Clockwise 0.15 0.79
Hovering 0.35 0.82
Counterclockwise 0.26 0.49
Pronator superficialis
Clockwise 0.23 0.52
Hovering 0.01 0.74
Counterclockwise 0.40 0.55

The left and right sides were calculated separately for the pectoralis major
and the average values are presented here. Only one side was available
for each of the pronator profundus and pronator superficialis.

The revolving feeder had a constant rotation of 30r.p.m., but the
hummingbirds did not track the feeder with constant angular
velocity and instead varied the yaw angles by stroke (Fig. 1C). The
maximum angular changes in left (counterclockwise, —7.9 deg) and
right (clockwise, 11.4deg) yaw angle were recorded during
downstrokes. The birds exhibited small changes in yaw during
hovering (blue traces) at a stationary feeder.

The average wingbeat frequencies and left—right differences in
stroke amplitude are given for the four individuals in Table 3. Among
individuals, wingbeat frequencies varied as much as 4 Hz within a
flight mode, but within individuals this value was less than 1 Hz
across the three flight modes. The differences in left-right stroke
amplitude were similar between upstroke and downstroke for each
individual during hovering flight. The values for clockwise flight
were always more positive for the downstroke, whereas the
counterclockwise values were more positive for the upstroke. Thus,
the outer—inner difference in stroke amplitude was consistently
higher on the downstroke compared with the upstroke.

The instantaneous wing position angles in the gravitational
frame of reference were sinusoidal and highly repeatable for both
wings across wingbeats for all three treatments (Fig.4). The
instantaneous elevation angles were also similar between left and
right wings, and across wingbeats during hover feeding. However,
these traces were much more variable during clockwise and
counterclockwise feeder tracking. In these cases, the left and right
wings exhibited divergent patterns that also varied considerably
across wingbeats.
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Table 5. Intra-class correlation coefficients (ICCs) for whole-body
kinematic features, yaw angle (¥)and body kinematics (lateral body
angle, yarxz, and frontal body angle, xar,vz), and for left-right wing

kinematics, wingtip speed (Usp), average elevation angle (6gr),
stroke plane angle (B), stroke amplitude (®sp) and elevation
amplitude (Osp)

Clockwise Hovering Counterclockwise
Yps -0.01 —-0.01 0.01
Yus —-0.03 -0.02 —-0.02
XGR,XZ,DS 0.37 0 0.08
XGR,XZ,US 0.34 0.11 0.08
XGR,YZ,DS 0.60 0.19 0.39
XGR,YZ,US 0.58 0.17 0.30
Usip,ps 0.68 0.78 0.62
Uiip,us 0.58 0.75 0.55
0GRS 0.48 0.70 0.62
Oar.us 0.60 0.59 0.54
Bos 0.50 0.17 0.45
Bus 0.61 0.53 0.42
Dsp ps 0.62 0.61 0.59
Dgp us 0.49 0.60 0.48
Osp,ps 0.16 0.16 0.17
Osp.us 0.30 0.05 0.09

The upstrokes and downstrokes were analyzed separately.

Intra-class correlation

The ICC or repeatability values for the timing and intensity features
of the PM, PP and PS are provided in Table4. Across all muscles
and flight modes, the mean ICC for the timing features (¥=0.59) is
higher than for the intensity features (¥=0.27). During hovering
flight, the repeatability of the timing features is higher or nearly so
compared with the other flight modes. For the intensity features,
the repeatability values for the PM were generally higher or nearly
so compared with the other two muscles.

The ICC values for the kinematic variables spanned a wide range
(Table5). The negative values arise when there is greater variability
within than among individuals. However, it has been suggested that
this situation is unlikely to occur in nature and that negative values
represent statistical noise around what is effectively zero
repeatability (Nakagawa and Schielzeth, 2010). The most
consistently low values were for the yaw angles during both strokes,
further demonstrating that the hummingbird tracked the revolving
feeder with high variation across strokes. The stroke amplitudes and
the wingtip velocities exhibited relatively high repeatability for both
strokes across all three maneuvers. This was also the case for the
average elevation angle, but the ICC values for the elevation
amplitude were relatively low. The body angles and stroke plane
angles exhibited a broader range in ICC values.

