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ABSTRACT.--Downstroke force produced by Rock Doves (Columba livia) as they negotiated 
an obstacle course was measured using in vivo recordings of delto-pectoral crest strain. Dur- 
ing this slow (<6 m s •), maneuvering flight, pigeons produced a series of four to six suc- 
cessive wingbeats in which the wing on the outside of the turn produced greater peak force 
than the wing on the inside of the turn, suggesting that the birds maneuvered in a saltatory 
manner during slow flight. This asymmetrical downstroke force may be used to increase or 
reestablish bank lost during upstroke, or it may be directed as thrust to compensate for ad- 
verse yaw or create excess yaw to alter the bird's direction of flight. Continuous production 
of asymmetrical downstroke force through a turn differs from the traditional model of ma- 
neuvering flight, in which asymmetrical force is used only to initiate a bank, the forces are 
briefly reversed to arrest the momentum of the roll and then equalized to maintain the es- 
tablished bank, and the redirected lift of the wings then effects a turn. Although this tra- 
ditional model probably describes most turns initiated during fast and gliding flight in birds, 
it underestimates the complexity of maneuvering during slow, flapping flight, where so- 
phisticated kinematics and neuromuscular control are needed to change direction effective- 
ly. Received 17 July 1997, accepted 4 March 1998. 

THE GREAT DIVERSITY OF SPECIES within all 

taxa capable of flight suggests that the behav- 
ioral plasticity afforded by flight allows the ex- 
ploitation of a wide variety of habitats (Norberg 
1990). The directness and speed of flight allow 
great distances to be covered efficiently and 
quickly such that flying animals can respond to 
changes in food supply, climatic conditions, or, 
in more immediate situations, predation pres- 
sure. However, speed isn't everything; studies 
of flight performance (as inferred by external 
morphology) suggest that the spatial charac- 
teristics (e.g. clutter) of a species' habitat exert 
selective pressure on maneuverability (Nor- 
berg 1981, Norberg and Rayner 1987). The in- 
ference of maneuvering performance by exter- 
nal flight morphology (e.g. wing loading, as- 
pect ratio) requires a steady-state assumption 
(i.e. continuous lift production and nonflap- 
ping wings). On the contrary, given the enor- 
mous variety of bird species that rarely glide, 
particularly during maneuvering (e.g. small 
passerines), the vast majority of maneuvering 
flight must take place during flapping flight. 
Therefore, our understanding of the relation- 
ship between flight morphology and the ecol- 
ogy of the animal must be limited. Further- 
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more, the proximal physical mechanisms for 
changing direction in slow, unsteady flight are 
not understood, which prevents clearly relating 
this type of maneuvering performance to mor- 
phology beyond the requirement of high avail- 
able mass-specific power 

The mechanisms for changing direction in a 
steady-state turn are fairly simple: disparate 
forces produced by the wings cause the bird to 
roll into a bank (henceforth, an initiating force 
asymmetry), redirecting lift toward the desired 
direction of flight. In this type of turn, after a 
reversal of the initial force asymmetry to halt 
the rolling momentum of the bird (henceforth, 
an arresting asymmetry), no further force 
asymmetry is needed to maintain the bank 
once it has been established, and the bird turns 
at a constant rate. The process of changing di- 
rection during nonsteady-state (flapping), slow 
flight is less clear, although presumably it is of 
critical importance; most birds must be able to 
maneuver precisely during takeoff and land- 
ing. Using two-dimensional light film, Dial and 
Gatesy (1993) found that pigeons flying at low 
speed through an obstacle course appear to 
create a bank using angle-of-attack asymme- 
tries and then fly symmetrically through a turn 
for several wingbeats. If true, the maneuvering 
strategy of pigeons in slow flight is the same as 
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F•G. 1. Schematic diagram of the maneuvering-flight corridor. The turning radius shown is the maximum 
that would be possible if the pigeons flew "perfectly" (i.e. gliding, constant rate turn, with wings just clearing 
the acetate barriers). 

that employed in a steady-state turn: they cre- 
ate a bank and allow the redirected lift of 

downstroke to pull them steadily through the 
turn. However, kinematic asymmetries may be 
difficult to discern on two-dimensional film, 
and small wing asymmetries and changes in 
yaw and bank may have gone undetected dur- 
ing each wingbeat. Such a slow-flight turn 
would be produced by a series of small changes 
in direction (henceforth, a saltatory turn) rather 
than by establishing a bank and subsequently 
flying symmetrically through the turn (i.e. a 
symmetrical turn). The purpose of the present 
study was to use paired in vivo force recordings 
of the pectoralis, based on strain recordings of 
the delto-pectoral crest, to examine the pat- 
terns of downstroke force production in pi- 
geons flying through an obstacle course, and 
thereby determine which turning strategy 
(symmetrical or saltatory) they employed dur- 
ing slow, maneuvering flight. 

