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Why is it advantageous for animals to detect celestial polarization
in the ultraviolet? Skylight polarization under clouds and
canopies is strongest in the UV
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Abstract
The perception of skylight polarization in the ultraviolet (UV) by many insect species for orientation purposes is rather surprising,
because both the degree of linear polarization and the radiance of light from the clear sky are considerably lower in the UV than in
the blue or green. In this work we call this the ‘‘UV-sky-pol paradox’’. Although in the past, several attempts have been made to
resolve this paradox, none of them was convincing. We present here a possible quantitative resolution to the paradox. We show by a
model calculation that if the air layer between a cloud and a ground-based observer is partly sunlit, the degree of linear polarization
p of skylight originating from the cloudy region is highest in the UV, because in this spectral range the unpolarized UV-deﬁcient
cloudlight dilutes least the polarized light scattered in the air beneath the cloud. Similarly, if the air under foliage is partly sunlit, p of
downwelling light from the canopied region is maximal in the UV, because in this part of spectrum the unpolarized UV-deﬁcient
green canopylight dilutes least the polarized light scattered in the air beneath the canopy. Therefore, the detection of polarization of
downwelling light under clouds or canopies is most advantageous in the UV, in which spectral range the risk is the smallest that the
degree of polarization p is lower than the threshold ptr of polarization sensitivity in animals. On the other hand, under clear skies
there is no favoured wavelength for perception of celestial polarization, because p of skylight is high enough (p > ptr ) at all
wavelengths. We show that there is an analogy between the detection of UV skylight polarization and the polarotactic water
detection in the UV. However, insects perceive skylight polarization by UV or blue or green receptors. The question, why they differ
in the spectral channel used for the detection of celestial polarization cannot be answered at the present time, because data are
insufﬁcient. Nevertheless, we present here one possible atmospheric optical reason why certain visual systems involved in detecting
celestial polarization, are speciﬁcally tuned to the UV part of the spectrum.
r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction
In many insect species the perception of skylight
polarization is mediated by a group of anatomically and
physiologically specialized ommatidia in an upwardpointing narrow dorsal rim area (DRA) of the
compound eye. The ommatidia in the DRA contain
two sets of monochromatic and highly polarizationsensitive photoreceptors with orthogonal microvilli
(Labhart and Meyer, 1999). The spectral type of the
DRA receptors is ultraviolet (UV) in ﬂies, honeybees,
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desert ants, certain scarab beetles and spiders; blue in
crickets, desert locusts and cockroaches, but green in
cockchafers (Table 1). However, the detection of
skylight polarization in the UV is rather surprising,
because both the degree of linear polarization psc and
the radiance Isc of light from the clear sky are
considerably lower in the UV than in the blue or green
(Figs. 1 and 2). In this work we call this the ‘‘ultraviolet
paradox of the perception of skylight polarization’’, or
simply ‘‘UV-sky-pol paradox’’ further on.
Why do many insects detect skylight polarization in
the UV? Although in the past several attempts have been
made to answer this question, none of them is
convincing. In this work we ﬁrst brieﬂy survey some
explanations why UV could be advantageous to perceive
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Table 1
Known wavelengths lPOL at which the sensitivity of photoreceptors detecting skylight polarization is maximal in different species
Species

lPOL (nm)

References

Calliphora erythrocephala, Musca domestica (ﬂies)

330–350

Apis mellifera (honeybee)
Bombus hortorum (bumblebee)
Cataglyphis bicolor (desert ant)
Cataglyphis setipes (desert ant)
Lethrus apterus, Lethrus inermis (scarab beetles)
Pachysoma striatum (desert dung beetle)
Drassodes cupreus (spider)
Gryllus campestris (ﬁeld cricket)

345–350
353 and 430
380–410
380–400
350
350
350
433–435

Schistocerca gregaria (desert locust)
Leucophaea maderae (Madeira cockroach)
Melolontha melolontha (cockchafer)
Parastizopus armaticeps (beetle)