Table 6. Mixed-model ANOVA of yaw angle (¥)and body kinematics (lateral body angle, xcr xz, and frontal body angle, yxaryz) by maneuver

Variable d.f. F P Pok-hv Pty
Yps 2,6 225.84 <0.0001 <0.0001 <0.0001
Yus 2,6 521.79 <0.0001 <0.0001 <0.0001
AGR,XZ,DS 2,6 3.95 0.0804

XGR,XZ,US 2,6 4.23 0.0714

AGR,YZ,DS 2,6 1.41 0.3143

XGR,YZUS 2,6 1.41 0.3155

Bird was included as a random effect within the model. Two post hoc comparisons were made for models with significant ANOVAs: clockwise versus hovering

(ck-hv) and counterclockwise versus hovering (ct-hv).
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Table 7. Mixed-model ANOVA of wingbeat kinematics: wingtip speed (Ui;p), average elevation angle (6ar), stroke plane angle (B), stroke
amplitude (®sp) and elevation amplitude (Osp)

Variable d.f. F P Prex-nv Pty
Utip.ps 2,6 4.00 0.0786

Utip,us 2,6 4.80 0.0570

0GR s 2,6 70.71 <0.0001 <0.0001 0.0007
OaR,us 2,6 10.46 0.0111 0.0074 0.1833
Bos 2,6 2.00 0.2155

Bus 2,6 6.42 0.0323 0.0384 0.3734
Dspps 2,6 17.58 0.0031 0.0005 0.0485
Dgpus 2,6 1.31 0.3383

Osp,ps 2,6 23.28 0.0015 <0.0001 0.1100
Osp.us 2,6 11.84 0.0083 0.0008 0.4128

Two post hoc comparisons were made for models with significant ANOVAs: clockwise versus hovering (ck-hv) and counterclockwise versus hovering (ct-hv).

Other details as in Table 4.

Mixed-model ANOVA
The mixed-model ANOVAs revealed broad patterns of differences
in mean kinematic measures across flight maneuvers (Tables 6, 7)
with no significant differences in EMG measures (all P>0.2).
Significant differences were found among flight modes in yaw angle
(W), average elevation angle (Bgr) and elevation amplitude (Ogp)
for both upstroke and downstroke, stroke plane angle () during
upstroke, and stroke amplitude (®Psp) during downstroke. Based on
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post hoc tests comparing clockwise and counterclockwise maneuvers
with hovering, clockwise maneuvers are more different from
hovering than are counterclockwise maneuvers. The kinematic
variable with the strongest differences between hovering and yaw
maneuvers is Ogr. The complete data set for this variable during
the downstroke as well as several other kinematic and EMG
variables is provided in Fig.5. In addition to wingbeat- and stroke-
specific values, these plots contain the mean values by bird and
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Fig.5. Representative electromyographic (EMG) and kinematic variables through time. The data are presented from left to right in order (within each trial) as
the individual wingbeats or strokes with trial 1 preceding trial 2. The scale bar represents the length of most of the trials. The colors indicate the four
individuals in the study (red, bird 1; blue, bird 2; green, bird 3; purple, bird 4). For the EMG variables (A-D), triangles indicate the muscles of the right wing
and crosses indicate the muscles of the left wing. For the kinematic variables (E,F), filled circles represent the left minus right values. The timing values for
the pectoralis major (PM) (A) and both bursts of the pronator profundus (PP) (B) are the first spike time (f) and the average spike time of each burst (f),
respectively. The intensity values for the PM (C) and the first burst of the PP (D) are the normalized maximum spike amplitude (Enax) and the rectified area
of the waveform (Earea), respectively. The representative kinematic variables are the difference in the stroke plane angle (B; E) and average elevation angle
(0ar; F) during downstrokes. All wingbeats (A-D) and downstrokes (E,F) were used for the time series analysis, but the mixed-model ANOVAs included only

the averages by bird and maneuver (large circles with black centers).
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maneuver, which are the inputs to the mixed-model ANOVAs. This
approach clearly eliminates time-varying patterns of potential
interest for understanding flight control.

