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1958, 1979). For example, it has been argued that under partial
cloud cover, when the sun is not visible, the polarization
pattern of a patch of blue sky could be used to reconstruct the
sun’s position. Phillips and Waldvogel (1988) brought forward
another model, in which information from polarized sky light
near the horizon is involved in calibrating the absolute position
of the azimuthal sun compass.

In the recent literature (for an overview, see Berthold, 1991),
the ability of birds to orient relative to the celestial polarization
pattern seems to be taken for granted. It is of interest, therefore,
to examine whether one of the fundamentals on which this
conviction rests, namely the positive outcome of laboratory
experiments (see below) demonstrating the sensitivity to
polarized light of the homing pigeon, is valid.

The first attempt to demonstrate polarization sensitivity in
the pigeon had a negative outcome. Montgomery and
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positioned in a perpendicular arrangemen
polarized light source. The pigeons could learn to peck a key
at a specific azimuthal angle with respect to the E-vector of the
stimulus above them (but see Coemans et al. 1990, 1994).
Delius et al. (1976) supplemented their findings with an
electrophysiological examination. The stimulus consisted of
flashes of white light that were polarized by means of a
polaroid sheet. They reported a consistent relationship between
the shape of the b-wave of the electroretinogram (ERG) and
the orientation of the polaroid when the eye was stimulated
axially. For a given angle of the polaroid with respect to a
stereotactic baseline (the ‘auditory meatus–palatine line’), the
summit of the b-wave was reported to be sharp and single-
peaked, whereas the wave became more flattened, or even
double-peaked, when the polaroid was turned through 90 ˚.
This effect was described as being unmistakably recognizable
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 electroretinographical response to flashes of linearly
ed light directed at the pigeon’s yellow field was

polarization, nor the orientation of t
any of the electrophysiological 
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homing pigeon is renowned, to the scientist as well as
ayman, for its exceptional orientational and navigational

ance. Several sensory modalities, using a variety of
mental cues, such as the earth’s magnetic field and the

n of the sun, landmarks and odours, are generally
d to be involved in this process (Berthold, 1991).
s been suggested that the celestial polarization pattern
lso serve as a source of orientational information,
e these patterns are geometrically coupled to the sun’s
n (Sekera, 1956; Brines and Gould, 1982; Wehner,
 Kreithen and Keeton (1974) and Delius et al. (1976)
esized that perception of these patterns could serve as
ancement of, or as a supplement to, the pigeon’s time-
nsated sun compass mechanism (Schmidt-Koenig,

Heinemann (1952) employed an appa
light was projected onto a pecking ke
behavioural discrimination procedure
could not indicate the difference 
orthogonal E-vector orientations. Ma
and Keeton (1974) demonstrated, w
conditioning technique, that pigeon
discriminate between a stationary a
polarized light stimulus, thereby contr
of Montgomery and Heinemann. Deli
Delius and Emmerton, 1979) conducte
experiments to test whether pigeons 
respect to the orientation of the E
octagonal box, equipped with four pe

red with that to flashes of unpolarized light. This was
 out for white light and for monochromatic light of

s wavelengths, including ultraviolet. In addition,
ses to slow rotation of the E-vector of polarized light
measured. Neither the presence or absence of

monitored in these experiments.

Key words: polarization-sensitivity, ele
Columba livia.
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of the five pigeons tested (the other animal had an
 ERG, but this wave still showed a polarization-
nt shape change, though very small). Using control
ents, they excluded the possibility that this change in
pe of the ERG was brought about by small,
ional intensity variations. This dependence of the
f the ERG on the orientation of the E-vector remained
within an intensity range of 2 log units. This type of
e was even more pronounced when the retina was
ed ventrally (40 ˚ below the optical axis of the eye). In
, experiments using broadband colour filters showed
hes of green or red light yielded ERGs whose shape
d on the orientation of the E-vector, although in a less
t, colour-specific manner. This was not found with
nd blue stimulation.
corporate sensitivity to polarized light into avian

Nevertheless, normal saline was applied to the eyes at regular
intervals.

Recording

Corneal electrodes consisted of a circular Perspex ring, with
a small chlorided silver wire at one side. The electrode was
placed between the eyelids, keeping the eye open, so that the
silver wire was in electrical contact with the cornea. A
stainless-steel needle electrode was used to ground the animal.
The electroretinal potentials from the stimulated and the
unstimulated (reference) eye were amplified differentially
(Princeton Applied Research 113) and fed into an active filter
(Krohn-Hite 3750; 0.3–150 Hz, 24 dB per octave). A
microcomputer, equipped with an analogue-to-digital
converter, was used to average the responses (throughout the
text, the terms ‘ERG’ and ‘response’ refer to averaged ERGs

J. J. VOS HZN, M. A. J. M. COEMANS AND J. F. W. NUBOER
onal models in a meaningful manner it is imperative to
tailed data concerning the sensitivity of the birds to this
. Physiological variables, such as the just discernible
etween two linearly polarized light stimuli or the
m perceptible degree of polarization, must be
ned. Only on the basis of such knowledge is it possible
 quantitative predictions.
objective of this electrophysiological study was to
this information and to gain insight into the mechanism
ing the pigeon’s polarization sensitivity. Therefore, we
to quantify the behaviour of certain variables of the
hen pigeons were stimulated with light whose state of
tion, spectral composition and intensity could be
Because of the success of the electrophysiological
ents reported by Delius et al. (1976), we used basically
e techniques of stimulation and recording.
ratory pilot experiments were aimed at finding the

iate experimental conditions to obtain the expected
ncy of the ERG on the polarized light stimulus. As
different settings were tested, they are not detailed
ly in the Materials and methods section.

or averaged responses).