450
o471
B520
B540

Smola and Meffert (1978), Hardie et al. (1979), Hardie
(1984), Philipsborn and Labhart (1990)
Helversen et al. (1974), Labhart (1980)
Meyer-Rochow (1981)
Duelli and Wehner (1973)
Frantsevich et al. (1976, 1977)
Frantsevich et al. (1976, 1977)
Dacke et al. (2002)
Dacke et al. (1999)
Labhart et al. (1984), Herzmann and Labhart (1989),
Brunner and Labhart (1987)
Eggers and Gewecke (1993)
Loesel and Homberg (2001)
Labhart et al. (1992)
Bisch (1999)

Fig. 1. Degree of linear polarization psc versus wavelength l of
scattered light from the clear sky measured at 90 from the sun in a
clear atmosphere for a solar elevation of 10 (after Coulson, 1988,
p. 285).

skylight polarization, in order to show that a more
reliable explanation is necessary. Then we show by a
model calculation that perception of celestial polarization in the UV has the advantage that under cloudy skies
and green canopies the degree of linear polarization of
skylight is maximal. A possible reason why crickets
prefer the blue against the UV part of the spectrum for
detection of skylight polarization is brieﬂy discussed.
Finally we show that there is an analogy between the
detection of UV skylight polarization and the polarotactic water detection in the UV.

2. Some explanations why UV could be advantageous to
perceive skylight polarization
(1) In the literature of animal polarization sensitivity a
frequently occurring misbelief is that the degree of

Fig. 2. Isc ðlÞ: radiance of scattered light from the clear sky measured
by Hess (1939) at 90 from the sun under clear sky conditions. Icl ðlÞ:
radiance of white cloudlight measured by Coemans et al. (1994,
p. 1464) at an elevation of 40 under a thick cloud deck. Ica ðlÞ:
radiance of green canopylight transmitted through the leaves of
cottonwood (Populus deltoides) (after Gates, 1980, p. 216).

linear polarization psc of scattered light from the
clear sky is highest in the UV. Some researchers
(e.g. Waldvogel, 1990; Beason and Semm, 1991;
Helbig, 1991; Tove! e, 1995) tried to explain in this
way why certain animals may detect skylight
polarization in the UV. However, measurements
by Coulson (1988), for example, have clearly
shown that under clear atmospheric conditions
psc of skylight decreases considerably with decreasing wavelength l (Fig. 1).
(2) The explanation of Frisch (1967) that the celestial
polarization pattern might be the least sensitive
to ‘‘atmospheric disturbances’’ in the UV, is
frequently cited (e.g. Duelli and Wehner, 1973;
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(3)

(4)

(5)

(6)

(7)