MATERIALS AND METHODS 

Bird training, flight corridor, and cinematography.-- 
Three Rock Doves (Columba livia; hereafter "pi- 
geons") captured in Missoula, Montana, were 
trained to fly from the hand through a hallway cor- 
ridor (2.5 x 3 x 20 m) to a perch. Four clear (to allow 

FIG. 2. Attachment site of the strain gauges on the 
delto-pectoral crests, and back-plug position (inset). 

the flights to be filmed) acetate barriers (1 m wide x 
2.4 m long, 0.08 mm thick) were suspended at 4-m 
intervals within the corridor such that the pigeons 
needed to make four alternating turns to negotiate 
the flight course (Fig. 1). The takeoff and landing 
points were placed far enough from the first and last 
barriers, respectively, to allow the pigeons to initi- 
ate/complete the first and last turns without being 
influenced by the need to accelerate/decelerate to 
land. The obstacle course was arranged such that ei- 
ther type of turn (saltatory or symmetrical) was 
physically possible, with the maximum radius of 
12.6 m for a symmetrical, constant-rate turn around 
any one of the barriers. Assuming a modest lift co- 
efficient of 1.2 (Norberg 1990), a turn of such radius 
could be executed by a gliding pigeon in a 45 ø bank. 
During training, the acetate barriers were marked 
with strips of high-visibility tape to allow the birds 
to see and learn to avoid the barriers; as the birds be- 
came familiar with the course, the tape was gradu- 
ally removed. The birds were considered ready for 
experimental trials when they could fly through the 
entire course without striking the barriers. Four pho- 
tocells were mounted on the ceiling at the medial 
edge of each barrier to mark a bird's position as it 
passed through the assumed middle of each turn. A 
16-mm high-speed film camera (RedLake Laboratory 
Lo-Cam; Kodak 7250 Ektachrome) operating at 150 
frames s • recorded a posterior view of each trial, al- 
lowing two-dimensional kinematic reference and 
analysis. 

Surgical and strain-gauge techniques.--To assess 
variation in aerodynamic force produced by the 
wings, we made recordings of the forces experienced 
by the humerus by attaching a strain gauge to the 
dorsal surface of the delto-pectoral crest (DPC), 
which is the prominent anterior tubercle and sole site 
of pectoralis insertion on the humerus (Fig. 2). Strain 
recordings from the DPC have provided reliable cal- 
ibrations of strain-to-force produced by the pector- 
alis in European Starlings (Sturnus vulgaris), Black- 
billed Magpies (Pica pica), and pigeons (Biewener et 
al. 1992, Dial and Biewener 1993, Dial et al. 1998). For 
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purposes here, the force produced by the pectoralis 
and resultant strain at the DPC can be thought of as 
the primary antagonist to aerodynamic forces pro- 
duced by the wing (i.e. a "strut" translating forces 
from the wing to the body). Thus, we assumed that 
the pectoralis would reflect the variability in aero- 
dynamic force produced by the wings, regardless of 
how that variability might have been generated (e.g. 
changes in area, lift coefficient, or velocity). 

Birds were anesthetized (25 mg kg • ketamine and 
2 mg kg • xylazine, supplemented as needed) and 
the feathers removed over both shoulder regions and 
the middle of the back between the scapulae. On each 
wing, a 15-mm incision was made in the skin over- 
lying the DPC, which was then exposed by gently 
parting the fascicles of the deltoid muscle. The dorsal 
surface of the DPC was prepared by lightly scraping 
away the periosteum and then swabbing the under- 
lying bone with methyl-ethyl ketone to remove any 
residual tissue and dry the site. A strain gauge (sin- 
gle-element metal foil type FLE-05-11, Tokyo Sokki 
Kenkyujo, Ltd.) was then attached to the dorsal sur- 
face of the DPC using self-catalyzing cyanoacrylate 
adhesive, with its principal axis aligned approxi- 
mately 15 ø proximal to perpendicular to the humeral 
shaft (Dial and Biewener 1993). Strain gauge lead 
wires (Teflon insulated; Micromeasurements Inc.) 
ran beneath the deltoid and subcutaneously to a 
miniature connector plug (12 pole, Microtech FG-6 
[x2]) that was mounted on the back of the bird by 
suturing the plug's base securely to the interverte- 
bral ligaments using size-O silk thread. The skin was 
drawn snugly around the protruding connector plug 
and sutured, and the surrounding skin was then cov- 
ered with elastic surgical tape. 