Stimulus arrangement

Retinal illumination was achieved by using a single-channel
Maxwellian view system (subtense 15 ˚) with all optical
elements being transparent down to the deep ultraviolet. Using
the data provided by Marshall et al. (1973), it can be calculated
that, with this subtense, a retinal area of 3.5 mm2 was
illuminated. The light source was a 150 W xenon arc lamp,
whose output was stabilized by means of an optical feedback
amplifier (Stabilarc System, Ealing Corp). Spectral selection
was obtained with the aid of interference filters (Balzers, 10 nm
bandwidth). A heat-blocking filter (BG22; Schott) was inserted
into the light path when white light flashes were given. This
filter is a broad bandpass filter with the low and high 50% cut-
off points at 360 and 660nm, respectively. The intensity of the
stimulus was controlled by inserting neutral density filters
(nickel alloy coating on a fused silica substratum). The light
was polarized with a quartz, air-spaced, Glan-Thompson
polarizer. Because the light leaving the monochromator was
partially polarized, rotating the polarizer would give changes
in intensity. To prevent this, a calcite depolarizer (Hanle-type;
Ealing Corp), suitable for depolarizing monochromatic as well
Materials and methods
Animals

een male and female homing pigeons (Columba livia
e used. All had free-ranging experience and were
successful homers. Their ages varied between 4 and 8

ns were anaesthetized by a subcutaneous injection of
re of Rompun (xylazine, 16 mg kg21 body mass) and
e HCl (90 mg kg21 body mass). The animal was
in quiet surroundings for about 45 min before being
d in a stereotactic holder. An infrared ceramic lamp
 body temperature at a constant level. The eyes were
with a local analgesic (0.4 % oxybuprocaine) and the
 the stimulated eye was dilated with a curare solution
ll and Smith, 1962). Despite the presence of the
electrodes, the nictitating membrane could move
thereby lubricating the cornea to some extent.

as broadband light, was placed between the monochromator
and the polarizer. The polarizer and the depolarizer were
placed in a collimated part of the light path. The polarizer could
be rotated freely (the pivoting axis coinciding with the centre
of the light path) and, in addition, could easily be moved into
or out of the light path. The angle of the E-vector of the
stimulus was given with reference to the line defined by the
earhole and the tip of the bill (see inset to Fig. 1). An
electronically driven diaphragm shutter, placed at a focal point,
was used to control the temporal characteristics of the stimulus.
Flashes with a duration of 140 ms were administered to the test
eye every 1030 ms. The pulse that triggered the shutter to open
was also used to synchronize the averaging.

In experiments with rotating E-vectors, a different stimulus
apparatus was used. The stimulus entered the pigeon’s eye in
Maxwellian view with a subtense of 30 ˚, which means that
the stimulated retinal area measured about 14 mm2. The light



was pr
the are
used, 
water 
Corp.)
relativ
contro
derived
ensure
inciden
would 
imping
polariz
polariz
modul
artefac
regard
light. I
inserte
a stimu
a modu

The 
photod
combin
Design
was ob
the out
1061A
magnit
(mW). 
photon
was us

In th
(mostly
and 63
used (w
1.731
The sp
(Balze
were s
two lo
ventral
477 nm
a mini
were g
follow
ERG r
referen
eight t
adapta
interfe
stimula
327No polarization sensitivity in the pigeon

ojected onto the ventral part of the retina, 20 ˚ below
a centralis. A 450 W xenon light source (Zeiss) was
whose out traversed on infrared-absorbing distilled
filter. A dichroic polarization sheet (HN38, Polaroid
, located after the depolarizer, was rotated with a
ely low angular speed (0.5–4 Hz) by means of a servo-
lled d.c. motor. The signal to trigger the averaging was
 from the rotating polaroid holder. Care was taken to

 that the light entered the polaroid at a normal angle of
ce so that the light spot, as projected onto the retina,
not follow a (tiny) circular trajectory. The light

ing on the polaroid also had to have a degree of
ation as low as possible, because any degree of
ation would modulate the intensity of the stimulus (the
ation depth thus obtained was 0.125 %). Both these
ts could cause variations in the observed ERG,
less of whether the pigeon is sensitive to polarized

The ventral part of the retina, 20 ˚ below the horizontal axis,
was stimulated (in some experiments, the area centralis was
stimulated). To maintain a constant level of stimulation, the
flashing was continued throughout the experiment.

