
Proc. R. Soc. B

doi:10.1098/rspb.2009.0090

 on 12 March 2009rspb.royalsocietypublishing.orgDownloaded from 
Flight costs of long, sexually selected tails
in hummingbirds

Christopher James Clark1,* and Robert Dudley1,2

1Department of Integrative Biology, University of California, Berkeley, Berkeley, CA 94720, USA
2Smithsonian Tropical Research Institute, PO Box 2072, Balboa, Republic of Panama

Published online
Electron
1098/rsp

*Autho

Received
Accepted
The elongated tails adorning many male birds have traditionally been thought to degrade flight

performance by increasing body drag. However, aerodynamic interactions between the body and tail can

be substantial in some contexts, and a short tail may actually reduce rather than increase overall drag.

To test how tail length affects flight performance, we manipulated the tails of Anna’s hummingbirds

(Calypte anna) by increasing their length with the greatly elongated tail streamers of the red-billed

streamertail (Trochilus polytmus) and reducing their length by removing first the rectrices and then the entire

tail (i.e. all rectrices and tail covert feathers). Flight performance was measured in a wind tunnel by

measuring (i) the maximum forward speed at which the birds could fly and (ii) the metabolic cost of

flight while flying at airspeeds from 0 to 14 m sK1. We found a significant interaction effect between tail

treatment and airspeed: an elongated tail increased the metabolic cost of flight by up to 11 per cent, and

this effect was strongest at higher flight speeds. Maximum flight speed was concomitantly reduced by 3.4

per cent. Also, removing the entire tail decreased maximum flight speed by 2 per cent, suggesting beneficial

aerodynamic effects for tails of normal length. The effects of elongation are thus subtle and airspeed-

specific, suggesting that diversity in avian tail morphology is associated with only modest flight costs.
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1. INTRODUCTION
The long, sexually dimorphic tails of many male birds

are a classic example of a sexually selected ornament.

Evidence from various taxa suggests that this mor-

phology has arisen because females favour males with

elongated tails (Darwin 1871; Andersson, M. 1982, 1994;

Petrie et al. 1991; Andersson, S. 1992). However,

although such sexually selected traits increase reproduc-

tive fitness, they may also impose performance or viability

costs on the individuals bearing them (Andersson, M.

1994). As a consequence, sexually selected traits are

hypothesized to evolve to a limiting size for which

any fitness benefits of further elaboration are offset

by inordinate costs of growth, use or maintenance

(Andersson, M. 1994; Oufiero & Garland 2007).

Long tails in birds are thought to degrade flight

performance by increasing body drag (Evans & Thomas

1992; Balmford et al. 1993; Thomas 1993; Norberg 1995)

or by affecting foraging rates and aerial manoeuvrability

(Evans 1998; Matyjasiak et al. 1999, 2000, 2004; Park

et al. 2000; Rowe et al. 2001). For the purposes of

quantifying how changes in tail morphology influence

drag, the tail has been modelled as an isolated flat plate

in free-stream flow (Evans & Thomas 1992; Balmford

et al. 1993; Thomas 1993; Norberg 1995). However,

Maybury & Rayner (2001) demonstrated significant

aerodynamic interaction between a bird’s body and its

tail. Drag on the frozen body of a starling mounted in a

wind tunnel increased when the tail was removed; flow

visualization revealed concomitant flow separation from
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the body. Tail elongation might enhance this splitter plate

effect in spite of a potential increase in skin friction drag

caused by increased surface area.