Strain signals from the DPC were transmitted to 
bridge amplifiers (Vishay model 2020, Micromea- 
surements Inc.) via two lightweight 30-m shielded 
cables. The cables were taped to the bird's back, sep- 
arated to allow each to pass along either side of the 
body just anterior to the tail, and then rejoined and 
draped to the floor. Raw in vivo DPC strains, camera- 
shutter pulse, and photocell signals were then sam- 
pled at 5,000 Hz by a Keithley Instruments A/D con- 
verter and stored in a microcomputer. To monitor the 
condition of the experimental apparatus, live data 
from each trial were printed on a Gould 2400 chart 
recorder. 

Tensile strains experienced by the DPC during 
flight through the obstacle course were calibrated to 
pectoralis force in situ after the flight trials. A heavy 
nylon thread was tied around the convergent portion 
of the pectoralis and the pectoral tendon, just below 
its insertion on the DPC. With the wing held in var- 
ious degrees of elevation (0 ø, 30 ø, 60 ø) above horizon- 
tal, calibrated forces were applied to the DPC by 
pulling on the thread with a force transducer in a 
manner simulating the contraction of the muscle. 
Calibrations of DPC strain for each position were av- 

eraged to estimate downstroke force. Recently, a 
study of three-dimensional wing kinematics showed 
that pigeons produce force asymmetries during 
slow, maneuvering flight by creating differential 
downstroke velocities between the two wings (War- 
rick and Dial 1998). The initiating asymmetries in 
downstroke velocity were produced early through 
mid-downstroke, and the majority (70%) of reversing 
arresting asymmetries were created later in the same 
downstroke. Because we calibrated the strain gauges 
in wing-elevation positions of early to mid-down- 
stroke, the asymmetries in peak force were assumed 
to represent the initiating force asymmetries. 

Obstacle course flights, data collection, and analysis.- 
Experimental trials were performed when the birds 
appeared to be fully recovered from the anesthesia, 
usually 5 to 10 h after surgery, and all trials were per- 
formed within 24 h. Before we collected data, the 
birds were allowed several practice flights through 
the course, beginning with short, straight flights and 
working up to longer flights and maneuvering 
around barriers. Once proficiency was attained, each 
bird flew the course until five complete uncomprom- 
ised trials (defined as those lacking technical diffi- 
culties and/or barrier strikes) were recorded. After 
the completion of the maneuvering-flight trials, sev- 
eral additional trials were conducted over the same 

course distance, but with the barriers removed. 
These "straight and level" trials were considered to 
be measures of typical force asymmetries produced 
when a bird was not maneuvering in a purposeful 
manner relative to the obstacle course. 

Because of the high sampling rate and the smooth 
force/strain profile, peak force was considered a re- 
liable representation of downstroke force and was 
therefore used to describe patterns of force asym- 
metry (Fig. 3). In all birds, continuous data taken 
throughout the wingbeat cycle show a disparity in 
the onset of the increase in the strain/force curves 
between the right and left sides, beginning in the up- 
stroke portion of the wingbeat cycle. This may have 
been a result of slight differences in the gauge ori- 
entation on the DPC, and/or that the strain gauges 
were calibrated for strain conditions during the 
downstroke, rather than the compressive loading 
characteristic of the upstroke. This asymmetry in on- 
set was consistent within birds; that is, each bird had 

a side that consistently preceded the other in onset 
of downstroke strain (suggesting gauge-orientation 
differences). However, the timing asymmetry is fur- 
ther pronounced in flight modes where upstroke is 
especially forceful (e.g. takeoff and landing; sug- 
gesting gauge compression). Because force produc- 
tion during takeoffs and landings were outside the 
scope of this study, we excluded them from our anal- 
yses of force asymmetry. This timing asymmetry is 
reduced in all other phases of flight and does not ap- 
pear to influence the portion of the strain curve (ap- 
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FIG. 3. Continuous strain data obtained from Pi- 

geon 1, collected at 5,000 Hz. Raw strain voltages 
were calibrated to force in situ. The peak downstroke 
force (taken from between the vertical lines) was 
used to represent the force of downstroke and to ex- 
amine asymmetry patterns. The photocell voltage 
spike indicates the point at which the bird was pass- 
ing the medial margin of the barrier. 

proximately mid-downstroke) from which peak 
force was taken. 