Experiments with the rotating polaroid were all carried out
with the fluorescent room illumination switched on (100 lx at
pigeon eye level). Both white and monochromatic (494 or
575 nm) light were used. After each ERG response to a
stimulus with a rotating E-vector, a second one was recorded
in response to an intensity-modulated stimulus.

Data processing

Several quantitative features of the flash ERG were
analyzed: the amplitudes and the latencies of the a- and b-
waves, the rise time of the b-wave, and the width and the centre
of the b-wave (see Fig. 1). To check whether the differences
between the shapes of ERG responses to stimuli with
n control measurements, a second static polaroid was
d into the light path, in front of the first one, yielding
lus whose intensity was modulated sinusoidally with
lation depth of 100 %.

Radiation measurements

radiant power of the light stimuli was measured with a
iode (UV 444 BQ, EG&G; used in short-circuit mode),
ed with a current-to-voltage amplifier (NF Circuit
 Block LI-76). The spectral sensitivity of the photodiode
tained by comparison with a thermopile (Eppley, C-16),
put of which was fed into a sensitive voltmeter (Datron
). We always captured the full light bundle, so that the
ude of the stimulus was measured in radiant power units
These measurements were converted to numbers of
s per flash (or per second when continuous stimulation
ed).

Experimental regimens

e experiments in which light flashes were presented
 140 ms in duration), white or coloured (393, 477, 575

2 nm) stimuli, all with a radiant power of 6 mW, were
ith the numbers of photons per flash being 2.231012,

012, 2.031012, 2.531012 and 2.731012, respectively).
ectral selection was obtained with interference filters

rs) with a bandpass of 10 nm. The 393 and 575 nm filters
elected because their transmission peaks are close to the
cal maxima of the luminous sensitivity function of the
 part of the pigeon’s retina (Wortel et al. 1984). The
 filter has a maximum transmission that coincides with

mum of this sensitivity function. The polarized stimuli
iven in the following order of angles: 0 ˚, 45˚, 90˚, 135˚,
ed by the same set of stimuli given in reverse order. Each
esponse to a polarized stimulus was followed by a
ce ERG measurement. After a complete set (comprising
est ERGs interspersed with eight reference ERGs), the
tion light (500 lx) was turned on for 5 min, and the
rence filter was exchanged or, in the case of white light
tion, omitted.

orthogonal E-vectors were sig
described by Coemans et al. (1

In experiments in which 
employed, so-called oscillator
superimposed on the ERGs.
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Fig. 1. The ERG variables ex
minimum, B indicates the peak of
the response difference between th
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that intersected the b-wave at the
0 % and 100 %, respectively). Th
of the b-wave width (Bw). The ste
wave was obtained by calculating
and P2 are located at the 20 % an
height of the b-wave. The inset 
polarized stimulus was defined: 
direction of vibration of the E-v
defined by the earhole and the tip
nificant, we used the procedure
990).
higher light intensities were
y potentials (OPs) were often

 Fourier filtering (50–140 Hz)
ation was used to enable us to
e individual OP wavelets. The
 the OPs were also determined.

a

Time

amined. A indicates the a-wave
 the b-wave. Also determined were
e b-wave and the a-wave and their

ndication of the b-wave latency, the
 defined as the midpoint of the line
 67 % level (with A and B defining
e length of this line was a measure
epness of the rising flank of the b-
 the slope between P1 and P2; P1

d 80 % levels, respectively, of the
shows how the orientation of the
it was the angle a between the

ector (the solid line) and the line
 of the bill (the dotted line).
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To check whether the retinal responses to rotating stimuli
contained components having the same periodicity as the
stimulus, the ERGs were autocorrelated. We used this
technique because it is an extremely sensitive tool for revealing
periodic signals (Randall, 1977). The resulting
autocorrelograms are graphs from which noise (uncorrelated
signals) is virtually eliminated and in which the periodicities
of the original signal are displayed.

Results
Pilot experiments

Because of the explorative nature of the pilot experiments,
various conditions were used and different parts of the ventral
part of the retina were stimulated. We measured responses to
polarized and unpolarized flashes of light. The latter type of
stimuli were, apart from the state of polarization, identical to
the polarized stimuli. The ERG responses elicited by these
flashes were evaluated by classifying the shape of the b-wave
(see Fig. 1) in accordance with the method of Delius et al.
(1976). In addition, we used quantitative ERG features to judge
the effects of the state of polarization of the stimulus (see
Materials and methods).

