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between the sexes that is crucial to mate
choice. Longer tails in male barn swallows
may increase several components of sexual
selection (reviewed in refs 4, 6), which has
been demonstrated by manipulating appar-
ent tail length without affecting aerody-
namic function7. All the evidence indicates
that the difference in tail length between the
sexes is caused by sexual selection.
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Evans replies — I have demonstrated that
the tail streamers of male swallows are
mainly the product of natural selection,
although I suggested that sexual selection
may have extended the streamer by less
than the length the birds’ tails were short-
ened in my experiments (20 mm)1. My
objective was to test whether tail streamers
evolved as a result of sexual selection or of
natural selection. Over the past eleven
years, Møller and co-workers have shown
that males with longer tails have many mat-
ing advantages2. They conclude that “tail

ornaments in the monogamous swallow
have evolved as a result of female choice”3.

In the population of barn swallows I
studied, the difference in male and female
streamer length is 14 mm, although there is
extensive overlap between the sexes, so the
manipulation of 20 mm I used is greater
than the degree of sexual dimorphism.
Hedenström and Møller say this invalidates
experiments on sexual dimorphism. I chose
20 mm as this was the ‘standard size’ used
by Møller and co-workers in their studies of
sexual dimorphism in this species.

Hedenström and Møller claim that
female streamer length represents the aero-
dynamic optimum in swallows. Yet in a
previous study4, Møller and colleagues
examined the function of the tail streamer
in female swallows and concluded that
female streamer length was longer than the
optimum, possibly because of a genetic cor-
relation with male streamer length. They
suggested that the short tail streamers of
juvenile swallows “must be close to the
optimum under natural selection”4. It fol-
lows that female streamer length is unlikely
to be the naturally selected optimum, as
Hedenström and Møller have assumed5.
Møller has also shown that male and female
swallows have different morphologies2, so
female streamer length would not represent
the aerodynamic optimum for males even if
female streamers were naturally selected.

My previous experiment could be
improved by making a series of small
removal manipulations, when the line
relating flight performance to streamer
length should have a turning point at the
boundary between the naturally and sexu-
ally selected regions5. The results of such an
experiment6–8 indicate that for the indepen-
dent flight parameters there is a minimum
12 mm below the original streamer length.
They also show that female tail streamers
have been extended by a similar amount
beyond the aerodynamic optimum, and so
are in accord with Møller’s earlier results4.
To treat female streamer length as the aero-
dynamic optimum is therefore misleading.

Finally, my experiments did not attempt
to test any particular aerodynamic mecha-
nism2. I have tested various functional
hypotheses for streamer evolution, but the
mechanism underlying this functional rela-
tion has not yet been proven. Our results
indicate that the streamers of both male
and female swallows evolved primarily as a
result of natural selection, but that they
have been extended by about 12 mm
beyond this point by sexual selection.
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Length of tail streamers
in barn swallows

Both natural and sexual selection affect the
expression of secondary sexual characters1,
so any secondary sexual character will be
affected by a mixture of selection pressures.
Evans2 has compared the flight perfor-
mance of male barn swallows (Hirundo rus-
tica) whose tail lengths have been altered
with that of controls, and concludes that the
outermost tail feathers of these birds are
mainly the outcome of natural selection.

If tail length has been determined by
natural selection, then both elongation and
shortening of tail feathers should lead to
reduced flight performance. If sexual selec-
tion is involved, it will reduce the flight per-
formance of males with elongated tails, so
shortening the tail will improve perfor-
mance. It is widely accepted that sexual
selection cannot on its own be responsible
for the elongated tail, but it may have an
influence, as males have allometrically
longer tails and streamers than females3.

The average difference in tail length
between the sexes is about 15 mm in north-
ern European barn swallows4. Because the
female tail presumably represents the aero-
dynamic optimum in adult barn swallows3,4,
shortening the male tail by less than 15 mm
should provide a test for the sexual selection
hypothesis (Fig. 1). But Evans shortened
male tails by 20 mm, reducing them beyond
the aerodynamic optimum. His experiment
could therefore demonstrate reduced flight
performance only in support of natural
selection, and so could not discriminate
between the two hypotheses.

Norberg5 has proposed an aerodynamic
mechanism to account for the elongated tail
streamers in barn swallows, but Evans did
not test this. According to Norberg, when
the tail is lowered, the tail streamer is bent
by air flow, causing an aeroelastic twist
through the entire feather that is passively
rotated. This rotation turns the outer tail
into a flap that provides increased lift of the
entire tail. For this to work, the tail must be
considered as a finely tuned structure in
which the entire tail is a coadapted complex
of characteristics. If the tail streamers are
manipulated beyond their aerodynamic
optimum, other characteristics will also be
affected, such as planform, curvature of the
feather shaft, flexural stiffness, and torsional
rigidity of the outermost tail feathers,which
supposedly evolved to compensate for
increased pitching moments caused by
exaggerated streamers5. Any experimental
shortening is therefore liable to disrupt per-
formance even in male swallows.