We tested the hypothesis that an elongated tail

influences aerodynamic performance of free-flying hum-

mingbirds. Changes in tail length might have two effects

on forward flight performance. First, total drag (which

includes contributions from the tail) influences the

energetic requirements for flight, but primarily at high

airspeeds, given the dependence of power components on

the cube of relative speed (Pennycuick 1969; Rayner

2001). Morphological changes that influence body drag

should thus increase metabolic costs of high-speed flight,

but may have no effect at low speed. Second, the

maximum speed at which a bird can fly may be limited

by the muscle power output necessary to overcome total

drag, although kinematic limitations may also pertain

(Dial et al. 1997; Rayner 1999). If a manipulation

increases a bird’s drag, it may decrease maximum flight

speed. Here, we evaluate the effects of tail length on both

aspects of flight performance by measuring metabolic rates

and maximum airspeeds of Anna’s hummingbirds flying

in a wind tunnel.
2. MATERIAL AND METHODS
Anna’s hummingbirds (Calypte anna) were captured in

Berkeley, CA. Following two days of habituation, the birds

were trained to fly in a wind tunnel over a range of airspeeds

(0–14 m sK1) over the course of several hours. The birds were

considered fully trained when they could feed from a mask

attached to a feeder at airspeeds of 12.0 m sK1. Experiments

were then carried out the following day, typically with 1 day

allocated per treatment per bird (see below). Body mass was
This journal is q 2009 The Royal Society
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Figure 1. Tail morphology and manipulations of tail length in
Anna’s hummingbirds: (a) the arrow indicates where two
feathers have been spliced together (see text for more details),
(b) rectrices and (c) tail coverts; (d–h) five consecutive
experimental manipulations: (d ) no manipulation (control 1),
(e) long-tail treatment, ( f ) sham manipulation (control 2),
(g) no-rectrices treatment and (h) no-tail treatment (rectrices
and coverts removed); and (i ) photo of a male Anna’s
hummingbird flying with attached tail streamers.
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Figure 2. Metabolic measurements within the working
section of a wind tunnel. (a) Food reservoir, (b) mask and
hummingbird were traced from a photograph and thus
accurately portray the bird’s dimensions relative to the
mask. The mask is approximately 2 cm in diameter (see
figure 1 in the electronic supplementary material). The
reservoir was located directly upstream of the mask. Within
the working section of a wind tunnel (wind direction
indicated by (c)), hummingbirds voluntarily inserted their
heads into the mask to obtain food. Air was drawn through
the mask at a rate of 3.9 l minK1. A 0.3 l minK1 subsample
was drawn through (d ) desiccant and into (e) an oxygen
sensor, while the remaining air passed through a flow meter.
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measured before and after flight trials in the tunnel; the

average of these values was used in the calculation of mass-

specific metabolic rates. The wind tunnel (Engineering

Laboratory Design, Inc., Lake City, MN) was an Eiffel

style, open-circuit design with a 6.25 : 1 contraction section

and a working section measuring 45.5!45.5!91.5 cm.

Spatial variation in velocity was less than 1 per cent of

the mean value. After the experiments, all the birds were

released back into the wild.
(a) Tail manipulations

Tail length was increased by altering the fourth rectrix, which

is the second-to-outermost tail feather (figure 1a,b). The

outermost tail feather was not used as it serves in sound

production (Clark & Feo 2008), and the fourth rectrix is also

the elongated feather in the red-billed streamertail (Trochilus

polytmus) that was used in our experimental manipulations.

Five consecutive treatments were employed, always in the

same order (figure 1d–i ): (i) no manipulation (control 1),

(ii) tail elongation with red-billed streamertail rectrices,

(iii) reinsertion of the bird’s own fourth rectrices (sham

manipulation; control 2), (iv) plucking of all rectrices

(no-rectrices treatment), and (v) plucking of all tail coverts

and rectrices (no-tail treatment). All the birds underwent

treatment 1, but not all subsequent treatments were performed

on each bird.