To determine how the orientation of the E-vector affects the
ERG, the polarizer was rotated in fixed steps of either 10 ˚ or
30 ˚ after each recording. In some experiments, the E-vector

orientations of the polarized l
random order. We also use
stimulation, in which the orien
subsequent polarized stimuli w
remained rather stable (Fig. 2
amplitude between the a- and 
varied strongly in this experime
so). This also exemplifies w
property of the ERGs: the temp
the b-waves (Fig. 1) are les
changes than are their amplitud

The ERG responses to more
4 mW or more) were usually 
potentials. The change in the s
reported by Delius et al. (197
behaviour of oscillatory pot
carefully. An example of this
Fig. 3. Fig. 3A,B shows that th
is mandatory, because if, as in
test stimuli were plotted witho
periodicity could be inferred. 
stimulus conditions in a rando
established way of carrying 
sufficient to correct for variatio

We have also conducted exp
of short periods of dark adapt
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The ERGs were obtained in sets of
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unpolarized (reference) stimulus (d)
and the third one in response to a
polarized stimulus with an angle of
u290 ˚ (upper horizontal axis; n). This
was repeated for increasing values of u,
so that higher values of u coincide with
an increase in time. White flashes of
light, with an intensity of 20 mW
(6.431012 photons per flash), were
given each second, with a duration of
123 ms. The latencies are very stable
and do not depend on whether the light
stimulus is polarized. The amplitudes
also do not depend on the stimulus
being polarized; the observed decline in
amplitude is probably caused by
physiological changes.
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d an alternative scheme of
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ion of the processed ERG variables obtained in these
udies revealed a link between the state of polarization
stimulus (orientation of the E-vector, unpolarized or
ed) and the ERG response. Other features of the
s, such as colour or intensity, did, of course, influence
pe and characteristics of the ERG, but under all these
ons the state of polarization did not matter. These
 however, did indicate to us that experiments such as
ust be set up carefully: changes in ERG characteristics
onse to various states of polarization are apparently
 comparison with the variations caused by changes in
siological conditions. We therefore started a series of
ents designed in such a manner that small differences

onse to polarized stimuli could be detected better and,
tion, that would enable us to verify these differences
ally.

however, we did not find that the shape of the b-wave depended
on the orientation of the E-vector.

Because we recorded responses to only four standard
orientations of the E-vector, we did not try to establish a
relationship between the ERG features mentioned above and
the stimulus angle based on periodicity. Instead, the ERG
variables were determined for these angles and compared
mutually by means of paired t-tests. For each session, we also
compared the pooled responses to the polarized stimuli for
each wavelength with the responses to the unpolarized stimuli.

The ERG variables were measured under different
conditions, yielding many combinations to be compared
statistically to check the effect of polarization. The above-
mentioned t-tests for paired comparisons yielded some
significant differences (at the level of P=0.05), but statistical
theory predicts that, if samples from two identical distributions
are compared, the probability of cases in which the samples
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differ significantly is equal to the level of significance of the
test involved. However, when the results that were apparently
significant were compared with the results of other, identical
experiments, it appeared that these occurrences were not
systematic. Sometimes, the differences could be traced to
abrupt changes in the physiological condition of the animal.

Analysis of the latencies of the individual wavelets did not
reveal differences between the responses to polarized and
unpolarized stimuli (Fig. 5).

Rotating stimuli

We recorded responses to light with a rotating E-vector and

J. J. VOS HZN, M. A. J. M. COEMANS AND J. F. 

Fig. 4. Responses to identical
stimuli after dark and light
adaptation. Flashes of white light
(N=32; duration 130 ms; radiant
power 20 mW; number of photons
per flash 6.831012) were used. The
ERGs obtained after increasing
periods of darkness are depicted in
A, whereas in B the matching
control ERGs are shown (for the
sake of clarity the traces have been
shifted vertically). The stimulation
regimen was as follows: after 5 min
of light adaptation (100 lx at the
eye level of the pigeon), a control
response was obtained. Then
followed a period of darkness
(given beside each trace in
minutes), at the end of which an
ERG was again measured. This
was repeated a number of times
with longer dark adaptation times. This type of measurement was often 
that the effect of dark adaptation under these circumstances is negligib
not suited for gauging the rate of dark adaptation (the flashes were so i
ERG), it appears that dark adaptation is a slow process.
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Fig. 5. Latencies of oscillatory
potentials elicited by flashes
(140 ms) of white light (A) and by
monochromatic light of 393 nm (B).
Filled circles show the responses to
reference stimuli, whereas the
arrows show responses to polarized
light, with the angle of the symbol
denoting the orientation of the E-
vector (see Fig. 1). The centre part
of the retina, near the fovea, was
stimulated; the radiant power was
6 mW for both types of stimuli
(2.231012 and 1.731012 photons
per flash, respectively). The
latencies following 393 nm flashes
are longer than those following
stimulation with white light. There
is no relationship between the latencies of the oscillatory potentials and
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n polarization sensitivity. The outer segments of
rate visual cells are made up of stacks of disc-like
ar membranes containing rhodopsin. These discs are
d with their plane normal to the light entering the eye.
odopsin can translate and rotate freely in the membrane,
 that the longitudinal axis of the chromophore (or
nt) of the rhodopsin is oriented (almost) parallel to the
embrane in which it resides (Rodieck, 1973). Light is
ed strongly when the E-vector is parallel to the
dinal axis of the chromophore. Thus, chromophores are
lly oriented for absorbing light that enters the outer
nt along the principal axis, regardless of the orientation
E-vector. This is in contrast to the effect of illuminating
ter segment from the side. Under these circumstances,
y polarized light whose E-vector parallels the main axis
outer segment will be absorbed far less efficiently than
hose E-vector is perpendicular to this axis. Because the

escape behaviour (Adler and Phillips, 1985).
At least four different mechanisms have been proposed for

