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Polarized light (PL) sensitivity is relatively well studied in a large number of invertebrates and some
fish species, but in most other vertebrate classes, including birds, the behavioural and physiological
mechanism of PL sensitivity remains one of the big mysteries in sensory biology. Many organisms
use the skylight polarization pattern as part of a sun compass for orientation, navigation and in
spatial orientation tasks. In birds, the available evidence for an involvement of the skylight polar-
ization pattern in sun-compass orientation is very weak. Instead, cue-conflict and cue-calibration
experiments have shown that the skylight polarization pattern near the horizon at sunrise and
sunset provides birds with a seasonally and latitudinally independent compass calibration reference.
Despite convincing evidence that birds use PL cues for orientation, direct experimental evidence
for PL sensitivity is still lacking. Avian double cones have been proposed as putative PL receptors,
but detailed anatomical and physiological evidence will be needed to conclusively describe the
avian PL receptor. Intriguing parallels between the functional and physiological properties of PL
reception and light-dependent magnetoreception could point to a common receptor system.
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1. INTRODUCTION

The ability to perceive and use information from the
skylight polarization pattern for orientation, navigation
and in spatial orientation tasks is widespread among
organisms, including many invertebrates and ver-
tebrates (reviewed in [1]). In vertebrates, there is
convincing evidence for the use of polarized light
(PL) cues from all classes, including fishes (e.g.
[2,3]), amphibians (e.g. [4,5]), reptiles (e.g. [6,7])
and birds (this review), apart from mammals. How-
ever, while PL sensitivity is relatively well studied in
a large number of invertebrates and some fish species
(for summary see [1]), the behavioural and physiologi-
cal mechanism of PL sensitivity in most other
vertebrate classes, including birds, remains one of
the big mysteries in sensory biology.

Skylight polarization arises when unpolarized sun-
light gets scattered when entering the atmosphere,
reaching the Earth as partially polarized skylight [8].
The degree of polarization depends on the scattering
angle, i.e. the angle between the unpolarized sunlight
and the partially polarized skylight, with the highest
degree of polarization found at 90° from the Sun,
where the light is scattered maximally. The direction
of vibration (electric vector or e-vector orientation)
of the polarized skylight is always perpendicular to
the plane of the scattering angle, resulting in a well-
defined pattern across the sky, with the Sun as the
centre [8]. Animals can use the information provided
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by the skylight polarization pattern as part of the sun
compass for orientation, navigation and in spatial
orientation tasks. It enables them to use the sun
compass also on partly overcast days, when the Sun
itself is obscured by clouds, but parts of the blue,
partially polarized sky still visible (e.g. [6,9,10];
reviewed in [1]).

The aim of this review is to summarize and scruti-
nize the available literature on PL sensitivity in birds,
both from a behavioural and physiological perspective.
Birds are well known for using a sun compass as one of
several compasses to determine their migratory direc-
tion and the direction towards home, or to find
stored food caches (see reviews by [11-13]). In §2, I
review the literature on sun-compass orientation in
birds to examine the available evidence for an involve-
ment of the skylight polarization pattern in avian
sun-compass orientation. I also discuss the importance
of the sunset polarization pattern for the decision-
making process involved when migratory birds deter-
mine their departure direction (§3), and I summarize
the available support for the proposed function of sun-
rise and sunset PL cues as compass calibration
reference (§4). In §5, I compare and evaluate the
direct experimental evidence for PL sensitivity in
birds published to date and provide possible expla-
nations for the many contradictory findings. Last,
but not least, I discuss putative receptor systems for
PL sensitivity in birds (§6) and highlight some intri-
guing parallels between the functional and
physiological properties of PL reception and light-
dependent magnetoreception, which could point to a
common receptor system (§7).
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Figure 1. The avian sun compass is time compensated and
takes into consideration the movement of the Sun across
the sky during the day. Animals using such a time-compen-
sated sun compass need to compensate for the azimuthal
change of the Sun over the day when determining their
goal direction (dark arrow). The example shows three sun
positions over a day (sunrise in pink, noon in yellow and
sunset in orange) and the changing relationships (angles in
respective colours) between sun position and the goal direc-
tion. In order to be able to determine this angle correctly, the
animals needs to be able to precisely measure local time. gN,
geographical north.