Kinematic data were collected by projecting (L-W 
Motion Analyzer Projector model 224-s) the 16-mm 
film onto a Summagraphics digitizing pad. Using 
customized digitizing software, bank angle was es- 
timated by the angle between horizontal and a line 

between the two points where the lateral rectrices in- 
sert into the body. Using commercially available 
software (Dman, Garr Updegraff), peak strain data 
were extracted for each wingbeat cycle and synchro- 
nized to kinematics using the cantera-shutter pulse 
and photocell-trip pulse. Statistical tests were per- 
formed using either Microsoft Excel 5.0 or $PSS 6.1.3. 

To summarize force-asymmetry patterns, a mean 
trial for each bird was produced by averaging the 
bird's force asymmetries over its five maneuvering- 
flight trials. Functional case-equivalent wingbeats 
were averaged (e.g. the wingbeats in each trial series 
occurring immediately preceding a barrier, at a bar- 
rier, and immediately after a barrier were averaged). 
In the event that a disparate number of wingbeats oc- 
curred in the averaged series, those "extra" wing- 
beats in series having no functional equivalents were 
simply included in the summed series as non-aver- 
aged cases. Such cases appear as those wingbeats oc- 
curring at the midpoint between the barriers. 

Expected asymmetries in force production: Two maneu- 
vering flight models.--For a bird maneuvering in ac- 
cordance with the symmetrical turn model, just prior 
to the turn an initiating force asymmetry would be 
produced by the wing on the outside of the turn, cre- 
ating greater force than the inside wing and causing 
the bird to roll into a bank (Fig. 4A). An arresting 
force asymmetry (here, assumed to take place later 
in the same downstroke) would be needed to halt the 

A 

-- --Hight path 
ß Predicted difference between right and left wing force production for a symmetrical turn 

• Predicted difference between right and left wing force production for a saRatory turn 

Symmetrical turn autocorrelation C Saltatory turn autocorrrelation 

F•G. 4. Predicted pectoralis force asymmetries (A), and asymmetry series autocorrelations for symmet- 
rical (B) and saltatory (C) turns. The autocorrelation coefficient pattern in B was generated by autoregression 
of a series n, = 0 + r, with r, equal to a random number selected from a population with an even distribution 
between 1 and -1. Every seventh point in the series alternated between 10 + r• and -10 + r,, representing 
the single initiating force asymmetry required for creating banks in either direction (the arresting force asym- 
metry would generally not be detected by our methodology; see text). The autocorrelation coefficient pattern 
in (C) was generated by autoregression of a series n, = sin(nx) + r,, where nx = nx • + (360/90; i.e. a "sine 
wave" force-asymmetry pattern with random variation). 
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momentum of the rolling body and stabilize the bird 
in the desired amount of bank. Once the bank is es- 

tablished, the bird would then need to produce only 
a series of symmetrical-force wingbeats to effect a 
turn, thus producing the asymmetry pattern illus- 
trated in Figure 4A. In contrast, a saltatory turn 
would be created by a series of small force asym- 
metries in which the wing on the outside of the turn 
would produce more force than the wing on the in- 
side of the turn (Fig. 4A). Autocorrelation functions 
of these series of force asymmetries calculated at lags 
of 1 through 14 are useful in illustrating the differ- 
ences between these patterns. A highly autocorrelat- 
ed series of asymmetries would mean that any par- 
ticular asymmetry in the series would be best pre- 
dicted by other points in the series. For example, a 
series with a significant correlation coefficient at a 
lag of 1 would mean that any point n in the series 
would be a good predictor of the next point n + 1 in 
the series; a significant autocorrelation coefficient at 
a lag of 2 would mean that a point n in the series 
would be a good predictor of the point after the next 
point n + 2, and so on. The number of lags at which 
a series is autocorrelated is thus used here as a means 

of judging the "smoothness" of a series. In a sym- 
metrical turn, the bank-initiating asymmetries 
would not be highly autocorrelated with the sur- 
rounding points in the series (Fig. 4B). In contrast, 
the saltatory turn model would produce a sinusoidal 
pattern of force asymmetry, with each force asym- 
metry in a series being highly autocorrelated with 
the next (Fig. 4C). This approach was used to test sta- 
tistically the patterns of asymmetry observed in the 
force/strain data, and, thereby, determine which of 
the maneuvering strategies (saltatory or symmetri- 
cal) the birds used as they maneuvered through the 
obstacle course. 

