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Birds have overcome the problem of
sleeping in risky situations by develop-

ing the ability to sleep with one eye open
and one hemisphere of the brain awake1.
Such unihemispheric slow-wave sleep is in
direct contrast to the typical situation in
which sleep and wakefulness are mutually
exclusive states of the whole brain. We have
found that birds can detect approaching
predators during unihemispheric slow-
wave sleep, and that they can increase their
use of unihemispheric sleep as the risk of
predation increases. We believe this is the
first evidence for an animal behaviourally
controlling sleep and wakefulness simulta-
neously in different regions of the brain.

The function of unihemispheric slow-
wave sleep (USWS) in birds has been
unclear1. In aquatic mammals — the only
other group of animals known to exhibit
USWS — this sleep pattern seems to allow
concurrent sleep and surfacing to breathe2.
If avian USWS functions as a form of
predator detection, then birds should be
able to control whether they sleep primarily
with one or both hemispheres in response
to changes in predation risk3. Under safe
conditions, birds can sleep more efficiently
by sleeping with both hemispheres simulta-
neously, whereas under dangerous condi-
tions a bird should increase USWS to
remain vigilant for predators. Moreover,
during USWS a bird should sleep with its
open eye towards the direction from which
a potential predator is likely to approach.

To test these expectations, we took
advantage of the ‘group edge effect’, a phe-
nomenon in which animals at the more
risky edge of a group spend more time
scanning visually for predators than those
nearer the group’s centre4. We predicted
that birds sleeping at the edge of a group
would spend more time in USWS, and
would direct their open eye away from the
group’s centre towards potential predators.

We established four groups of mallard
ducks (Anas platyrhynchos), each contain-
ing four individuals. Video recordings of
sleep behaviour were made with the birds
arranged in a row. Birds at the ends of the
row (the edge of the group) were in a more
exposed position than those in the central
positions. The closure of one eye indicated
USWS1, whereas closing both eyes indicated
either bihemispheric slow-wave sleep or
rapid-eye-movement (REM) sleep, which
occurs bihemispherically in birds5.

We found that mallards markedly
increased their use of USWS when sleeping
at the edge of the group. The proportion of
sleep composed of USWS increased from
12.4!1.1% (mean!s.e.) in the central
position to 31.8!3.6% in the edge position

(Wilcoxon matched-pairs signed-ranks test,
T"1, P#0.001), an increase of more than
150%. Furthermore, birds in USWS at the
edge position oriented the open eye away
from the group’s centre 86.2!3.1% of the
time (t-test, t"11.58, d.f."15, P#0.001),
whereas birds in the central position
showed no preference for gaze direction
(time looking away, 52.8!3.7%; t-test,
t"0.76, d.f."15, n.s.). Mallards therefore
exhibited behavioural control of USWS and
used it adaptively by looking in the direc-
tion of a potential threat.

Electroencephalographic (EEG) record-
ings obtained under the above conditions

corroborated at the neurophysiological level
our behavioural results. During each eye
state, EEG recordings from each hemi-
sphere were evaluated by digital period
amplitude analysis, which quantifies the
power (a measure of wave amplitude) of
different frequencies within the EEG6.
Avian slow-wave sleep is characterized by
high power in the low-frequency range (1–6
Hz), whereas wakefulness is characterized
by low power in this range5.

When one eye was closed, low-frequency
power in the hemisphere opposite the
closed eye (the sleeping hemisphere) was
significantly greater than that in the hemi-
sphere opposite the open eye (T$1,
P#0.05 for all comparisons; Fig. 1), regard-
less of the position occupied by a bird,
which confirms USWS. Low-frequency
power in the awake hemisphere (that oppo-
site the open eye) was nevertheless signifi-
cantly greater than the power with both
eyes open (T"0, P#0.05 for all compar-
isons), indicating a quiet waking state inter-
mediate between full alertness and
slow-wave sleep. Subsequent tests con-
firmed that the waking hemisphere was
capable of predator detection: mallards in
USWS initiated escape behaviour within
only 0.165!0.006 seconds (n"10 mal-
lards) of an expanding video image being
presented, simulating predatory attack.

The EEG recordings confirmed that the
150% increase in unilateral eye closure was a
direct result of an equivalent increase in the
proporton of slow-wave sleep composed of
USWS. Because bihemispheric slow-wave
sleep and REM sleep both occur with both
eyes closed, it was possible that a selective
decrease in REM sleep in the edge position
may have confounded our interpretation of
the behavioural results. However, EEG analy-
ses showed an almost 1:1 relation between
unilateral eye closure and the proportion of
slow-wave sleep composed of USWS. An
increase in unilateral eye closure therefore
reflected an equivalent increase in USWS.

A bird’s ability to control sleep and
wakefulness independently in each hemi-
sphere is in accord with evidence indicating
that each eye7 and associated hemisphere8