2. ARE POLARIZED LIGHT CUES PART OF THE
AVIAN SUN COMPASS?

It is well established that birds can use directional
information from the Sun during migration, homing
and other spatial orientation tasks, like food caching
(reviewed by [11-13]). Day-migrating birds are able
to maintain their migratory direction throughout the
day, when provided access to directional information
from the sky and the Sun [14]. Measuring migratory
restlessness in circular orientation cages with horizon-
tal windows and artificially deflecting the position of
the Sun with mirrors attached to the windows resulted
in a corresponding change in the orientation direction
as predicted by the sun compass, with the relative
angle between the sun azimuth, and orientation direc-
tion changing over the day in a time-compensated
manner (figure 1; [14,15]).

Compelling evidence for sun-compass orientation
has also been provided by homing experiments
with pigeons, Columba livia domesticus (reviewed in
[11-13]). Vanishing bearings of homing pigeons,
whose clocks were reset either clockwise or anticlock-
wise, were deflected relative to control birds in
accordance with the direction and magnitude pre-
dicted by the use of a time-compensated sun
compass (e.g. [16,17]). Thus, the avian sun compass
takes into consideration the movement of the Sun
across the sky during the day, requiring the animals
to measure time and to compensate for the azimuthal
change of the Sun with a time-compensation mechan-
ism (figure 1). The accuracy with which pigeons
compensate for the apparent movement of the Sun
across the sky over the course of the day appears to
be quite high and closely tuned to the differential
speed of the azimuthal changes of the Sun, and
specific for the time of year and testing location [17].
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Sun-compass orientation is used by birds not only
during homing and migration, but also in spatial orien-
tation tasks. Seed-caching corvids and chickadees
[18-21], but also non-caching homing pigeons
[22—24] and migratory passerines, including both
day and night migrants [25—28], trained to relocate a
food reward in a fixed geographical compass direction
were generally able to solve these tasks using cues
solely from either the real or an artificial Sun. Even
when training and testing were carried out at different
times of day, birds were able to relocate the food
reward, indicating the use of a time-compensated
compass and not a simple menotactic orientation in
a constant angle relative to the orientation cue [27].
Clock-shifted birds compensate for the movement of
the Sun across the sky over the day, further indicating
that the avian sun compass is time-compensated
[18,20,21,29].