RESULTS 

Force production, flight morphology, and general 
flight characteristics.--The three pigeons used in 
this study displayed some differences in flight 
style. Pigeon 1 (wing loading = 59 N m 2), the 
least tractable and slowest learner, flew fast (g 
= 5.49 m s-•; Fig. 5) and erratically, with oc- 
casional high bank angles and frequent speed 
changes through the course (coefficient of vari- 
ation [CV] in speed through the three sections 
of the course = 0.066). Pigeon 2 (wing loading 
= 53 N m -2) learned quickly and flew fast (g = 
5.70 m s •, CV = 0.043) and dramatically 
through the course, with some high bank an- 
gles. Pigeon 3 (wing loading = 53 N m -2) also 
learned quickly, but flew more slowly (g = 4.19 
m s •, CV = 0.053) through the course. 

Although not quantified, the birds generally 
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FIG. 5. Wing loadings and flight speeds of the 
three pigeons through the obstacle course. Flight 
speeds for the "no-barrier" trials are the average 
speeds of the pigeons through the portion of the 
course where the barriers would normally have been 
situated. 

exhibited little variation in altitude as they flew 
the course, initially climbing to roughly 0.5 m 
above the release height of 1 m and remaining 
at that height until emerging from the barrier 
portion of the course. Each bird displayed vari- 
ability in total peak production of downstroke 
force (left + right) as they flew the obstacle 
course, probably reflecting periods of linear 
and/or angular acceleration and deceleration 
(Fig. 6). Right and left peak forces were strong- 
ly correlated (autoregressive models, P < 
0.0001 for all birds in all trials). 

Asymmetries in force production: Overall pat- 
terns in maneuvering fiight.--Consistent with 
the saltatory model of maneuvering slow flight, 
a sinusoidal pattern of force asymmetries 
emerged in many of the obstacle course trials 
(Figs. 7 and 8). In these trials, the outside wing 
produced greater force (g = 1.58 N, or 5.58% 
higher) than the inside wing for an average of 
7.15 successive downstrokes. Autocorrelation 

functions of each trial series of force asymme- 
tries were calculated at lags of 1 through 29 
(Fig. 8). Negative coefficients represent the cor- 
relation of left dominant force asymmetries 
(represented as positive values) and right dom- 
inant force asymmetries (negative values) used 
in successive turns in opposite directions. Pi- 
geon 1 flew the most erratically, with only two 
of its five trials showing significant autocorre- 
lation coefficients at low lags. In other words, 
any given force asymmetry was poorly pre- 
dicted by other asymmetries in the series, con- 
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FIC. 6. Peak downstroke forces, right and left wings, of representative trials for each pigeon. The mean 
force for both wings over the entire run is represented by the horizontal line shown in each panel. 

firming a visual impression that there were few 
strong rhythms in the pattern of force asym- 
metry (Pigeon 1 in Fig. 8). In contrast, Pigeons 
2 and 3 exhibited strong patterns of asymmetry 
in their bilateral force production. For Pigeon 2, 
force asymmetries were autocorrelated at low 
lags in four of five runs, reflecting its studied 
approach to flying the course (Fig. 8). The pat- 
terns of asymmetry produced by Pigeon 3, 
though more subtle, were similarly autocorre- 
lated, with three of five trials being signifi- 
cantly autocorrelated at low lags (Fig. 8). 

Using autoregressive models, the degree of 
peak force asymmetry (left minus right) was 
regressed on the total (left plus right) peak 
downstroke force to determine: (1) whether 

changing asymmetries were artifacts of chang- 
ing total force production (i.e. was greater 
asymmetry a result of sampling error due to 
higher total bilateral force production?); and 
(2) whether the birds were capable of produc- 
ing subtle force asymmetries during high 
downstroke force. Peak force asymmetry was 
not correlated with total peak force production 
in Pigeon 1 (autoregression coefficient = 0.231, 
regression coefficient = 0.030, r 2 = 0.007, P = 
0.117) or Pigeon 2 (autoregression coefficient = 
0.170, regression coefficient = -0.001, r 2 = 
0.0003, P = 0.908), and was weakly correlated 
in Pigeon 3 (autoregression coefficient = 0.200, 
regression coefficient = 0.054, r 2 = 0.045, P = 
0.004). 
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FIG. 7. The "average run" force-asymmetry pattern obtained from each pigeon. Mean force asymmetries 
were calculated for each case equivalent downstroke asymmetry (n = 5 for most; see text). Error bars rep- 
resent standard deviations. 