Time series analysis

A large number of variables had at least one non-zero lag correlation
that fell outside a 95% confidence interval (supplementary material
TableS1). The muscle activation features were autocorrelated in 43%
of all trials. Kinematic variables were autocorrelated in 71% of the
trials, and some variables, such as body angles, average elevation
angles, elevation amplitudes and stroke plane angles, were
autocorrelated in almost every trial. Two general patterns of
autocorrelation are present: (1) sinusoidal autocorrelation at low
frequencies, which characterize changes in body angles, and (2)
alternating autocorrelation, corresponding to differences between
upstrokes and downstrokes, which characterize stroke plane angle,
elevation angle, elevation amplitude and wingtip speed (Fig. 6).

There are a large number of cross comparisons among kinematic
and EMG variables. The cross-correlation analysis between
kinematics and EMGs is composed of 800 variable combinations
with a sample size of 8640 for all four individuals. Comparisons
within kinematics are composed of 280 variable combinations with
a sample size of 6440. When analyzed without correcting for
multiple comparisons, many of the kinematic and EMG
combinations appear to show significant cross-correlation, e.g. the
average time of the first burst of the PS with kinematic measures
at multiple lags (supplementary material Fig.S1). However,
subsequent randomization analysis demonstrated that significant
cross-correlation is highly probable for randomly ordered data,
resulting in no significant P-values across all 800 comparisons
(P>0.06; supplementary material Fig.S2). Patterns of cross-
correlation among kinematic measures are widespread, both
considering percentage significant (supplementary material Fig. S3)
and P-value via randomization (Fig. 7). Significant cross-correlations
at lags £% and +1 wingbeat are widespread among kinematic
measures. The strongest (P<0.005) and most consistent (present on
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both sides) cross-correlations were between average elevation angle
and elevation amplitude, and between stroke amplitude and wingtip
speed, all at zero lag.

Principal components analysis

Principal components analysis showed kinematic measures to co-
vary largely independently of one another (supplementary material
Fig.S3, TableS2). Only yaw angle () and frontal body angle
(xGr.xz) loaded similarly on the first and second PCs. All other
variables loaded differently from each other on the first two PCs.
In contrast to most PCAs, the proportion of variance accounted for
by the first two PCs was just over half.

DISCUSSION
Overall kinematic changes
Hummingbirds sustain yaw turns using two distinct kinematic
mechanisms: (1) extending the stroke amplitude of the outer wing
during the downstroke, and (2) substantially altering the deviation
path of both wings during both strokes. For the first mechanism, it
is important to note that our frames of reference are set by the
extreme positions of the wing strokes. The feeder revolved at an
angular rate of ~4.5 deg per wingbeat or ~2.25 deg per wing stroke
given the near-constant wingbeat frequency. If a hummingbird
tracked the feeder at the same rate while using a constant stroke
amplitude with respect to its body, its expected left—right stroke
amplitude difference was 4.5 deg per stroke or 9.0 deg per wingbeat.
During clockwise turns, the average left-right stroke amplitude
during the downstroke was 3.75 deg, and during counterclockwise
turns, the average value was —8.49deg. During hovering, the
average downstroke value was —4.02 deg, which was significantly
different from the values exhibited during turning (Table 7). Because
the measured values fall close to or within the range of the expected
values during turns, it is not known the extent to which the
asymmetry in stroke amplitudes was a cause or a consequence of
yaw torque. The asymmetries are nonetheless a relevant feature
given that variation in wing stroke amplitude is one of the primary

Fig. 6. Representative autocorrelation functions.
The change in kinematic variables through time
are provided for the lateral body angle (A) and
average elevation angle on the right wing (C)
during the first hovering trial of bird 2. The
downstrokes are indicated by filled circles and

the upstrokes are indicated by unfilled circles.
The corresponding autocorrelations are provided
on the right (B,D). The autocorrelation lags are
defined per stroke. In general, significant
autocorrelations for the body angles consisted of
sinusoidal time series, and significant

autocorrelations for the wing angles consisted of
alternative times series for the downstrokes and
upstrokes.
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Fig. 7. Matrix of significance for cross-correlations between
kinematic variables as determined by generation of the null
distribution for each variable for each set of lags. The lags are

¥R SN defined as wingbeats with strokes representing steps of . The
5 % 5 % color map for probabilities ranges from red (significant for

Llag X X Os Psp B ¥ Us R R Osp Psp p_¥ Up Lag P<0.05) 5) bluz (non-significar?t). Cross-corr(elgtions among
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mechanisms that hummingbirds use to control acrodynamic power
(Chai and Dudley, 1995; Altshuler et al., 2010; Tobalske et al., 2007;
Tobalske et al., 2010).