Manipulations were performed by restraining a humming-

bird and then cutting off the distal portion of its fourth

rectrices at a point 10–15 mm from the base. An insect pin

(0.1 mm diameter!6 mm) was dipped in glue (cyanoacry-

late) and inserted approximately 3 mm into the hollow shaft

of the feather to be attached, such that the remaining 3 mm of

the pin remained exposed. This free end was also dipped in

glue and then inserted into the hollow shaft of the bird’s

fourth tail feather. The newly attached feather was positioned

such that its vane was aligned with that of the bird’s original
Proc. R. Soc. B
feather (figure 1a). Often this procedure necessitated clipping

a small (roughly 1 mm) piece of feather, thus the sham

manipulation treatment (in which the bird’s own fourth

rectrices were cut and then reattached) reduced its length

by an average of 1 mm. The long-tail treatment increased

body mass by approximately 0.02 g, representing 0.4 per cent

of body mass on average. Tail length initially averaged

31 mm; the elongated treatment corresponded to an average

tail length of 190 mm.
(b) Metabolic measurements

A respirometry mask made of plastic, glue and clear acetate

was suspended 15 cm from the ceiling of the working section

of the wind tunnel (figure 2). The mask was oriented such

that feeding birds would fly directly and symmetrically into

the airflow. Mask size was minimized to reduce its

aerodynamic profile, but the profile was still substantial

given the need to frequently refill the 2 ml food reservoir and

to encompass the entire head and bill of a feeding bird (see the

electronic supplementary material for particle image veloci-

metry of the flow field around the mask). Food (sugar

solution) was available ad libitum during measurements, and

the birds fed regularly, ensuring respiratory quotients near 1

(Welch et al. 2007). A perch was provided in the working

section, well downstream from the mask.

Our respirometry set-up was similar to that described for

hovering hummingbird energetics in Bartholomew & Lighton

(1986), Wells (1993) and Chai & Dudley (1996; figure 2).

At high airspeeds, potential loss of expired respiratory gases

from the mask necessitated flow rate calibration via the

http://rspb.royalsocietypublishing.org/
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following procedure. At an airspeed of 10 m sK1, flow rate of

air through the mask was varied from 1 to 4.5 l minK1.

Metabolic rates of birds feeding while flying at this speed

converged asymptotically at flow rates greater than

3.0 l minK1, so for all experiments air was drawn through

the mask at 3.9 l minK1. Owing to the low and relatively

invariant laboratory humidity, this gas stream was not dried.

A 0.3 l minK1 subsample of this air was dried in a 1.5 ml

desiccation chamber filled with indicating Drierite, and then

passed through an oxygen analyser (Applied Electrochem-

istry S-3A/II ). The Drierite was replaced as needed,

approximately every 10 min. The oxygen analyser output

was sampled at 240 Hz using a graphical user interface in

LABVIEW (National Instruments), and sets of 12 samples were

averaged to reduce electrical noise, yielding an effective

sampling rate of 20 Hz. Equilibrium (minimum) values of

oxygen partial pressure were typically reached less than 2 s

from the onset of a feeding bout. The change in oxygen partial

pressure from baseline to equilibrium was multiplied by

the flow rate (adjusted by 1% to account for ambient

humidity) to estimate metabolic rate. Oxygen depletion was

measured for multiple feeding bouts at each airspeed for a

given individual, and then an objective set of criteria was used

to eliminate curves associated with (i) excessively short

feeding duration, (ii) head displacement inside the mask

during a feeding bout, and (iii) obstruction of air flow by the

bird’s head within the mask. Traces were analysed blind

relative to their corresponding airspeed.

At the onset of any given experimental treatment, a bird

was restrained for approximately 15 min while its tail feathers

were altered, and was then released into the tunnel’s working

section. Restraint tended to disconnect neighbouring barbs of

the wing and tail feathers (potentially influencing flight

performance), so the bird was first allowed 30 min in still air

to preen and to acclimatize to the working section.