Straight and level fiight.--Recordings made 
during straight and level flight illustrate the 
birds' tendency to produce highly autocorre- 
lated series of slight force asymmetries, but 
they do not exhibit the sinusoidal asymmetry 
pattern produced when birds flew the course 
with barriers (Fig. 9). Force asymmetries dur- 
ing straight and level flight occasionally reflect- 
ed a "ghost" of the obstacle course, suggesting 

that birds anticipated maneuvering around 
barriers that were no longer present. For ex- 
ample, Pigeon 2 produced a large right asym- 
metry in trial 14 at precisely the point where 
previously it had needed to maneuver around 
the first barrier (Fig. 9). 

Force asymmetries and body kinematics.--Be- 
cause the pigeons flew the obstacle course at a 
body-pitch angle of approximately 30 ø to hori- 
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FIG. 8. Three trials best representing each bird's force-asymmetry pattern during maneuvering trials. All 
birds produced a sinusoidal pattern of force asymmetry in at least some of their trials, although the smooth- 
ness of the series was frequently interrupted by a large, dramatic asymmetry (e.g. downstroke 21 in Pigeon 
2, trial 7; downstroke 19 in Pigeon 3, trial 6.). Insets show the autocorrelation coefficients at lags of 1 to 30, 
illustrating the highly autocorrelated nature of the force-asymmetry production. Lines through the autocor- 
relation coefficients depict 95% confidence intervals. 

zontal, measurements of changes in bank angle 
during a downstroke are ambiguous; we could 
not be certain that the observed changes in 
body orientation were in roll or yaw. Neverthe- 
less, the perceived changes in body angle were 
taken as coarse measurements of the change in 

position of the body resulting from the force 
asymmetry in the downstroke. Occasionally, 
large changes in body orientation were ob- 
served (Fig. 10), illustrating a pigeon's ability to 
maneuver dramatically when needed, with a 
change of 60 to 70 ø in perceived bank in a single 
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FIG. 9. Force-asymmetry patterns for pigeons during "straight and level" flights. Although highly au- 
tocorrelated, these series do not exhibit the sinusoidal pattern of alternating force asymmetry produced dur- 
ing the maneuvering trials (see Fig. 8). 

downstroke. However, most of the changes in 
body angle (79%, n = 95) observed during 
downstroke were less than 20 ø (for all birds; 
mean right change = 14.6 ø, mean left change = 
16.2ø). 

Aerodynamic force produced by the wings is 
directed as both lift and thrust, and asymmetry 
in this latter component would create yawing 
acceleration. Although we were unable to de- 
termine the degree to which the pigeons used 
lift redirected by bank or yawing mechanisms 
to effect turns, it is clear that control of yaw can 
be an important component of maneuvering 
performance. To use an extreme case as an il- 
lustration, Figure 11 depicts Pigeon 1 in an 
aborted entry into the obstacle course. Rather 

than continuing down the course, the pigeon 
executed a climbing turn to the left to reverse 
its course. The right-dominant asymmetries of 
the first four wingbeats of the turn (mean right 
dominance = 12.5 N) did not translate into 
bank; if anything, the bird rolled slightly to the 
left as the turn progressed. In this instance, the 
turn during the near-vertical ascent must have 
been created by a strong yawing movement of 
the body. 

Large force asymmetries also produced high 
angular accelerations in roll, as illustrated in 
Figure 10. Such large asymmetries generally 
occurred only when the birds performed last- 
instant, "emergency" maneuvers to avoid the 
barriers, and usually they resulted in large 
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FIc. 10. Pectoralis force asymmetries and the 
changes in body angle (perceived as "bank"). Body 
angle was calculated as the two-dimensional angle 
between a line on the body, drawn from the left side 
of the insertion of the rectrices to the right side, rel- 
ative to the horizontal. This angle was recorded at 
the beginning and end of downstroke. The difference 
between the angles at the beginning of downstroke 
and the end represent the change in body angle re- 
suiting from that downstroke. 

changes in perceived bank angles that persist- 
ed for one or two wingbeats (up to 75ø; Fig. 10). 