fish. For anchovies, a peculiar, fork-shaped structure of the
twin cone (with the lamellae parallel to the incident light) is
suggested to be the basis of sensitivity to polarized light
(Waterman, 1981). Hawryshyn et al. (1990) have shown that
juvenile trout display polarotactic behaviour with a 180 ˚
ambiguity. They proved that the ultraviolet-sensitive cone
plays a role in this polarization sensitivity (when they grow
older, trout lose their sensitivity to ultraviolet light and,
therefore, also their ability to detect polarized light). Cameron
and Pugh (1991), however, advance the hypothesis that the
twin cone is responsible for polarization sensitivity. In a
behavioural study, they showed that the green sunfish is
maximally sensitive to polarized light when the axis of
vibration is either horizontal or vertical. To explain these
results, they proposed a model based on the waveguide
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es of the twin cones, which are organized in an
al pattern in this species. They also support this model

entally by showing that this sensitivity coincides with
tral sensitivity of the twin cone pigment (which does
nd down to the ultraviolet). Their model predicts a 90 ˚
ty, so that it could only be of limited use in analyzing
 polarization patterns. The results described above

 with the findings of Waterman and Aoki (1974) and
an and Hashimoto (1974), who were unable to find a
hip between the polarization sensitivity they recorded
 optic tectum and the retinal receptors of the goldfish.
us theories have been formulated to explain the
ur of pigeons in experiments that examined their
ty to polarized light. As a possible explanation for their
Kreithen and Keeton (1974) proposed that the foveal
on acts as a radial analyzer. They argued that light

pigment granules, are relatively firmly coupled to the outer
segments of the cones. To circumvent this problem, Waelchli
adapted the pigeons to the dark for about 30 min to induce the
epithelial processes to retract. He reported that this approach
was successful, except in the fovea. It must be concluded that,
in the photopic state, foveal cone outer segments are very well
protected from stray light. A fourth counter argument is that
light reflecting from the foveal walls would impair visual
acuity.

It is unlikely that the results can be explained on basis of the
breeds of pigeon that have been examined (we used racing
homers, whereas Kreithen and Keeton, 1974, used White
Carneaux pigeons), because Carneaux pigeons have been bred
for meat production, whilst homing pigeons have explicitly
been selected over several centuries for their navigational
performance. In other words, the reverse situation would have

. J. VOS HZN, M. A. J. M. COEMANS AND J. F. W. NUBOER
trike the photoreceptor cells in this part of the retina at
angles so that these cells would respond differently to
d light with different orientations of the E-vector. They
d two mechanisms that would cause light to enter
otoreceptors obliquely: either the non-axial alignment
ones near the sloping walls of the fovea, or reflection
 opposite slope of the fovea. The first suggestion is ill-
 because the foveal depression is confined to the cell
itreal to the visual cells. In birds, the outer segments of
al cones are aligned towards the incoming light, a fact
ince the last century (Van Genderen Stort, 1887; Cajal,
ee also Lockhart, 1979). The second suggestion is
nlikely to play a part because the foveal depression is
o be shallow in the pigeon (Van Genderen Stort, 1887;
 1968; Lockhart, 1979) and the difference in refractive
etween the vitreous humour and the neural layers is
 only small amounts of light can be reflected. This can

e verified by using the Fresnel formulae that describe
unt of light reflected (Born and Wolf, 1983). We have
d this with the following assumptions: that the

 light is maximally polarized, that the slope of the wall
foveal depression is 30 ˚, and that the indices of
n of the vitreal neural layer and of the vitreous humour

been more understandable. There is a far more plausible
reason: in the experimental apparatus of Kreithen and Keeton
(1974), the light that was passed through a polaroid sheet was
not depolarized in advance, so that rotating this sheet may have
led to intensity modulations (Coemans et al. 1990).

Delius et al. (1976) suggested that the double cones are
responsible for the polarization sensitivity they found in their
pigeons. From the results of Montgomery and Heinemann
(1952), who reported that the pigeon could not discriminate
between polarized light stimuli (projected on a pecking key)
with differently oriented E-vectors, Delius et al. (1976)
inferred that the red field is apparently insensitive to polarized
light stimulation. They claimed that this was caused by the
sparsity of double cones in this area. However, Hodos et al.
(1991) found that the double cones outnumber all other types
of cone in the red field of the pigeon (except for one pigeon
that was over 16 years old), so the latter argument does not
make sense.

Young and Martin (1984) proposed a model that predicts
that the avian double cone could be involved in polarization
sensitivity. Their model is based on seven assumptions, the first
of which is that the inner segment, in combination with the oil
droplet, acts as a receiving antenna. This is in contrast to the
5 and 1.35, respectively. If the incident linearly
d light has an intensity equal to 1, than the amount of
ected, when the E-vector is perpendicular to the plane
ence, is 0.018, whereas for the parallel direction this
0.008. Because the receptors receive this reflected light
on to direct light, the intensity difference will cause a
 modulation as low as 0.0005. Taking into account that
e-mentioned values are overestimates, this mechanism
ly to be important. A third argument against this theory
he cones in the light-adapted retina of the pigeon are
ed by epithelial pigments, which effectively screen
m light entering at oblique angles. This is particularly
foveal cones and can be inferred from the results of
i (1883), who (in a footnote) reported difficulty in
g the retina from the choroid in the pigeon, because

helial cells remained attached to the choroid. The
s of the epithelial cells, which contain the melanin

observations of Enoch and Tobey (1981) in the goldfish retina,
who found waveguide behaviour in the twin cone outer
segment. Because of this, and the simplifications that were
assumed, Young and Martin’s (1984) model has (as expressed
by the authors themselves) a more theoretical than practical
value.