The question of whether PL cues associated with
the Sun also provide sun-compass information in
birds, as is the case in other animals (see below), has
not been conclusively answered. The majority of
experiments suggest that the view of the disc of the
Sun itself, or alternatively an artificial sun, is necessary
to operate the sun compass. Under completely over-
cast conditions, birds become either disoriented or
resort to other compass mechanisms, like the magnetic
compass (e.g. [14,15,30]). In the laboratory, an artifi-
cial sun seems to be readily accepted as a replacement
for the natural Sun, and in free-flying homing pigeons,
the view of the Sun as a diffuse light point on the sky as
seen through frosted lenses seems to suffice for
sun-compass orientation [15,25,27,31]. Vanishing
bearings of homing pigeons and directional choices
in food relocation tasks of clock-shifted birds are gen-
erally deflected in agreement with time-compensated
sun-compass orientation, as long as the birds can
directly see the disc of the Sun (e.g. [14,30]; reviewed
in [12]). Mirror experiments deflecting visual cues
only in close vicinity of the Sun, leaving the skylight
polarization pattern from the regions of sky opposite
to the Sun unchanged, indicate that the Sun is the
dominant cue and that the conflicting PL pattern is
either ignored or over-ruled [14,15]. Only two studies
suggest that visibility of the disc of the Sun may not
necessarily be needed for time-compensated sun-
compass orientation. In one study, jays (Aphelocoma
coerulescens) had to cache seeds in sand-filled cups at
a time of day when the aviary, but not the adjacent sur-
roundings, lay in the shade [18]. Recovery results of
this group were similar to groups allowed to cache
and recover when the aviary was in the full Sun, ques-
tioning the need of a direct view of the Sun. While it is
tempting to assume that the birds use PL cues to relo-
cate the caches, it is equally probable that they used
the distribution of shadows in the surrounding area
learned during the habituation phase prior to the
experiments, or alternatively a magnetic compass
[18]. More convincing evidence that PL cues may be
part of the avian sun compass was provided by orien-
tation experiments with a day-migrating Australian
honeyeater (Lichenostomus chrysops). When tested
during the morning hours in orientation funnels sur-
rounded by a magnetic coil that cancelled the
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(a) zenith: not used by birds?
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compass at sunset
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Figure 2. (a) Use of polarized light cues by birds; (b,c) potential artefacts produced by sheet polarizers on top of orientation
funnels. (a) Three-dimensional illustration of the band of maximum polarization at sunset (orange band), running through the
zenith and intersecting the horizon vertically, 90° from the Sun (cf. [8]). Birds are suggested to use information from the lowest
5°—10° of the polarization pattern near the horizon to recalibrate their compasses (left double arrow), and the lower 45° of the
sky to determine their migratory direction (right double arrow). It is unclear whether birds use information from the skylight
polarization for sun-compass orientation during daytime (double arrow over zenith). (b,c) Illustration of light intensity artefacts
produced by sheet polarizers placed on top of an orientation funnel (large circle). The sheet polarizer is shown as a square, with
the black double arrows illustrating the orientation of the e-vector. Light will be reflected on the white, sloping walls of the
orientation funnels maximally on (light grey areas with plus signs) and minimally perpendicular to the axis of the polarizer
(dark grey areas with minus signs). (b) Polarizing filter interacting with natural light first filtered by a depolarizer (light grey
sheet on top of polarizing filter). (¢) Polarizing filter interacting with the natural polarization pattern at sunset (orange

band), and transmitted light reflecting on the funnel walls on the axis of the polarizer.

horizontal component of the Earth’s magnetic field,
these birds were well oriented, as long as they could
either see only the Sun, only the natural skylight polar-
ization pattern, or both cues [32]. Birds tested under
partially covered skies with the Sun hidden by clouds
and the skylight polarization pattern depolarized by a
filter were disoriented, indicating that the skylight
polarization pattern provided directional compass
information. However, the honeyeaters did not show
any response to a deflection of the polarization axis
with sheet polarizers, or to clock shift [32,33],
suggesting that they primarily relied on magnetic com-
pass information.

In summary, the available evidence for an involvement
of the skylight polarization pattern in sun-compass
orientation in birds is very weak, and it is questionable
whether the skylight polarization pattern associated
with the Sun is part of the time-compensated sun
compass in birds. The majority of studies on time-com-
pensated sun-compass orientation in birds did not
further investigate whether a view of the disc of the Sun
itself is required for a successful use of the sun compass,
or whether the skylight polarization pattern associated
with the Sun also contains sun-compass information.
Additional experiments are necessary to specifically test
whether birds can use time-compensated PL cues on a
partly cloudy day, when the Sun is hidden behind
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clouds, but parts of the polarization pattern are visible
in patches of blue sky.