Measurements of metabolic rates were then made while the

bird was flying at airspeeds of 0.0 (i.e. hovering), 2.0, 4.0, 6.0,

8.0, 10, 12, 13 and 14 m sK1. In the first experimental

treatment, wind tunnel speed order was selected randomly

except that 13 and 14 m sK1 were always last, because many

of the birds could not feed at these two speeds. Birds were not

flown at speeds of 13 and 14 m sK1 for more than 5 min to

ensure that, if unable to feed, their respiratory quotients

remained near 1. For subsequent experimental treatments,

the same order of tunnel speeds was used. Up to six feeding

bouts per bird per treatment were obtained at each airspeed.

Metabolic measurements for a single experimental treatment

over the full range of speeds were typically collected over the

course of several hours.

The power curve relating metabolic costs of flight to

airspeed are hypothesized to be U-shaped, with an ascending

right side that increases in proportion to the cube of airspeed

and a minimum at intermediate airspeeds (Rayner 2001). We

used the following underlying model to test this relationship:

VO2
Zb0 Cb1vK1 Cb2v3; ð2:1Þ

where VO2
is the mass-specific metabolic rate; v is airspeed;

and b0, b1 and b2 are statistically estimated parameters.

Equation (2.1) has a theoretical basis (Rayner 2001);

however, it is undefined at vZ0 (hovering flight). So, by

necessity, we excluded metabolic values for hovering from the

main statistical analysis. Effects of experimental treatment on

hovering metabolic rates were therefore tested in a separate

ANOVA, with bird ID included as a random factor. We are
Proc. R. Soc. B
aware that use of equation (2.1) in the analysis de facto

assumes that the hummingbird metabolic power curve is

U-shaped, whereas this has been disputed (Berger 1985;

Ellington 1991). However, alternative models (such as a

parabola, vCv3) suffered from greater multicollinearity

between the velocity terms than did equation (2.1). Because

our purpose here was to test whether tail length had

significant interactions with the v3 portion of the curve in

particular (and therefore reducing multicollinearity was of

primary importance), equation (2.1) offered the best

alternative for a test of this hypothesis.

Effects of experimental treatments were analysed statistic-

ally using a general linear model (GLM) with experimental

treatment as a fixed factor, bird identity as a random factor

and vK1, v3, treatment!vK1 interaction and treatment!v3

interaction as covariates. The interaction terms were included

to explicitly test the hypothesis that the effects of experimental

treatment varied with v3, and not vK1.

(c) Maximum flight speeds

We measured maximum forward flight speeds using an assay

similar to that of Chai et al. (1999). The birds naturally

preferred to fly towards the front of the test section

(i.e. upwind), and this tendency was reinforced by the

presence of the experimenter standing near the back of

the test section (i.e. downwind). The tunnel was set initially

to an airspeed of 12.6 m sK1, which was then slowly

increased. When a flying bird was unable to maintain position

at the front of the working section, it slowly drifted backwards

past a predetermined plane at the midpoint of the working

section. The wind tunnel was turned off, and only then did

the experimenter note and record the prior wind speed at

maximal flight. The small number of trials in which a bird

rapidly flew to the back of the working section, such as when

it appeared to lose control, were excluded. After each

measurement, the bird was allowed to rest and preen for

at least 10 min in still air. Maximum airspeed was measured

three times in succession for each bird under a given

treatment; these measurements typically showed low vari-

ation (average s.d.: 0.3 m sK1, nZ56 sets of measurements).

In several cases, the bird could fly at the tunnel’s top speed of

15.6 m sK1, in which case this value was considered to be the

bird’s maximum airspeed. For statistical analyses, the three

measurements of maximum speed were averaged, and each

experimental treatment was compared with control treat-

ments using a repeated-measures ANOVA.
3. RESULTS
(a) Metabolic measurements

We measured metabolic rates during flight of five male and

one female Anna’s hummingbird across five experimental

treatments, and across speeds of 0.0, 2.0, 4.0, 6.0, 8.0, 10,

12, 13 and 14 m sK1. However, values of 0.0 m sK1 were

analysed separately from the remaining speeds (because

equation (2.1) is undefined at vZ0). Few of the birds were

able to feed at speeds of 13 and 14 m sK1.