There were a number of reasons for testing polarized stimuli
whose E-vector was rotating. First, it is known that stimulation
with a stationary E-vector can lead to adaptation. Humans can
detect polarized light because entopic images (Haidinger’s
brushes and the analogous Boehm’s brushes) become visible.
The optimal condition to see these brushes is when the E-
vector is rotated because, otherwise, adaptation causes these
images to fade away (Vos, 1963). Electrophysiologically, a
similar effect has been shown by Leggett (1976) in a crab: he
found a response to a rotating E-vector that disappeared when
a non-rotating stimulus was given. It could also be argued that
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of polarized light constitute a highly unnatural stimulus
t a rotating E-vector does not. The rationale for the

ssertion is the behaviour often observed when homing
 are released, for example at the start of a racing

. Under cloudy conditions, the birds fly around in circles
hile before they apparently decide on the homing

n. Because this behaviour is more pronounced under
eavy overcast skies, we initially hypothesized that, in
ence of a visible sun, this circling is used to scan the
l polarization pattern (but this reasoning, of course, can
 applied to other environmental cues, such as olfactory
tion or the earth’s magnetic field). Therefore, we

ted a series of experiments using a stimulus whose E-
rientation rotated at a relatively low speed. The results
e experiments were completely negative, so this

esis is not supported.
RG is a mass response, consisting of contributions from

Behavioural evidence also militates against the possible
involvement of rods in polarization sensitivity, because
pigeons have a highly diurnal lifestyle and avoid flying at
night. If they do fly at night, they adhere to their initial course
and appear to avoid landing. Nevertheless, the nocturnal
celestial dome is known to contain sources of polarization (for
an overview, see Können, 1980). For example, the mesospheric
night clouds (80 km above sea level) can emit light that has an
exceptionally high degree of polarization (96 %). The E-vector
orientation is orthogonal to the position of the sun and, owing
to the extreme height of these clouds, this pattern remains
visible long after the sun has set. There are limitations to the
use of this polarization information, because these clouds are
visible only between May and August, provided the sky is
clear. Another drawback is that the intensity of the light
radiated by these clouds is very low (Können, 1980).

In general, our results indicate that there are no aspects of

 elements of the retina, so it is conceivable that a small
e, specific to the angle of polarized light, is overlooked.
ouble cones were involved in the detection of polarized
is would have a profound effect on the ERG because

e the most numerous type of cone (Hodos et al. 1991).
e found no such obvious change, two possibilities

: either the double cones are not involved in the
n of polarized light, or their contribution is much more
x and refined than that predicted by the model of Young
rtin (1984) or by the model of Cameron and Pugh (1991)
uch that it does not manifest itself in the ERG. In that
ore probing measurements would be called for. The

ase is reminiscent of the above-mentioned experiments
rman and collaborators, who were able to demonstrate
ity to polarized light in the optic tectal units of goldfish,
s this was not found in the ERG (Waterman and Aoki,

aterman and Hashimoto, 1974).
s been suggested (Phillips and Waldvogel, 1988) that
 observe the celestial polarization pattern after sunset
e this information to define the absolute compass
ns with reference to their sun compass. Similarly,

ne nocturnal migrants are believed to employ the

the pigeon ERG that depend on the polarization state of the
stimulus. Our observations are completely opposed to the
findings of Delius et al. (1976). Because of this, we conducted
a series of additional experiments that were set up to mimic
the experimental conditions of Delius et al. (1976). We
exchanged our wedge polarizer for the same type of dichroic
sheet (HN38) and used the same order of stimulation (but a
series of eight ERGs in response to polarized flashes was
always followed by an identical series of eight reference
stimuli, whereas Delius and his co-workers did not record
responses to unpolarized light flashes). Part of this work is
described in Coemans et al. (1990). These results did not
support the findings of Delius et al. (1976). It is difficult to
explain this discrepancy. Differences between pigeons may be
involved, but since we used 19 pigeons, it is unlikely that they
would all have been insensitive to polarized light, whereas
Delius et al. (1976) reported that four out of five pigeons
showed differential ERGs in response to polarized stimulation.