The tail of male barn swallows has some
functional utility, but it is the difference
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FFiigguurree  11 Models for the relation between streamer
length and aerodynamic cost in barn swallows, as
tested in tail-manipulation experiments. Filled circles,
tail-streamer manipulations and effects described by
Evans2; the solid curve shows his model. Our alter-
native model (broken curve) assumes that female
streamer length represents the aerodynamic opti-
mum and associated costs away from this optimum.
If male streamer length has been modified by sexual
selection, this gives an increased cost in relation to
female streamer length. We have assumed that the
differences between the sexes are controlled for
allometric size differences.
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language’ areas, but a secondary experiment
was set up to localize both the auditory
areas that had been dormant and the visual
areas.

In the main experiment, the subject
viewed a video of sign-language words
being signed by a native signer; a still frame
of the video was viewed in the control task.
PET images were seen using statistical para-
metric mapping software3, and maps were
superimposed onto magnetic resonance
images of the subject’s brain for spatial
localization. We found that sign language
activated the supratemporal gyri bilaterally
(left, z44.52; P40.005, corrected; Fig. 1).

The subject was scheduled to have a
cochlear implant in his left ear. The implant
is an artificial prosthesis, inserted into the
inner ear, that electrically stimulates the
cochlear nerve and enables the profoundly
deaf to hear sounds. To distinguish the
supratemporal gyri from the visual and
dormant auditory areas, a secondary exper-
iment was performed after the operation,
consisting of an auditory task, a visual task
and rest. In the visual task, the subject
watched a video showing someone moving
both hands up and down in a meaningless
manner. In the auditory task, the words of
the tape were delivered through the
cochlear implant. The visual stimulation
was found to activate the visual cortex in
the occipital lobe (P40.001, corrected),
and the auditory stimulation activated the
right primary auditory cortex, contralateral
to the auditory input (P40.002, uncorrect-
ed) (Fig. 1).

Pre-lingual deaf people can hear when a
cochlear implant is switched on, but this
does not allow them to understand words.
Language stimulation through the implant
activates only the primary auditory cortex
in the pre-lingual deaf, whereas in the post-
lingual deaf it activates both the primary
and the secondary auditory areas4. The
result of our secondary experiment was
compatible with these findings. Our study
of native signers and those who learnt sign
language later showed that the nature and
timing of sensory and linguistic experience

significantly affect the development of the
language systems of the brain5.

In bilingual subjects (those with both
signed and spoken language), sign language
activates the visual areas6, whereas our
study showed activation of the auditory
area in the sign-language task. Because our
subject had never received auditory input
while the neural network was being
formed, it seems that the supratemporal
lobe was engaged in processing sign lan-
guage. Using sign language elicits consider-
able activation of the left hemisphere in
Broca’s area and Wernicke’s area, as well as
of the right hemisphere7, whereas our
results indicated limited activation of Wer-
nicke’s area by sign-language words.

This cross-modal plasticity is also seen
in visual areas. Braille-reading blind sub-
jects have activation of the primary and
secondary visual cortical areas when they
perform tactile tasks8, although congenitally
blind Braille readers have activation of visual
reading areas but not primary visual cor-
tex9. Our results indicate that the primary
auditory cortex of deaf people is reserved
for hearing sounds, whereas the secondary
areas are used for processing sign language.
This cross-modal non-plasticity of the pri-
mary auditory cortex is supported by func-
tional magnetic resonance imaging of a
congenitally deaf subject10, which suggests
that the primary projection areas might be
rigidly organized.

We observed that sign language activates
the ‘language’ areas but not primary audi-
tory cortex. The finding that, after a
cochlear implant is in place, spoken words
activate primary auditory cortex but not
adjacent language areas indicates that pri-
mary auditory cortex still functions as an
auditory area in this patient. We also identi-
fied the ‘sign-language’ area as the
supratemporal gyri, which is usually the
auditory area.
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Sign language ‘heard’ 
in the auditory cortex

The upper regions of the brain’s temporal
lobe are important both for hearing and for
comprehending spoken language. We have
discovered that these regions can be acti-
vated by sign language in congenitally deaf
subjects, even though the temporal lobe
normally functions as an auditory area.
This finding indicates that, in deaf people,
the brain region usually reserved for hear-
ing may be activated by other sensory
modalities, providing striking evidence of
neural plasticity.

The auditory areas consist of the primary
auditory cortex and the auditory associa-
tion area (the supratemporal gyrus). The
neural network that projects from the inner
ear to the primary auditory cerebral cortex
is formed without any auditory input,
whereas post-processing neurons develop
by learning with proper neural input. The
learning period for the mother tongue is
thought to be below five to six years of age1.
Reducing the auditory signals during the
critical language-learning period can sev-
erely limit a child’s potential for developing
an effective communication system2. ‘Pre-
lingual deaf ’ patients, who were deafened
before acquiring language, communicate
using sign language.

In an attempt to understand how these
auditory areas function in the congenitally
deaf, we used positron emission tomogra-
phy (PET) to measure cortical activation
during a sign-language task. In the main
experiment we sought to localize the ‘sign
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FFiigguurree  11 Activation of areas of the brain. The activated areas were superimposed onto the three horizontal
sections (10 mm below, and 4 mm and 8 mm above, the intercommissural plane) of the subject’s magnetic
resonance image. Yellow areas were activated by sign language in the main experiment; green areas were
activated by audition, and blue areas by vision, in the secondary experiment.
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