Wehner, 1976; Dacke et al., 2002). However, these
enigmatic atmospheric disturbances have never
been precisely deﬁned.
Other authors (e.g. Hawryshyn, 1992) suggested
that the relatively large proportion of UV in the
light from clear skies partially accounts for the use
of UV for the detection of polarization. However,
Fig. 2 demonstrates that the radiance Isc of
scattered skylight is much lower in the UV than
in the blue, where it is maximal.
Mazokhin-Porshnyakov (1969) suggested that
using UV light, animals would be fairly sure that
they use polarized skylight for orientation rather
than polarized light reﬂected from the ground,
which is richer in long wavelengths than skylight.
In other words, using UV might help insects to
distinguish phototactically ‘‘sky’’ from ‘‘ground’’.
However, since skylight and ground-reﬂected light
can reach the eye always from above and below,
respectively, an appropriate regionalization of the
photoreceptors can simply eliminate the confusion
of skylight with ground-reﬂected light, independently of the wavelength sensitivity of the receptors. Indeed, this is the case in many insects (e.g.
honeybees, desert ants and crickets), in which it is
only the DRA that is sensitive to skylight
polarization, and this area is oriented towards the
sky, so that the ambiguities envisaged by MazokhinPorshnyakov (1969) do not arise.
UV wavelengths may be used for orientation by
means of skylight polarization so that polarization
can be analysed separately from motion and form,
the detection of which is mediated by receptors
sensitive for longer wavelengths (e.g. Wehner,
1976). However, if there are distinct skylight
polarization detectors as well as motion/form
detectors in separate eye regions, both detector
types can function in the same spectral range.
Indeed, the detection of motion and form is
mediated by receptors being distinct from receptors
in the polarization-sensitive DRA, so that the
mentioned confusion does not arise.
UV receptors might have evolved originally as
skylight detectors and might have been incorporated into the E-vector detecting system only later
(e.g. Wehner, 1994). However, this hypothesis does
not explain why the photoreceptors used originally
as simple photometric skylight detectors should
have been sensitive to UV. We have already
mentioned that the radiance of skylight in the
UV is much smaller than in the blue or green
(Fig. 2), which feature is rather disadvantageous
for a photometric skylight detector.
A possible reason why UV wavelengths are used by
skylight detectors in certain animals may be that in
the era when polarization sensitivity has evolved in
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these animals the UV component of skylight might
have been stronger than it is today (e.g. Brines and
Gould, 1982; Cockell, 1998). The reasons for this
could be that the atmosphere might have attenuated the UV ﬂux of sunlight to a lesser degree than
it does today, and/or the magnitude of solar UV
radiation might have been greater during earlier
epochs of evolution. However, this hypothesis is
hard to test, because from the past there are no
reliable data about the temporal change of the
solar UV radiation reaching the earth’s surface.
(8) It was also proposed that using UV receptors in
skylight navigation might be advantageous in
exploiting spectral gradients across the sky (e.g.
Wehner, 1984, 1989; Wehner and Rossel, 1985).
However, the celestial radiance gradients are much
stronger in the blue than in the UV, therefore in the
UV the sky is much more homogeneous than in the
blue (Hess, 1939; Nagel et al., 1978; Coulson, 1988;
Coemans et al., 1994). Thus, the UV sensitivity of
the DRA would be rather disadvantageous in
detecting the celestial radiance gradients.
(9) According to Brines and Gould (1982), under
partly cloudy meteorological conditions, or under
extensive vegetation UV wavelengths may have
advantages over longer ones in animal polarization
orientation, because both spuriously polarized and
unpolarized light resulting from reﬂections from
the clouds or the vegetation may cause more
troublesome interference at longer wavelengths.
Bees must often ﬂy with most of their view of the
sky obscured by vegetation. This is a constant
problem for the tropical honeybees (the ancestors
of all bees) living and dancing on exposed limbs in
the dense tropical forests (Wilson, 1971, p. 266).
Brines and Gould (1982) hypothesized that under
many circumstances, typical and biologically signiﬁcant E-vector patterns may exist against overhead vegetation at UV wavelengths. They proposed
that the UV sensitivity of the E-vector detection in
many animals may be at least partly an adaptation
for perceiving celestial polarization patterns under
conditions when useful scattering can occur only
relatively close to an animal. They argued that
under clear sky conditions there may be no selective
advantage for a visual system that detects skylight
polarization at wavelengths where the degree of
linear polarization p is high. They suggested that the
necessary selection pressure to use UV-sensitive
skylight polarization detectors has been provided by
light scattering beneath the clouds, because these
scattering events produce E-vector patterns with
nearly the same E-vector orientation seen in a clear
sky, and result in higher p in the UV.
(10) Pomozi et al. (2001) showed by full-sky imaging
polarimetry that in the visible part of the spectrum
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the shorter the wavelength l; the more pronounced
is the continuation of the clear-sky E-vector
pattern underneath clouds, if regions of the clouds
and parts of the air layer between the clouds and
the earth’s surface are directly lit by the sun. The
scattering of direct sunlight on cloud particles and
in the air columns underneath the clouds results in
the same E-vector pattern as that present in the
clear sky. The light from cloudy sky regions can be
used for the polarization compass if the degree of
linear polarization p is higher than a threshold ptr
and the deviation of the angle of polarization from
that of the corresponding clear sky is smaller than
a threshold. Pomozi et al. (2001) proved experimentally that the proportion k of the celestial
polarization pattern useful for animal orientation
is greater than about 83% under clear skies at
wavelengths l ¼ 650 nm (red), 550 nm (green) and
450 nm (blue) calculated for a polarization-sensitive model retina with parameters characteristic to
the DRA of ﬁeld crickets (Gryllus campestris).
Thus, under clear skies there is no selective
advantage for shorter wavelengths, because the
extent of the polarized clear sky usable for
orientation is great enough in all parts of the
visible spectrum. Pomozi et al. (2001) have also
shown that in the visible spectrum and under partly
cloudy skies, the shorter the l; the greater is k: This
phenomenon may have a selective advantage for
blue wavelengths. Hence, the extension of the
clear-sky E-vector pattern into celestial areas
covered by clouds is more useful for an E-vector
compass when the skylight is perceived in the blue
(B) rather than in the green (G) or red (R). Pomozi
et al. (2001) could measure celestial polarization
patterns and derive k-values only in the visible part
of the spectrum (l > 400 nm), because UV light was
not transmitted through their ﬁsheye lens. Unless
full-sky polarization measurements are available in
the UV (200 nmolo400 nm), calculations can
provide the relation between kUV and kB ; kG ; kR
for cloudy skies. In this work such a model
calculation is presented.