Metabolic rate as a function of flight speed is plotted for

all of the experimental treatments in figure 3. In all, 864

samples were included in the GLM analysis of the

relationship between metabolic rate and flight speed.

The main independent variables in the model—vK1, v3

and bird identity—were highly statistically significant (vK1:

F1,844Z197, p!0.001; v3: F1,844Z640, p!0.001; bird ID:

http://rspb.royalsocietypublishing.org/
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Figure 3. Metabolic rate of six hummingbirds as a function
of airspeed and experimental treatment. Each point
represents an average for one bird at each speed and
treatment. The two control treatments are both symbolized
with black triangles, and the same control points are
replotted in each figure. Curves from the GLM (based on
equation (2.1)) have been fitted to each treatment, not
including hovering metabolic data. Black dashed line
indicates control treatments (equation: VO2

Z30.6C
20.0vK1C0.0065v3); grey solid line indicates experimental
treatments. (a) Long-tail treatment (grey squares) relative to

the controls (V O2
Z32.7C19.0vK1C0.008v3), (b) the

no-rectrices treatment (grey circles) relative to the controls
(VO2

Z30.6C20.8vK1C0.006v3) and (c) the no-tail treatment
(grey diamonds) relative to the control treatments (VO2

Z
31.3C17.9vK1C0.007v3). See text for statistics.
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F5,844Z112, p!0.001). The treatment!vK1 interaction

term wasnot statistically significant (F4,844Z1.27,pZ0.28),

whereas the treatment!v3 interaction was marginally

statistically significant (F4,844Z2.07, pZ0.0825).

Within the GLM, the parameters fitted to vK1 and v3

for each individual treatment (i.e. representing individual

treatment!velocity interactions) were compared with the

parameters for the first control treatment (no manipu-

lation). The v3 parameter was significantly higher for the

long-tail treatment (tZ2.47, pZ0.014; figure 3a), whereas
Proc. R. Soc. B
none of the other parameters were significantly different

(control 2: tZ1.46, pZ0.144; no-rectrix treatment:

tZ0.203, pZ0.84; no-tail treatment, tZ1.64, pZ0.101;

figure 3b,c). With respect to vK1, there was a significant

difference in parameter value between the two control

treatments (tZK2.088, pZ0.037). None of the other vK1

parameters for other treatments were significantly different

from the first treatment (jtj!1.62, pO0.10). The difference

between the controls (despite a non-significant treatment!
vK1 interaction; previous paragraph) caused concern that

there may have been differences between the control

treatments at low speeds. However, in a separate analysis

of the data for 0 m sK1, there was no significant difference

between the experimental treatments (ANOVA, F4,129Z
1.30, pZ0.27), whereas bird ID (which was included as a

random factor) was statistically significant (ANOVA,

F5,129Z75.9, p!0.001).

In the no-tail treatment, perching at high airspeeds

(between feeding bouts) seemed to pose a greater

challenge, and the birds appeared to have increased

difficulty feeding at airspeeds greater than 10 m sK1.

Neither of these qualitative effects were evident in the

long-tail or no-rectrix treatments. No bird ever voluntarily

flew in the wake of the mask except when attempting to

feed or actually feeding.

(b) Maximum flight speeds

Maximum forward airspeeds did not differ between the

two control treatments (paired t-test, pZ0.3, nZ9 birds),

whereas adding the elongated fourth rectrices significantly

reduced maximum forward airspeed from 15.1 to

14.6 m sK1, a 3.4 per cent decrease (repeated-measures

ANOVA, p!0.0001, nZ11 birds; figure 4a). The

no-rectrix treatment did not significantly differ from

the control treatments (repeated-measures ANOVA,

pZ0.7, nZ10 birds; figure 4b), whereas the no-tail

treatment significantly decreased maximum airspeed by

2 per cent (repeated-measures ANOVA, pZ0.02, nZ15

birds; figure 4c). Several birds exhibited apparent

maximum speeds of 15.6 m sK1 in one or more trials,

and one bird was able to match the tunnel’s top speed

of 15.6 m sK1 for up to 2 min in almost every trial

for which it was measured (dashed lines, figure 4). This

results in an underestimate of maximum airspeed

for some trials (mostly controls), but because we

hypothesized a reduction in maximum airspeed for both

long- and no-tail treatments relative to the controls, this

bias is conservative relative to the hypotheses we tested.
4. DISCUSSION
These results provide two independent lines of evidence