DIscussioN 

Previous electromyographic and kinematic 
information (Dial and Gatesy 1993) has sug- 
gested that pigeons, when flying the same ob- 
stacle course that we used, fly symmetrically 
around the barriers after establishing a bank. 
Although the force-asymmetry data from our 
study suggest that pigeons are capable of em- 
ploying such a strategy, we observed more 
commonly (10 of 15 trials) that the birds pro- 
duced a series of small force asymmetries to 
create what we define here as a saltatory turn. 
Changes in body angle resulting from the 
downstroke corroborate this interpretation of 
the force asymmetries; that is, few large 
changes in orientation occurred during the 
downstroke as the pigeons negotiated a turn. 
The reasons for employing the saltatory strat- 
egy are easy to understand: producing small, 
sequential downstroke asymmetries during 
each downstroke would be safer than the alter- 

native symmetrical strateg)• where the path of 
the turn would be determined by the execution 
of one large kinematic event (bank initiation). 
Conversely, no one kinematic event during a 
saltatory turn is dramatic, because the bird is 
making fine positional adjustments ad libitum, 
compensating for any errors in trajectory that 
may have resulted from previous downstrokes. 

Given a pigeon's ability to produce strong 
yawing moments (Fig. 11), one might suspect 
that during saltatory maneuvering the primary 
axis of rotation would be yaw, which is intrin- 
sically saltatory in nature. Each time the bird 
produces a change in yaw, its trajectory will 
change only during the yawing action; as soon 
as force symmetry is reestablished and the 
yawing rotation stops, the bird's trajectory will 
stop changing. Conversely, once a bank is es- 
tablished, the bird's trajectory will continue to 
change even if it produces symmetrical down- 
stroke forces; to stop changing direction, the 
bird will need to produce a force asymmetry to 
level its wings. However, kinematic data indi- 
cate that pigeons in slow flight effect a turn pri- 
marily by making rapid adjustments in bank 
angle, and that adverse yaw is created during 
these changes in bank angle (Warrick and Dial 
1998). Adverse yaw initially results from the 
asymmetry in induced drag as the outside 
wing increases lift to produce the rolling ma- 
neuver, creating yaw in a direction opposite 
that of the turn. Once the bank is established, 
some adverse yaw remains, because the wing 
on the outside of the turn moves through an arc 
greater than the inside wing and thus has a 
higher incident airspeed and resultant profile 
drag. 

Because in the present study the two-dimen- 
sional perspective results in ambiguity in mea- 
suring bank and yaw, we must consider the 
possibility that the sequential asymmetries we 
have interpreted as a saltatory turn are not, in 
fact, force asymmetries developed to compen- 
sate for increased drag force on the wing on the 
outside of the turn. In high-speed flight, ad- 
verse yaw can be overcome by twisting the tail 
(Hoey 1992, Hummel 1992, Thomas 1993, War- 
rick 1994). In slow flight, however, the tails of 
the pigeons appeared to be fixed in a flared and 
bilaterally depressed "flap" configuration, 
with little or no twisting, presumably aug- 
menting the lift produced by the wings and 
body (Hummel 1992, Thomas 1993). Presented 
as such, a tail would not produce any force that 
could compensate for adverse yaw. Assuming 
no downstroke-velocity asymmetry and sym- 
metrical wing area (Warrick and Dial 1998), the 
difference in profile drag between the outside 
and inside wing would be proportional to the 
length of the arc each traveled, which, in turn, 
is proportional to the turn radius for each 
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FIG. 11. Serendipitous data collection. In an aborted entry to the obstacle course, Pigeon 1 made an as- 
cending left turn when released. Continuous force data and images (three per downstroke) traced from 150 
frame s ' light film of the first four wingbeats are shown in the upper panel to illustrate how the large forces 
and force asymmetries produced during downstroke resulted in an ascending, turning flight. The force asym- 
metries for the first four wingbeats (light markers) and subsequent downstroke force asymmetries as it con- 
tinued to turn are shown in the lower panel. From the film, appears that most of the angular acceleration the 
bird produced was around the yaw axis. The radius of this turn would be approximately 1 m. 

wing. Assuming a body-path turning radius of 
10 m, and given a mean difference inwing-path 
radius of 0.25 m (measured as the distance be- 
tween the wrists at mid-downstroke), the ra- 
dius of the turn of the outside wing would be 
2.5% larger than that of the inside wing. With 
a 2.5% longer arc of travel the outside wing 
would thus be traveling 2.5% faster than the in- 
side at mid-downstroke. Thus, because drag in- 
creases as a function of the square of velocity, 
the outside wing at mid-downstroke would 
produce 6.25% more profile drag, assuming 
equal downstroke velocities. This agrees rea- 
sonably well with the 5.58% mean force asym- 
metry we observed during turning flight. How- 
ever, it is unlikely that the strain gauges would 
detect humeral strains created by increased in- 
duced and profile drag force and any increase 
in pectoralis force that might be used to com- 
pensate for these forces (it is unknown if the 
pectoralis could be used for this task). Data 
from high-speed x-ray film of pigeons flying in 
a wind tunnel indicate that the DPC is pointed 
forward, toward the leading edge of the wing's 