The E-vector-dependency of the shape of the ERG reported
by Delius et al. (1976) stems from a shift in the latencies of
oscillatory potentials. Oscillatory potentials were also present
in our recordings. If perception of polarized light were reflected
ation patterns of the sky that are present at dusk (Able,
r at dawn (Moore, 1986) as a means of orientation.
 these observations, it might be inferred that rods are
d in perceiving polarized light. To verify this idea, we
ated polarization sensitivity in pigeons that had been
apted for at least 40 min. Flashes (0.02 or 0.07 mW; 477
˚ below the area centralis) with a duration of 130 ms
iven continuously throughout the experiment. The
of these two experiments provided no evidence for the
e of a rod-based sensitivity to polarized light.
 hindsight, this is not surprising, since all visual cells
 orient themselves actively so that they point towards
tre of the pupil, thus enabling optimal light catch

, 1981). This means that the only way scotopic
ation sensitivity could be brought about is excluded,
 rods are known to display a dichroic behaviour only
ght impinges non-axially (see above).

in the ERG in the way suggested by Delius et al. (1976), only
a very peculiar process, one that locks the latencies of the peaks
of the oscillatory potentials, must be assumed to have been
operating during our experiments.

We have carried out many experiments (more than 1000
ERGs have been evaluated) and quantified our results, most of
which have been tested statistically. We conclude that the
electrophysiological observations reported by Delius et al.
(1976) must have been erroneous.

Because the laboratory behavioural experiments that were
alleged to have proved the pigeon’s ability to perceive the
angle of the E-vector (Kreithen and Keeton, 1974; Delius et
al. 1976) have not been void of parasitic cues (caused by
selective reflection, see Coemans and Vos, 1992), and field
experiments do not yield direct proof (Phillips and Waldvogel,
1988), there is no evidence that pigeons are sensitive to
polarized light.



334

This w
for Scie
Jacques 
thank El

ABLE, K
migrat

ADLER, K
(Uma 
polarot

ADLER, K
polariz
203–21

BERTHOL

Verlag
BORN, M

edn. O
BRINES, M

and an
CAJAL, S

[A tra
Rodiec
Retina

CAMERON

for a n
161–16

CAMPELL

pigeon
COEMANS

of pol
Univer

COEMANS

No e
Naturw

COEMANS

The or
affect t
107–12

DELIUS, 
pigeon
M. Gr
Press.

DELIUS, J
light 
correla

ENOCH, J
optics.
F. L. 
Spring

ENOCH, J
retinal 
Photor
169–21

GALIFRET

pigeon
HAWRYSH

(1990)

J

ork was supported by the Netherlands Organization
ntific Research (N.W.O.). We are most grateful to
Meijer who conducted many of the experiments. We
i Brenner for his help in preparing the manuscript.

References
. P. (1990). Experimental studies of the development of
ory orientation mechanisms. Experientia 46, 388–394.
. AND PHILLIPS, J. B. (1985). Orientation in a desert lizard
notata): time-compensated compass movement and

axis. J. comp. Physiol. A 156, 547–552.
. AND TAYLOR, D. H. (1973). Extraocular perception of

ed light by orienting salamanders. J. comp. Physiol. 87,
2.

D, P. (1991). (ed.) Orientation in Birds. Basel: Birkhäuser

The ontogeny of E-vector discrimination and spectral sensitivity
characteristics. J. comp. Physiol. A 166, 565–574.

HODOS, W., MILLER, R. F. AND FITE, K. V. (1991). Age-dependent
changes in visual acuity and retinal morphology in pigeons. Vision
Res. 31, 669–677.

KÖNNEN, G. P. (1980). Gepolariseerd Licht in de Natuur. Zutphen,
The Netherlands: Thieme (in Dutch).

KREITHEN, M. L. AND KEETON, W. T. (1974). Detection of polarized
light by the homing pigeon, Columba livia. J. comp. Physiol. 89,
83–92.

LEGGETT, L. M. W. (1976). Polarized light-sensitive interneurons in
a swimming crab. Nature 262, 709–711.

LIEBMAN, P. A. (1975). Birefringence, dichroism and rod outer
segment structure. In Photoreceptor Optics (ed. A. W. Snyder
and R. Menzel), pp. 199–214. Berlin, Heidelberg, New York:
Springer.

LOCKHART, M. (1979). Quantitative morphological investigations
of retinal cells in the pigeon: a Golgi, light microscopic study.

. J. VOS HZN, M. A. J. M. COEMANS AND J. F. W. NUBOER
.
. AND WOLF, E. (1983). Principles of Optics, sixth (corrected)
xford: Pergamon Press.

. L. AND GOULD, J. L. (1982). Skylight polarization patterns
imal orientation. J. exp. Biol. 96, 69–91.
. R. (1893). La rétine des vertébrés. La Cellule 9, 17–257.
nslated and edited version (by D. Maguire and R. W.
k) is appended to: Rodieck, R. W. (1973). The Vertebrate
. San Francisco: Freeman.]
, D. A. AND PUGH, E. N., JR (1991). Double cones as a basis
ew type of polarization vision in vertebrates. Nature 353,
4.