Asymmetries in the deviation path of the wings lead to the
outer wing being in a more elevated position and with a higher
absolute deviation in the U-shaped trajectory during both strokes
as well as an increase in the stroke plane angle during the upstroke.
These overall changes are apparent by comparing the time course
of wing angle values in the gravitational frame of reference (Fig. 8)
and by plotting the wing tip traces relative to body models in the
three planes of the gravitational frame of reference (Fig.9).
Hummingbirds exhibit these stroke-specific changes in wingbeat
kinematics while holding similar average body positions during
stationary hovering and yaw turns to the left and right.
Hummingbird yaw kinematics share similarities with
measurements of attempted turns in tethered insects and real turns
in freely flying insects, but also differ in key elements. Comparing
hummingbird yaw turns with Drosophila free flight saccades (Fry
etal., 2003) reveals that both animals expand the stroke amplitude
of the outer wing, but the fruit flies reduce its deviation and stroke
plane angle whereas the hummingbirds increase elevation
amplitude (Osp) during both strokes, and stroke plane angle (3)

during the upstroke. The hummingbird yaw turns also share
asymmetry in inner and outer stroke amplitudes with the
Drosophila ‘sashay maneuvers’ (Ristroph et al., 2009), which
have a strong yaw component, but again differ with respect to
deviation and stroke plane angle between the inner and outer
wings.

A key turning-related kinematic feature identified from insect
studies is the orientation or pitch angle of the wing in a body- or
stroke-centered frame of reference, and the related angle of attack
in a velocity frame of reference. Differences between inner and outer
wings in the absolute rotation angles as well as the timing of rotation
have been reported for tethered insects during attempted turns with
varying degrees of freedom (Baker, 1979; Zarnack, 1988; Waldmann
and Zarnack, 1988; Schwenne and Zarnack, 1987; Thiiring, 1986;
Dawson et al., 1997) and for the free flight turns of Drosophila (Fry
et al., 2003; Ristroph et al., 2009). Our analysis did not include this
feature, but there are at least two ways in which it can be very
important to generating force asymmetries. Advances in the timing
of wing rotation can contribute to enhanced lift (Dickinson et al.,
1999), as has been demonstrated for hovering honey bees (Altshuler
etal., 2005). However, even if rotational lift does not apply, left-—right
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Fig. 8. Average kinematic traces in the gravitational frame of reference. The
mean time course of the position angles dgr and elevation angles 6gr are
presented twice to allow for comparison across wingbeats. The left wing is
indicated in red and the right wing is indicated in blue. Shading
corresponds to the standard deviations across all four birds. Downstrokes
are shaded in gray and upstrokes are in white. Discontinuities between
strokes result from shifts in the frame of reference.

differences in rotation timing will influence the aerodynamic forces
produced during the wing translation.

Other than hummingbirds, the birds that have been studied use
fundamentally different biomechanical mechanisms to change their
heading during flight. Ros et al. (Ros et al., 2011) recently
demonstrated that turning in flying pigeons is controlled not by
altering wingbeat kinematics but by reorienting the body to direct
aerodynamic forces. They also pointed out that other birds (Warrick
and Dial, 1998; Hedrick and Biewener, 2007) and bats (Aldridge,
1986; Aldridge, 1987; Iriarte-Diaz and Swartz, 2008) roll during
aerial turns, which suggests that many volant vertebrates may be
limited in their ability to orient aerodynamic forces off the body
axis. Our results are not directly comparable with all features of the
Ros et al. (Ros et al., 2011) study because we used stroke-averaged
kinematics for comparisons, but the differences in stroke amplitude
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and deviation combined with the lack of difference in mean body
position angles among flight modes indicate that hummingbirds are
able to redirect forces relative to their bodies. Although Anna’s
hummingbirds are much smaller than the turning birds and bats that
have been studied so far, there is considerable overlap in size
between the larger hummingbird species and the smaller bird and
bat species. Measurements from these animals would elucidate
whether the differences observed so far derive from body size or
from differences in body plan between hovering and non-hovering
animals.