mean chord line--exactly opposite of the di- 
rection of the drag force vector (i.e. toward the 
trailing edge of the mean chord line; K. P. Dial 
unpubl. data). Thus, the drag-force vector 
would be perpendicular to the strain gauge's 
functional orientation, and the gauge would 
not detect any resulting humeral strains. Fur- 
thermore, had the force-asymmetry patterns 
been a result of drag forces, the "saltatory" 
pattern of force production would have been 
seen in every trial (because asymmetrical pro- 
file drag would always be created), rather than 
in only 67% of the trials. 

Clearly, there is more to slow, maneuvering 
flight than a steady-state model implies. Given 
the steady-state assumption, maneuverability 
(defined as turning radius; Norberg and Ray- 
ner 1987) has been described purely as a func- 
tion of wing loading (Pennycuick 1971, Nor- 
berg and Rayner 1987), a relationship derived 
by equating the lift force and the force required 
to pull an object from a straight path (centrip- 
etal force): 

1 / 2pCLSvw 2 sin0 = mvb2/r, (1) 
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where 0 is the bank angle, p is the density of air, 
CL is the dimensionless lift coefficient, S is the 
area of the wing, r is the radius of the turn, rn 
is the mass of the bird, Vw is the velocity of the 
incident air over the wings, and vb is the veloc- 
ity of the entire bird. Given the assumption that 
velocity of the entire bird and the velocity of the 
wings are equal (i.e. the wings are not flap- 
ping), this relationship is generally reduced 
(e.g. Pennycuick 1971) to the radius of a turn 
being proportional to wing loading. But birds 
rarely meet the steady-state assumption of 
equal velocity of wings and body during ma- 
neuvering flight; that is, during most maneu- 
vering, velocity from the centripetal force term 
(vb) may be much lower than the velocity of the 
flapping wings (Vw). Thus, the radius of the 
turn would be proportional to the ratio of body 
velocity to wing velocity. 

Although steady-state models of maneuver- 
ing performance are unable to describe abso- 
lute maneuverability in slow flight, they re- 
main a useful measure of what we term intrin- 

sic maneuverability. Birds with lower wing 
loading are intrinsically more maneuverable, 
because they are able to perform turns of a 
smaller radius without flapping than are birds 
with higher wing loading. Certainly, after in- 
cluding a temporal component to steady-state 
models, these models should adequately de- 
scribe the spatial and maneuvering demands 
on a bird. That is, highly aerial species that 
spend a lot of time maneuvering during for- 
aging (e.g. swallows) would benefit from the 
increased efficiency in maneuverability afford- 
ed by low wing loading, because they could 
make small-radius turns without flying slowly 
and flapping (thus creating a low ratio of body 
velocity to wing velocity), which would in- 
crease the energetic cost of flight (Tucker 1968, 
1973; Hails 1979; Goldspink 1981; Hudson and 
Bernstein 1983; Schmidt-Nielsen 1984). How- 
ever, when considering the range of spatial hab- 
itats that a particular species may use during 
foraging or nesting, it may be more important 
to consider its facultative maneuverability, or 
the absolute limits of a species' ability to pro- 
duce small-radius turns during flapping flight. 
This type of maneuvering performance would 
be a function of the bird's ability to fly slowly 
(i.e. develop high mass-specific power; Penny- 
cuick 1968, Ellington 1991, Marden 1994) and 

to change direction during this mode of flight 
through asymmetrical force production. 

The saltatory pattern of force production ob- 
served in this study probably represents a Io- 
comotor strategy that most birds use during 
facultative maneuvering, particularly during 
critical stages of flight such as takeoff and land- 
ing. Furthermore, the degree to which the daily 
routines of most birds depend on creating these 
controlled locomotor patterns during maneu- 
vering suggests that this ability has been an 
evolutionary prerequisite ("key innovation;" 
Liem 1973, Raikow 1986) for the diversification 
of birds. Although saltatory maneuvering 
flight performance undoubtedly is a product of 
a suite of anatomical and physiological fea- 
tures, the production of force asymmetries by 
the use of asymmetrical downstroke velocities 
(as in pigeons; Warrick and Dial 1998) suggests 
that the functional morphology of the primary 
downstroke muscles (the pectoralis) should be 
the pretext to any discussion of avian adaptive 
radiation. 
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