that elongated, ornamental tails of birds can increase the

costs of flight. Adding a long tail to Anna’s hummingbirds

shifted the high-speed portion of the metabolic power

curve upwards (figure 3a), as shown by the significant

interaction between the long-tail treatment and v3, and

lack of a significant interaction between the long-tail

treatment and vK1. This upwards shift corresponds to an

increase in the metabolic cost of flight at high speeds of

approximately 11 per cent (figure 3a). Assuming that

maximum airspeeds are limited physiologically by muscle

power output, an 11 per cent increase in metabolic power

requirements would predict a decrease in top speed of

http://rspb.royalsocietypublishing.org/
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Figure 4. Maximum speed attained by Anna’s hummingbirds
flying in a wind tunnel under five experimental treatments.
Each line represents one hummingbird. The dashed lines
represent birds that could match the tunnel’s top speed.
(a) The hummingbirds exhibited significantly lower maxi-
mum speeds in the long-tail treatment than they did when
unmanipulated (control 1), or with a sham manipulation
(control 2; repeated-measures ANOVA, p!0.0001, nZ11
birds). (b) Maximum speed showed no change in the
no-rectrix treatment, relative to the control values (nZ10
birds, repeated-measures ANOVA, pZ0.7). (c) The no-tail
treatment exhibited a significant decrease in maximum speed
relative to the controls (nZ15 birds, repeated-measures
ANOVA, pZ0.02). The control values have been averaged
in (b,c) because both controls were measured prior to these
experimental manipulations.
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3.6 per cent, assuming that flight power requirements rise

as the cube of airspeed (Pennycuick 1969; Rayner 2001).

Remarkably, our behavioural assay of maximum flight

speed demonstrated an average decrease of 3.4 per cent

following addition of long tail feathers (figure 4a).

Removing only the rectrices did not appear to have a

significant impact on forward flight. In the metabolic

experiments, this experimental manipulation (including

the interaction terms) was not significantly different

from the controls (figure 3b). Moreover, this treatment
Proc. R. Soc. B
had no effect on maximum airspeed (figure 4b), suggesting

that drag and stability during fast forward flight were not

changed. By contrast, when all coverts and rectrices were

removed, the hummingbirds exhibited a significant

2 per cent decrease in maximum speed relative to the

control treatments (figure 4c), suggesting that the entire

lack of a tail (including coverts) caused an increase in body

drag, a change in trim, reduction in stability or other such

adverse aerodynamic effects that might compromise

performance. As argued previously, a decrease in maxi-

mum speed deriving from enhanced drag would also

predict an increase in metabolic expenditure at high

speeds, in this case by 6 per cent. Measured metabolic

rates at high speeds were an average of 6.1 per cent higher

at 12 m sK1 in the no-tail treatments relative to control

treatments (figure 3c), although the no tail!v3 interaction

was not statistically significant ( pZ0.101). Because some

individuals that were missing their entire tails were unable

to feed at airspeeds greater than 10 m sK1, this lack of

significance may in part derive from reduced statistical

power. We therefore interpret our data as consistent with

the findings of Maybury & Rayner (2001), who found

that the presence of a short tail can decrease drag on a

bird’s body.