3. THE ROLE OF THE SUNSET POLARIZATION
PATTERN TO DETERMINE THE MIGRATORY
DIRECTION

While there is no clear evidence that PL cues play any
role in time-compensated sun-compass orientation in
birds, cue-conflict and cue-calibration experiments
with migratory passerines indicate that the skylight
polarization pattern during sunrise and sunset pro-
vides the birds with important directional
information (see figure 2a and text below). Specifically
at sunset, the time when nocturnally migrating birds
determine their departure direction, PL. cues have
been shown to play an important role in the
decision-making process [34—36]. Orientation exper-
iments with migratory songbirds during sunset
demonstrated that birds shift their orientation when
tested in orientation funnels covered with sheet
polarizers aligned perpendicular to the natural polariz-
ation axis, with the observed shift corresponding with
the relative shift between the artificial and natural
polarization axis (e.g. [34,36—39]). Unfortunately,
since the birds tended to align along the axis of the
polarizers in the majority of the experiments, it is
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difficult to distinguish whether the observed responses
were true compass responses or simply alignments
along the polarization axis. During spring and
autumn, the natural polarization axis at sunset is clo-
sely aligned along the north—south axis, and thereby
coincides with the migratory directions of the majority
of bird species tested. The expected alignments of the
birds’ orientation under a polarizer will therefore cor-
respond with the axis of the polarizer, which makes
it virtually impossible to distinguish whether the
observed responses were the result of an alignment
along the e-vector of the polarizer (polaritaxis) or a
menotactic response, i.e. orientation at a certain
angle relative to the polarization axis. Irrespective of
the type of response, polaritaxis or menotaxis, the
change in orientation is probably the result of the
change in PL information perceived by the birds in
the funnels. It has to be noted, however, that it can
not be excluded that these positive findings are the
result of light intensity artefacts created by the sheet
polarizers.

When birds are tested outdoors in orientation fun-
nels covered with linear sheet polarizers, two
potentially confounding artefacts can occur: (i) reflec-
tion of PL on the white, sloping walls of the orientation
funnel, maximal along and minimal perpendicular to
the axis of the polarizer (figure 2b). This artefact can
occur when the light entering the orientation funnel
is first depolarized, before being sent through a sheet
polarizer, creating two lighter areas on the funnel
walls on the axis of the polarizer and two darker
areas perpendicular to it; (ii) interaction between the
natural polarization of the sky and the artificial polar-
ization of the sheet polarizer, reducing light intensity
along the natural polarization axis. This effect will be
additionally enhanced by the reflection of the PL on
the funnel walls along the polarization axis of the
sheet polarizer (figure 2¢). It is unclear, however,
whether these artefacts pose any significant biases in
outdoor funnel experiments, where light intensity
and spectral composition over the sky vary and
change considerably during the hour around sunset
[40]. The observation that orientation is abolished
when the natural polarization pattern is eliminated
by depolarizers on top of orientation funnels (e.g.
[41,42]) indicates that birds indeed use PL cues and
not simply variation in light intensity or colour to
determine their migratory direction. Still, owing to
the potentially biasing effects of polarizers during
orientation experiments, the most convincing evidence
for PL sensitivity in birds comes from cue-calibration
experiments with migratory songbirds, which did not
manipulate the PL information during the actual
orientation experiments, but instead during the
calibration phase prior to testing (see below).

4. SUNRISE AND SUNSET POLARIZED LIGHT

CUES AS COMPASS CALIBRATION REFERENCE
Apart from the possible role of sunset PL cues for
determining the departure direction, there is convin-
cing evidence from short-term deflector loft
experiments with homing pigeons [43—-46] and cue-
calibration experiments with migratory songbirds
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[47—-53] that PL cues at sunrise and sunset play a
key role in compass calibration. In the homing exper-
iments with pigeons, non-resident birds were housed
in lofts with an unobstructed view of the Sun over-
head, but with specifically designed deflector panels
installed on the side windows of the loft that deflected
wind and light cues in opposite directions relative to
each other and thereby making it possible to dis-
tinguish effects of celestial and olfactory cues. The
deflector panels preferentially reflected vertically
polarized light, resulting in the deflection of the PL
cues most prominent at sunrise and sunset [43,44].
A direct effect of the deflectors on the sun compass
could be excluded, because the deflector panels only
deflected the light cues near the horizon, but not over-
head, thus the mirrored false images of the Sun were
only visible at times around sunrise and sunset, whereas
the true position of the Sun was visible during all other
times of the day. Thus, the sun compass (and possibly
also the magnetic compass) was recalibrated by PL
cues near the horizon, most prominently visible to the
birds through the windows of the loft around sunrise
and sunset, when the band of maximum polarization
and the e-vector vertically intersect the horizon. Aver-
aging sunrise and sunset calibration provides the birds
with a seasonally and latitudinally independent cali-
bration reference (figure 3; [43—46]). These findings
do not exclude the possibility that PL cues are part of
the time-compensated sun compass and used by birds
throughout the day to complement or substitute
sun-compass information derived from the disc of
the Sun. To date, however, evidence for such a role in
the time-compensated sun compass is largely lacking
(see below).