can function independently during wake-
fulness in birds. The neuroanatomical
structures and physiological processes that
allow independent hemispheric functioning
during wakefulness may therefore also
allow for the independent hemispherical
control of sleep. The ability to control
USWS behaviourally in response to changes
in predation risk emphasizes the dynamic
balance that animals must achieve between
the ecological consequences and the physio-
logical necessity of sleep9.
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Half-awake to the risk of predation
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FFiigguurree  11 The relation between eye state and stan-
dardized EEG power (1–6 Hz) for the left and right
hemispheres of birds occupying central and edge
positions. EEGs were recorded from the dorsal sur-
face of the hyperstriatum accessorium of each
hemisphere, the part of the avian brain that most
clearly reflects sleep-related changes in brain state5.
The three eye states are: both left and right eyes
open (LO/RO); left eye closed and right eye open
(LC/RO); and left eye open and right eye closed
(LO/RC). For each mallard (n"6), EEG power was
standardized as a percentage of the average power
observed during bihemispheric slow-wave sleep for
each bird’s hemisphere, so the broken line at 100%
indicates EEG power equivalent to that during
bihemispheric slow-wave sleep. Greater power in
the hemisphere opposite the closed eye during uni-
lateral eye closure indicates USWS. Further method-
ological details are available from the authors.
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Pattern formation in
semiconductors
In semiconductors, nonlinear generation
and recombination processes of free carriers
and nonlinear charge transport can give rise
to non-equilibrium phase transitions1,2. At
low temperatures, the basic nonlinearity is
due to the autocatalytic generation of free
carriers by impact ionization of shallow
impurities. The electric field accelerates free
electrons, causing an abrupt increase in free
carrier density at a critical electric field. In
static electric fields, this nonlinearity is
known to yield complex filamentary cur-
rent patterns bound to electric contacts3.

We used microwaves to apply an electric
field to semiconductor samples without
using electrical contacts. High-frequency
electric fields ionize impurities just as d.c.
fields do4, but they do not impose inhomo-
geneities like electric contacts. We find that
in thin n-type gallium arsenide (GaAs) epi-
taxial layers subjected to a uniform
microwave field, circular spots of enhanced
free electron density with sharp boundaries
are spontaneously formed above a critical
microwave threshold power. This new type
of self-organized free-carrier density pat-
tern is different from current filaments in
that they are currentless; they also differ
from electron-hole drops5 as only one type
of charge carrier is involved.

The spatial patterns in free electron den-
sity were made visible by photolumines-
cence quenching6. Samples cooled to low
temperatures (1.8 K) were illuminated by
interband light and photographed in the
spectral range of the luminescence of exci-
ton recombination and donor–acceptor
transitions. With increasing microwave
power P, a decrease in photoluminescence
occurs at a threshold value P% as a result of

an almost circular spot of enhanced elec-
tron density with a diameter (D% ) of about
1 mm (Fig. 1b). The diameter of the spot at
the threshold is always finite and indepen-
dent of the size of the semiconductor sam-
ple. This pattern formation was observed in
doped samples with impurity densities of
about 1015 per cm3, but not in ‘ultrapure’
material with an impurity density of about
5& 1012 per cm3.

When the microwave power is increased
above the threshold P% , the diameter of the
original spot increases (Fig.1b,c); at certain
values of P, additional spots appear at a dis-
tance of 1 to 3 mm (Fig.1d). Decreasing the
microwave power after the first spot has
formed makes it smaller until it vanishes at
a power of P'#P% , at a diameter D'#D%

(Fig. 1e). The pattern formation process
shows a hysteretic behaviour, as it is charac-
teristic for a first-order phase transition.

The quenching of the photolumines-
cence in the spots indicates that the average
energy of electrons is high enough to ionize
impurities and excitons in the spots. The
observed structures therefore correspond to
spots of high free electron density. We veri-
fied this using a sample with two parallel
stripe contacts at opposite edges. When a
voltage was applied across the contacts, a
current filament was formed in addition to
the microwave-induced spot. The current
filament goes through the spot, indicating
that the observed structures are regions of
high free electron density.

Our findings indicate that the physical
background of microwave-induced pattern
formation in the electron density is the

same as that of current filamentation. Both
of these phenomena are based on a bistabil-
ity of conductivity combined with a con-
straint of the external driving mechanism.
In the case of current filaments, the con-
straint is provided by the finite current
applied to the sample, whereas for
microwave-induced pattern formation the
external constraint must be the limited
power supply from the field.

Bistability and the possibility of spatial
modulation of semiconductor conductivity
have been attributed to three different phys-
ical mechanisms: multilevel generation and
recombination kinetics of impurities2, run-
away of electron energy due to energy-
dependent electron scattering7, and electron
density-dependent screening of ionized
impurity scattering4. For all three mecha-
nisms, bistability vanishes below a critical
density of impurities, which explains the
qualitatively different behaviour of doped
and ultrapure materials, for which pattern
formation has not been observed.
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FFiigguurree  11 Self-organized formation of spots of high
electron density in an n-doped gallium arsenide epi-
taxial layer as a result of impact ionization of shallow
donors in a microwave electric field. a–d, Images of
near-infrared luminescence for microwave power
increasing from zero (a) to about 30 mW (d). Shaded
stripes show the walls of a waveguide. e, Spot
diameter as a function of microwave power. Red and
blue triangles indicate increasing and decreasing
power, respectively. P% is of the order of 10 mW.

UV-B damage amplified
by transposons inmaize

While absorbing visible light energy for
photosynthesis, plants are unavoidably
exposed to ultraviolet radiation, which is
particularly harmful at shorter wavelengths
(UV-B radiation). Ozone depletion in the
atmosphere means that plants receive
episodic or steadily increasing doses of UV-
B, which damages their photosynthetic
reaction centres, crosslinks cellular proteins,
and induces mutagenic DNA lesions1.
Plant adaptive mechanisms of shielding and
repair are therefore critical to survival —
for example, somatic tissues of maize and
Arabidopsis defective in phenolic sunscreen
pigments2,3 incur increased DNA damage,
and mutants defective in DNA repair4,5 are
killed by UV-B.

The harmful effects of UV-B on maize
pollen are proportional to the exposure
time6. I find that simulated field conditions
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