Muscle activations

The activation bursts of the hummingbird pectoral muscles, the PM
and SC, contain fewer spikes and are more advanced in relative
wingbeat timing compared with the pigeon and other avian taxa
(Tobalske et al., 2010). The activations of avian wing muscles have
received relatively little attention with the exception of some
extensive recordings with pigeons and starlings (Dial et al., 1991;
Dial, 1992a; Dial, 1992b). Comparing the PS between the
hummingbird and the pigeon (Dial, 1992a) reveals that the relative
duration is similar between the two taxa but that the relative timing
is advanced in the hummingbird. To the best of our knowledge no
comparable recordings are available for the PP or FDS from other
birds during flight, and it remains to be tested whether advanced
timing is a feature of all hummingbird wing muscles.

The timing of muscle activations of the PM, PP and PS was more
repeatable than the intensity of the activations during hovering and
yaw turns (Table4). There were no activation features consistently
associated with experimental treatments, and none of the activation
features were cross-correlated with kinematic variables across time.
The activation timing of the PM and its antagonist, the
supracoracoideus, sets the wingbeat frequency. The kinematic
correlates of the activation timings of the PP and PS have not yet
been described, but these may be constrained by the need to rotate
the wing during stroke transition. The spike amplitude of the PM
has also been demonstrated to vary consistently with the stroke
amplitude as hummingbirds adjust to low air density, lift weights
(Altshuler et al., 2010) or fly at faster speeds in a wind tunnel
(Tobalske et al., 2010). The role of variation in the spike amplitude
of the PM as well as the intensity of the PP and PS during yaw
turns is not clear at the present time. It may be that wing control is
best understood in terms of synergies among a larger group of
muscles (d’Avella and Tresch, 2001; d’Avella et al., 2003), which
has also been suggested to explain a lack of strong associations
between individual muscle activation patterns and wingbeat
kinematics in maneuvering cockatiels (Hedrick and Biewener,
2007).

Time series analysis
Taking mean values of the kinematic and EMG variables and
comparing these across treatments revealed significant differences
in the former but not the latter. However, focusing on average values
can be misleading because the animals exhibited considerable stroke-
to-stroke differences, even during hovering flight. The yaw angle
values did not trend monotonically during clockwise and
counterclockwise feeder tracking, meaning for example that during
a clockwise turn, or either of the other two treatments, the
hummingbird might be yawing left, right, or holding steady during
any one particular wing stroke (Fig.1). Two distinct patterns of
autocorrelation were observed, sinusoidal fluctuations and
oscillations between subsequent downstrokes and upstrokes. Further
analysis of the sinusoidal patterns is limited due to sample size.
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Hover

Clockwise

Sixteen wingbeats strikes a balance between digitizing effort for a
number of birds/trials and the likelihood of finding a significant
temporally distant pattern. It would be highly informative to conduct
a spectral analysis of wingbeat-to-wingbeat variation when more
automated digitizing techniques and longer time series become
available. This will also reveal whether the apparent dextral bias in
some birds (Fig. 10) is an innate property or an artifact of low sample
size.

Many of the kinematic features varied through time in a
coordinated fashion (Fig. 7). The two strongest associations included
some of the kinematic features that are also most strongly associated
with feeder tracking. Wing stroke amplitude and wingtip speed were
cross-correlated, indicating the importance of velocity asymmetries
because the aerodynamic forces are proportional to the square of
the wing velocity. The wing elevation and the elevation amplitude
were also cross-correlated, indicating the importance of orientating
the net force in the desired direction of movement.

We are not aware of other comparable data sets that include EMG
timing and intensity measures and wingbeat kinematics on freely
flying animals during sustained turns. The published measurements
of wingbeat kinematics from insects and birds span several
wingbeats over which the maneuver is continuously changing. In
the present study, hummingbirds sustained maneuvering behavior
over many wingbeats, although stroke-to-stroke variation was
readily apparent. Variability of both kinematics and muscle
activations has received considerable attention in the human
biomechanics literature (reviewed in Stergiou and Decker, 2011).
A key idea is that variation in motor features can indicate flexibility
and control of complex motor behavior. For example, as humans
repetitively practice some types of novel task, limb kinematics
become less variable whereas EMG recordings, in contrast, can