Evidence for a key role of sunrise and sunset PL
cues in compass calibration has also been provided
by experiments with migratory songbirds, where PL
information was not manipulated during the actual
orientation experiment itself, but instead during a
calibration period prior to testing [47-53]. In these
studies, birds were exposed to conflicting information
between magnetic and PL cues (one of the two cues
being artificially deflected relative to the other by
either shifting the horizontal component of the geo-
magnetic field relative to the natural skylight
polarization pattern, or alternatively, by artificially
shifting the band of maximum polarization relative to
the natural magnetic field). When later tested for mag-
netic compass orientation without access to celestial
cues, the birds showed recalibration of the magnetic
compass reflecting the shifted relationship to the PL
cues experienced during the cue-calibration period
[47-53]. By contrast, birds exposed to a shifted
magnetic field under depolarized natural skylight did
not show a recalibration of their magnetic compass
[48], and neither did birds exposed to a cue conflict
at local noon [51,52].

In a review of the available cue-conflict literature,
Mubheim et al. [54] concluded that a view of the polar-
ization pattern at sunrise and sunset near the horizon
is crucial for compass calibration in migratory song-
birds: only birds that had access to the lower parts of
the morning/evening sky recalibrated their magnetic
compass, whereas birds exposed to the cue conflict
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in orientation funnels or cages blocking the view of the
horizon did not (figure 2a). Cue-calibration exper-
iments specifically testing this hypothesis by shielding
the lower part of the sky from view during the cue-cali-
bration phase confirmed these findings [51,52]. It has
to be noted, however, that birds do not always recali-
brate their magnetic compass, even when given full
access to PL cues near the horizon [55,56]. Reasons
for the failure to update their compasses may be moti-
vational and/or may reflect problems with the
experimental procedure (cf. [51]).

It has also been demonstrated that a view of orien-
tation cues near the horizon is important for migratory
birds to determine their departure direction. Birds
tested in orientation experiments where the field of
view was artificially restricted to a 90° sector around
the zenith showed phototactic orientation towards
the direction of the setting Sun, whereas birds tested
in funnels allowing a view of 160° around the zenith
were oriented in the seasonally appropriate migratory
direction [57]. Thus, the use of PL cues in birds is
restricted to the times around sunrise and sunset,
and to the region of sky close to the horizon.

5. DIRECT EXPERIMENTAL DEMONSTRATION OF
POLARIZED LIGHT SENSITIVITY IN BIRDS
Despite of the convincing evidence that birds use PL
cues for orientation and navigation, unequivocal
experimental evidence for PL sensitivity is still largely
lacking. Two early conditioning experiments success-
fully demonstrated PL sensitivity in homing pigeons
[58,59], but other studies reported negative findings
[60-63]. Also, recent discrimination experiments
with Japanese quails, Coturnix coturnix japonica, and
European starlings, Sturnus vulgaris, were unsuccessful
in demonstrating PL sensitivity in birds [64]. There
are at least two reasons for the mixed success: (i)
reflectance artefacts can be a significant problem in
indoor set-ups (cf. [61,62]) and (ii) birds may need
to be tested in a behavioural context closely simulating
natural situations, which might not have been the case
in some of the failed studies (e.g. [64]).

The experimental set-ups of the two studies reporting
positive findings differ from the other studies in a number
of aspects. The behavioural assay used by Delius ez al. [58]
simulated most closely an orientation task, where pigeons
were rewarded along the axis of an overhead linear PL
source in a visually symmetric, octagonal Skinner box.
The birds had to move and choose between four keys,
situated on the side walls of the box on two orthogonal
axes, to receive a food reward provided along the two
directions parallel to the polarization axis, but not perpen-
dicular to it. This set-up differed from other Skinner box
experiments in which the birds had to distinguish between
arewarded (overhead PL cues aligned along one axis) and
an unrewarded stimulus (overhead PL cues aligned along
the perpendicular axis), by responding to only one key
[60,61]. Kreithen & Keeton [59] also used a Skinner
box with only one key, but in contrast to other studies
the birds had to distinguish between a rotating and a
stationary PL source. The rotation was produced by rotat-
ing a linear polarizer in the light path reaching the box
[59]. It is difficult to judge in retrospect whether the
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rotation just amplified light intensity artefacts produced
by the linear polarizer or whether it made it easier for
the birds to perceive the actual PL cue. Owing to the
small aperture in the testing box, the risk of light intensity
artefacts is expected to be minimal, but can not be
excluded.