During the measurement of flight metabolic rates, the

birds were flying in the turbulent wake of the large and

stationary mask, and airflow over the body was necessarily

altered, relative to the free stream (see fig. 1 in the

electronic supplementary material). The aerodynamic

consequences of the mask on patterns of dorsal

boundary-layer separation (Maybury & Rayner 2001),

and other mechanisms by which tail presence might

influence body drag and flight stability, are unknown.

Nonetheless, metabolic comparisons among experimental

treatments demonstrated differences relative to controls

that were both qualitatively and quantitatively consistent

with the independent results for maximum airspeeds

during free flight (for which there was no mask influence).

Also, any time lag between measured respiration rate and

actual expenditure of mechanical power would bias

metabolic samples towards free-flight rates as the birds

approached the feeder. The mask diameter was com-

parable to the width of the bird’s body, and aerodynamic

interactions between mask and wings were likely to be

negligible given the wing length of approximately 6 cm.

(a) Performance consequences of tail elongation

These experiments suggest that tail length generally exerts

subtle effects on hummingbird flight performance. Time-

budget analyses suggest that hummingbirds spend from 1

to 7 per cent of the day engaged in fast forward flight,

compared with 7 to 15 per cent of the day either hovering

or flying slowly (Pearson 1954; Stiles 1971; Wolf &

Hainsworth 1971; Carpenter et al. 1983; Temeles et al.

2005). Because the metabolic costs of a long tail are most

evident at the highest flight speeds, the changes demon-

strated here would only influence a small fraction of a

hummingbird’s daily expenditure. These costs also appear

minor when compared with other important aspects of

avian life history, such as migration or moult. Moult

elevates mass-specific hovering metabolic rates in hum-

mingbirds by up to 37 per cent (Chai 1997), and preparing

for migration increases daily energetic intake considerably

above subsistence levels (compare Weathers & Stiles 1989;

http://rspb.royalsocietypublishing.org/
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Carpenter et al. 1993). Most theoretical and behavioural

studies of the role of the avian tail in flight have focused

on aerial insectivores, such as swallows (Norberg 1994;

Evans 1998; Matyjasiak et al. 1999, 2000, 2004;

Buchanan & Evans 2000; Park et al. 2001; Rowe et al.

2001). These taxa may be particularly sensitive to small

tail-associated changes in body drag, given their high flight

speeds maintained over a substantial portion of the day.

In our experiments, we used the elongated tail feathers

of the red-billed streamertail, which are among the

longest tail feathers of any hummingbird, and which

exhibit a relative length comparable to the extreme tails

that have arisen in numerous other highly ornamented

avian taxa (Winquist & Lemon 1994). More modestly

elongated tail feathers should incur even lower costs than

those reported here. Likewise, the intraspecific variation in

the length of males’ elongated tail feathers is typically far

less than the extreme manipulation we performed here,

often of the order of a few millimetres (Alatalo et al. 1988;

Fitzpatrick 1997). These small differences are

hypothesized to serve as honest (costly) signals, but our

data suggest that differences of only a couple of

millimetres would have virtually imperceptible effects on

top flight speed or the metabolic power curve, and thus the

cost differential would likewise be quite small. Whether

this small difference could nonetheless be important to

females is unclear.

Elongated tails in birds have evolved dozens if not

hundreds of times; by comparison, very few taxa appear to

have evolved elongated wing feathers (e.g. standard-

winged bird of paradise, Semioptera wallaceii; argus

pheasant, Argusianus argus; and members of the nightjar

genus Macrodipteryx), perhaps because wing hypertrophy

imposes greater and more varied mechanical costs during

flight. Similarly, morphological diversity in dung beetle

(Onthophagus spp.) horns, which are sexually selected

weapons, favours production of structures that are

relatively cost-free (Emlen 2001). Overall, the specific

costs of elaborated tails are likely to be taxon- and context-

specific. We propose, however, that sexual selection has

generated enormous diversity in avian tail morphology

because, by ‘hiding’ in the wake of the body, such

modifications can be relatively cost-free.
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