Counterclockwise

Fig.9. Average kinematic traces plotted on the
body from the front (top row), side (middle row)
and top (bottom row) perspectives. Clockwise
turns are depicted in the left column, hovering
flight is depicted in the middle column, and
counter-clockwise turns are depicted in the right
column. The left wing is indicated in red and the
right wing is indicated in blue. The mean values
for each bird were calculated for all wingbeats in
each treatment. The mean values plotted here
were calculated across all four birds.
Discontinuities between strokes result from shifts
in the frame of reference.

become more variable (Darling and Cooke, 1987). When increasing
the speed of certain types of limb movements, the variability of
both kinematics and EMG features tends to decrease (Carlton et al.,
1985; Li et al., 2005). If similar principles apply to avian flight
control, then the variation in muscle intensity features may be
exerting a stronger influence compared with muscle timing features
on stroke-to-stroke variation in wingbeat kinematics.

Comparisons with free-flight yaw turns

The purpose of the present study was to examine the neuromuscular
and kinematic mechanisms that hummingbirds employ to sustain
yaw turns. The experimental approach constrained the
hummingbirds to track a revolving feeder without any requirement
for changes in pitch, roll, or vertical or lateral body position. As
has been demonstrated for free-flying insects during turns,
hummingbirds execute yaw through expansion of the outer stroke
amplitude and shifts in the stroke plane and deviation path of both
wings. However, we observed considerable wingbeat-to-wingbeat
variation in kinematic and EMG variables, and we did not detect
any consistent relationship between kinematics and muscle
activations. Taken together, these results suggest that hummingbirds
make fine adjustments over very short time scales to track a feeder
at the angular velocities under consideration here.

To place this experimentally induced behavior in the context of
more natural flight behaviors, we finally consider the distribution
of yaw velocities recorded from four different C. anna males during
solitary, feeding and competitive flights in a large flight chamber
(1.5X1.5X3.0m). The position and orientation of these birds was
tracked using the Flydra system originally developed for fruit flies
(Straw et al., 2011). The cameras recorded at 200 framess~' and the
data set comes from 44h of recordings. The most significant
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Fig. 10. Distribution of instantaneous yaw velocities recorded from the
solitary and paired flights of four male C. anna. Values come from free-
flight recordings of birds during feeding, exploratory and competitive flights.
The data elements are yaw velocities >0.25 revolutions s measured from
sequential frame pairs filmed at 200 frames s™" in which the birds held a
body attitude between 60 and 80deg relative to the horizontal plane and
did not exhibit a substantial change in pitch, horizontal velocity or vertical
velocity. Negative x-axis values indicate leftward yaw velocities (red) and
positive values indicate rightward yaw velocities (blue). The solid black
arrows indicate the angular velocity of the motors used for the feeder
tracking experiments and the dashed black arrows represent the maximum
left and right yaw velocities recorded during these experiments. The feeder
tracking data are not represented in the frequency distribution of the
instantaneous yaw velocities.

distinction between the free-flight yaw velocities presented in
Fig. 10 and the yaw velocities from the feeder tracking experiment
is that the former are determined by position differences over 5Sms
whereas the latter are stroke averages over a slightly longer period
of ~13ms.

Hummingbird yaw turns from the revolving feeder experiment
closely matched how they turned in free flight. The feeder was
revolved by the motor at 0.5revolutionss™! because this was the
angular velocity at which all four birds sustained feeder tracking.
This value was similar to the median free-flight yaw velocities of
0.46 and 0.48 revolutionss ™' for the left and right turns, respectively.
The maximum yaw velocities recorded during feeding tracking and
free flight were also similar. The strokes with fastest yaw velocities
during feeder tracking were 1.85 and 2.43 revolutionss™' for left
and right turns, respectively. The maximum values for free-flight
yaw velocities are represented by the 97.5% value of the frequency
distribution, which was 2.32 and 2.33 revolutions s for left and right
turns, respectively. The close correspondence in velocities indicates
that the feeder tracking experiment provided a relevant test of
average yaw turns. Nonetheless, it is readily apparent that tracking
the revolving feeder at the imposed angular velocities required much
lower values in yaw velocity than the hummingbirds are capable of
performing in free flight. We conclude by suggesting that the
kinematic and muscle activation variability observed during feeder
tracking reflects fine motor control adjustments across wingbeats,
indicating that the hummingbirds were controlling sub-maximal
behavior.
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