In conclusion, experimental evidence for PL sensi-
tivity in birds is to date restricted to cue-calibration
experiments with migratory birds. None of the exper-
iments directly testing PL sensitivity has been
repeatable and/or free of potential light intensity arte-
facts. An experimental assay allowing direct tests for
PL vision is therefore crucial to further examine and
characterize PL sensitivity in birds. Future exper-
iments should take meticulous care in eliminating
any potential biases created by light intensity artefacts
resulting from differential reflectance.

6. PUTATIVE POLARIZED LIGHT RECEPTORS
There is no generally accepted mechanism for PL
reception in birds, to a large extent because of the fail-
ures to demonstrate PL sensitivity in controlled
and repeatable experiments. A role of extraocular
photoreceptors, like the avian pineal, can almost com-
pletely be ruled out, because the feathers are expected
to depolarize any light reaching the skull. Since extra-
cranial structures homologous to the parietal eye of
reptilians or frontal organ of amphibians are lacking
in birds, PL information can not be perceived other
than through the eyes. Retinal photoreceptors are
therefore the most likely candidates for PL receptors.
Of these, double cones have been proposed to be
involved in PL reception [65,66]. It is well established
that internal reflections in the double cones in the fish
retina form the basis of the PL sensors in fishes
[65,67—70]. Avian double cones, like the ones in
fish, consist of a principal cone with an oil droplet
and an accessory cone [71]. They are the most numer-
ous cone types in the avian retina and have been found
to form mosaic patterns, either with four or six double
cones surrounding one or two single cones [72—74].
More importantly, the orientation of the double
cones forms a cross pattern, with two opposite
double cones facing each other and the other two
pointing away from each other. Young & Martin [66]
argued that the presence of oil droplets in the principal
cone and the lack of screening pigment between the
outer segments of the double cones could be the
basis for PL vision in birds. Polarization-dependent
light scattering by the oil droplets of the principal
cone to the outer segment of the accessory cone
could in theory provide a measure of the e-vector
orientation of incident light [66]. Still, more detailed
anatomical and physiological studies of the avian
retina are necessary to conclusively determine the
type and the location of putative PL receptors.

7. PARALLELS BETWEEN POLARIZED LIGHT
RECEPTION AND LIGHT-DEPENDENT
MAGNETORECEPTION

There are some intriguing parallels between the func-
tional and physiological properties of PL reception
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Figure 3. Compass calibration by PL cues near the horizon at sunrise and sunset, when the band of maximum polarization and
the e-vector vertically intersect the horizon. (a) Three-dimensional and (b) two-dimensional illustrations of the band of maxi-
mum polarization at sunrise (left) and sunset (right). Black arrows indicate the alignment of the e-vector intersecting the
horizon vertically. (¢) Averaging sunrise and sunset calibration provides the birds with a true geographical calibration reference,
which is independent of season and latitude. gN, gS, gE, gW, geographical north, south, east and west, respectively.

and light-dependent magnetoreception (cf. [75]).
Besides using celestial cues like the Sun or stars to
derive compass information, birds also have a mag-
netic compass, providing them with directional
information from the Earth’s magnetic field [76].
The avian magnetic compass has been shown to
depend on the presence of light and its functional
properties to vary with both the wavelength and
intensity of light (e.g. [77-79]). Magnetic field sensi-
tivity of the light-dependent magnetic compass is
assumed to be mediated by a radical-pair mechanism
taking place in specialized photoreceptor molecules in
the avian retina (cf. [80]). In this process, absorption
of light leads to the formation of radical-pair inter-
mediates whose lifetime is modulated depending on
their alignments to an Earth-strength magnetic field.
Cryptochromes have been proposed to be the photo-
receptor molecules involved in magnetoreception,
because of their unique ability to form persistent,
spin-correlated radical pairs (for review, see [81]). As
in PL receptors, the receptor molecules that underlie
the light-dependent magnetic compass need to be
fixed in an ordered array, making it intrinsically
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polarization sensitive. Thus, the receptors of the light-
dependent magnetic compass and PL sense could
theoretically be based on similar receptor types ([75];
see also below).