, H. S. AND SMITH, J. L. (1962). The pharmacology of the
 pupil. Archs Ophthalmol. 67, 501–504.
, M. A. J. M. AND VOS HZN, J. J. (1992). On the perception
arized light by the homing pigeon. PhD thesis, Utrecht
sity, The Netherlands.
, M. A. J. M., VOS HZN, J. J. AND NUBOER, J. F. W. (1990).
vidence for polarization sensitivity in the pigeon.
issenschaften 77, 138–142.
, M. A. J. M., VOS HZN, J. J. AND NUBOER, J. F. W. (1994).
ientation of the E-vector of linearly polarized light does not
he behaviour of the pigeon Columba livia. J. exp. Biol. 191,
3.

In Neural Mechanisms of Behavior in the Pigeon (ed. A. M.
Granda and J. H. Maxwell), pp. 371–394. New York: Plenum
Press.

MARSHALL, J., MELLERIO, J. AND PALMER, D. A. (1973). A schematic
eye for the pigeon. Vision Res. 13, 2449–2453.

MONTGOMERY, K. C. AND HEINEMANN, E. G. (1952). Concerning the
ability of homing pigeons to discriminate patterns of polarized
light. Science 116, 454–456.

MOORE, F. R. (1986). Sunrise, skylight polarization and the early
morning orientation of night-migrating warblers. Condor 88,
493–498.

PHILLIPS, J. B. AND WALDVOGEL, J. A. (1988). Celestial polarized light
patterns as a calibration reference for sun compass of homing
pigeons. J. theor. Biol. 131, 55–67.

RANDALL, R. B. (1977). Frequency Analysis, second edn. Nærum,
Denmark: Brüel & Kjær.

RODIECK, R. W. (1973). The Vertebrate Retina. Freeman: San
Francisco.

SCHMIDT-KOENIG, K. (1958). Experimentelle Einflußnahme auf die
24-Stunden-Periodiek bei Brieftauben und deren Auswirkungen
unter besonderer Berücksichtigung des Heimfindevermögens. Z.
Tierpsychol. 15, 301–331.

SCHMIDT-KOENIG, K. (1979). Avian Orientation and Navigation.
London: Academic Press.
J. D. AND EMMERTON, J. (1979). Visual performance of
s. In Neural Mechanisms of Behavior in the Pigeon (ed. A.
anda and J. H. Maxwell), pp. 51–70. New York: Plenum

. D., PERCHARD, R. J. AND EMMERTON, J. (1976). Polarized
discrimination by pigeons and an electroretinographic
te. J. comp. Physiol. Psychol. 90, 560–571.
. M. (1981). Retinal receptor orientation and photoreceptor
 In Vertebrate Photoreceptor Optics (ed. J. M. Enoch and 
Tobey Jr), pp. 127–168. Berlin, Heidelberg, New York:
er.
. M., AND TOBEY, F. L., JR (1981). Waveguide properties of

receptors: techniques and observations. In Vertebrate
eceptor Optics (ed. J. M. Enoch and F. L. Tobey Jr), pp.
8. Berlin, Heidelberg, New York: Springer.
, Y. (1968). Les diverses aires fonctionelles de la rétine du
. Z. Zellforsch. mikrosk. Anat. 86, 535–545.
YN, G. W., ARNOLD, M. G., BOWERING, E. AND COLE, R. L.

. Spatial orientation of rainbow trout to plane-polarized light:

SEKERA, S. (1956). Recent developments in the study of the
polarization of sky light. In Advances in Geophysics (ed. H. E.
Landsberg), pp. 43–104. New York: Academic Press.

VAN GENDEREN STORT, A. G. H. (1887). Ueber Form- und
Ortsveränderungen der Netzhautelemente unter Einfluss von Licht
und Dunkel. Albrecht von Graefes Arch. Ophthalmol. 33, 229–292
(with plates VII–VIII).

VOS, J. J. (1963). On mechanisms of glare. PhD thesis,  Institute for
Perception RVO-TNO, Soesterberg, The Netherlands.

WAELCHLI, G. (1883). Zur Topographie der gefärbten Kugeln der
Vogelnetzhaut. Albrecht von Graefes Arch. Ophthalmol. 29,
205–204 (with plate VI).

WATERMAN, T. H. (1981). Polarization sensitivity. In Invertebrate
Visual Centers and Behavior. I. Handbook of Sensory Physiology,
vol. VII/6B (ed. H. Autrum), pp. 281–469. Berlin, Heidelberg, New
York: Springer.

WATERMAN, T. H. AND AOKI, K. (1974). E-vector sensitivity patterns
in the goldfish optic tectum. J. comp. Physiol. 95, 13–27.

WATERMAN, T. H. AND HASHIMOTO, H. (1974.). E-vector



335No polarization sensitivity in the pigeon

discrimination by the goldfish optic tectum. J. comp. Physiol. 95,
1–12.

WEHNER, R. (1989). Neurobiology of polarization vision. Trends
Neurosci. 12, 353–359.

WORTEL, J. F., WUBBELS, R. J. AND NUBOER, J. F. W. (1984). Photopic

spectral sensitivities of the red and the yellow field of the pigeon
retina. Vision Res. 24, 1107–1113.

YOUNG, S. R. AND MARTIN, G. R. (1984). Optics of retinal oil droplets:
a model of light collection and polarization detection in the avian
retina. Vision Res. 24, 129–137.