In several species of fish, responses to PL show a
wavelength-dependent antagonistic mechanism that
closely resembles antagonistic, wavelength-dependent
effects on magnetic compass orientation in eastern
red-spotted newts, Nothophthalmus viridescens [75,81].
These fish have a UV-sensitive mechanism with
polarization sensitivity to a vertically aligned e-vector
and a green- and red-sensitive receptor mechanism
with maximum polarization sensitivity to a horizontally
aligned e-vector [2,67,68,82,83]. The intermediate
blue-sensitive receptor mechanism is insensitive
to PL. Likewise, light-dependent magnetic compass
orientation in newts is mediated by an antagonistically
interacting spectral mechanism, with a short-
wavelength sensitive receptor mediating shoreward
orientation and a long-wavelength sensitive mechanism
mediating bimodal orientation along an axis
perpendicular to shore [84]. Like fishes, newts are
disoriented at intermediate wavelengths, which can
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be explained by an equal excitation of both
mechanisms [84].

In birds, the wavelength dependence of light-
dependent magnetic compass orientation shows a
more complex pattern [78,79]. There is experimental
evidence for an antagonistic mechanism, with a short-
wavelength mechanism mediating orientation towards
the innate migratory direction, a long-wavelength
mechanism mediating perpendicular orientation and
disorientation at an intermediate wavelength [77]. How-
ever, a more detailed and systematic examination of this
wavelength dependence with a behavioural assay allow-
ing training and testing under different light conditions
is necessary to conclusively identify the wavelength
dependence in magnetic compass orientation in birds.

8. CONCLUSIONS

The review of the available literature on sun-compass
orientation in birds suggests that they ignore infor-
mation from the skylight polarization pattern during
time-compensated sun-compass orientation, but
instead use it as a non-time-compensated calibration
reference at sunrise and sunset. If the available evi-
dence holds and it can be confirmed that birds
ignore, or alternatively, are unable to perceive infor-
mation from the skylight polarization pattern during
times of day other than sunrise and sunset, the func-
tional role of PL cues in avian orientation and
navigation, and more specifically in avian sun-compass
orientation, would be distinct from most other ani-
mals. Reasons why birds may not use the skylight
polarization pattern as part of their sun compass may
be of functional and/or physiological nature.

Sunrise and sunset mark those two times of day when
both the e-vector and the band of maximum polarization
are vertically aligned on the horizon, and intersect the
sky at a 90° angle to the Sun through the zenith ([8];
figure 2). At other times of the day, the relationship
between the skylight polarization pattern and the com-
pass directions is more complex, and the pattern is less
pronounced, and the e-vector intersects the horizon at
various angles. Thus, in contrast to other times of the
day, the skylight polarization pattern at sunrise and
sunset is relatively simple and the signal intensity maxi-
mal. Animals with a relatively poorly developed PL
sense would therefore be able to use it only at this time
of day. A PL receptor based on a very simple matching
filter [85], triggering only a response when the e-vector
is vertically aligned, would also reduce the use of PL
cues to sunrise and sunset times. However, if the PL
receptor and the magnetoreceptor are based on the
same photoreceptor system, we would expect the
response to PL at these two times of day to over-ride
or be superimposed on the magnetic compass response.
According to current theory, birds may perceive the
magnetic field as a three-dimensional pattern superim-
posed on their visual field (e.g. [80,81,86]). If PL
reception takes place in parallel to magnetoreception,
we would therefore expect an equally high resolution
also for this system. Future behavioural and physiologi-
cal experiments are needed to test whether and to what
degree these two receptor systems are interconnected.
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