psky ðlÞ at any particular direction in the sky is greater
than the threshold of polarization sensitivity ptr ðlÞ in a
given animal, the skylight from this direction can be
used for polarization compass orientation. The higher
the psky ðlÞ in the whole sky, the greater is kðlÞ: The
skylight originating from a cloudy celestial region and
reaching a ground-based observer is composed of (i) the
practically unpolarized cloudlight with radiance Icl ðlÞ
and degree of linear polarization pcl ðlÞE0—due to the
diffuse scattering of light by cloud particles, apart from
the direction of rainbow scattering in water clouds
.
(Konnen,
1985; Coulson, 1988)—, and (ii) the scattered
light with Isc ðlÞ and psc ðlÞ > 0 from the air layer between
the clouds and the observer (Fig. 3). Thus, psky ðlÞ is, per
deﬁnition, the polarized radiance aðl; hÞpsc ðlÞIsc ðlÞ
divided by the total radiance aðl; hÞIsc ðlÞ þ Icl ðlÞ:
psky ðlÞ ¼ aðl; hÞpsc ðlÞIsc ðlÞ=½aðl; hÞIsc ðlÞ
þ Icl ðlÞ;

with

0paðl; hÞ;

ð1Þ

where aðl; hÞ is a factor describing the wavelengthdependent effect of the air layer with thickness h
underneath the clouds. In other words, aðl; hÞ characterizes the contribution of Isc ðlÞ relative to Icl ðlÞ: The
greater the h; the smaller is the relative contribution of
Icl ðlÞ of cloudlight reaching the observer. This phenomenon can be described by the increase of factor aðl; hÞ:
On the other hand, decreasing thickness h of the air
layer between a cloud and a ground-based observer, the
number of scattering events decreases, which can be
described by the decrease of aðl; hÞ; because then the
relative contribution of Isc ðlÞ of light scattered in the air
beneath clouds decreases. Since measurements of a are
not available yet, as a ﬁrst approximation we assume

3. Materials and methods: calculation of the degree of
linear polarization of downwelling light versus wavelength
under clouds and canopies
Since under partly cloudy conditions the E-vector
pattern of cloudy celestial regions is approximately the
same as that of the corresponding clear sky regions as
shown experimentally by Brines and Gould (1982) and
Pomozi et al. (2001), kðlÞ is essentially determined only
by the degree of linear polarization psky ðlÞ of skylight. If

Fig. 3. Schematic representation of the two components of light from
cloudy sky regions reaching a ground-based observer. Unpolarized
sunlight is scattered in the air and/or in a cloud. Direct cloudlight is
unpolarized (apart from the direction of rainbow scattering in water
clouds), while light scattered in air is partially linearly polarized.
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that a is independent of l: Although the dependence of a
on h is also unknown, it is clear from the above that a
increases with h: If a cloud would be in the immediate
vicinity of the observer, the contribution of light
scattered in the air beneath the cloud would be zero,
thus aðh ¼ 0Þ ¼ 0: When a cloud would be at a huge
distance from the observer (e.g. for high altitude cirrus
clouds or clouds at the horizon), then the contribution
of cloudlight would be small in comparison with that of
light scattered in the air between the observer and the
cloud.
One can similarly calculate the inﬂuence of the
weighting of unpolarized green light transmitted
through foliage and linearly polarized light scattered in
the air beneath foliage on the degree of linear polarization pca of downwelling light under a canopy, if the air
beneath the foliage is illuminated partly by direct
sunlight, as usually in forests, for example. Under
canopies, the same calculation can be performed as
under clouds, but in the former case the radiance Icl ðlÞ
of white cloudlight should be replaced by the radiance
Ica ðlÞ of green light transmitted by the canopy, called
‘‘canopylight’’ further on:
pca ðl; aÞ ¼ apsc ðlÞIsc ðlÞ=½aIsc ðlÞ
þ Ica ðlÞ; with 0pa:

ð2Þ

4. Results
Figs. 1 and 2 show measured functions psc ðlÞ and
Isc ðlÞ of scattered light from a clear sky at 90 from the
sun. Fig. 2 represents the spectrum Icl ðlÞ of cloudlight
measured under a thick cloud deck, when the total
radiance aIsc ðlÞ þ Icl ðlÞ of skylight is practically the
same as the radiance Icl ðlÞ of cloudlight (because aE0Þ:
Using these particular functions without any loss of
generality, Fig. 4A shows psky ðl; aÞ calculated on the
basis of Eq. (1). We can see in Fig. 4 that
*

*

*

if ao2:5 (when cloudlight dominates, that is, the air
layer between the clouds and the observer is thinner
than a certain threshold), psky ðl; aÞ is maximal in the
UV ðlo400 nm);
if a > 2:5; the maximum of psky ðl; aÞ is in the visible
part of the spectrum (l > 400 nm);
if a > 10; psky ðl; aÞ approximates psc ðlÞ of the clear sky
(Fig. 1).

The reasons for these characteristics are the following:
Although the polarized radiance apsc Isc of skylight is
larger in the blue (B) than in the ultraviolet (UV)
ðUV Þ
because pðBÞ
and IscðBÞ > IscðUV Þ ; in the UV the
sc > psc
ðUV Þ
radiance Icl
of cloudlight is much smaller than the
radiance aIscðUV Þ of light scattered in the air beneath
clouds. In other words, changing the wavelength l from
blue to UV, the denominator of the expression of
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psky ðl; aÞ given in Eq. (1) decreases more drastically than
the nominator, resulting in psky ðUV ; aÞ becoming higher
than psky ðB; aÞ: Fig. 4B shows the optimal (for orientation by means of skylight polarization) wavelength lmax ;
where psky ðl; aÞ is maximal as a function of the control
parameter a:
Fig. 2 shows the radiance Ica ðlÞ of canopylight
transmitted through the leaves of cottonwood (Populus
deltoides). Similarly to the cloudlight, the canopylight is
most deﬁcient in the UV and is practically unpolarized
due to the diffuse scattering in the leaf tissue (Vanderbilt
et al., 1985a, b). Consequently, the same phenomenon
occurs as under clouds, as shown in Fig. 5: the degree of
linear polarization pca ðl; aÞ of light from the canopy
(composed of the partially linearly polarized light
scattered in the air layer beneath the canopy and the
UV-deﬁcient unpolarized greenish canopylight) is maximal in the UV if ao0:8: Hence, also under canopies the
detection of polarization of downwelling light is most
advantageous in the UV. This may be important for
those insects with polarization-sensitive DRA that live
under canopies and orient by means of the E-vector
pattern of downwelling light.

5. Discussion
In this work we showed how the weighting (described
by the control parameter a) of unpolarized white
cloudlight or unpolarized green canopylight and linearly
polarized light scattered in the air beneath clouds or
canopies affects the degree of linear polarization pðl; aÞ
of downwelling light under clouds or canopies, respectively. The only important difference between the effects
of clouds and canopies is that clouds can also be at huge
(practically inﬁnite) distances from the ground-based
observer (meaning great a-values), while the height of
canopies from the ground can range between 0 m and
only about some 10 m (meaning small a-values). Thus,
under canopies, pca is maximal always in the UV.
However, the question is whether the maximum of pca is
higher than the threshold ptr for polarization sensitivity
(about 5% for crickets and 10% for honeybees; Wehner,
1994). In other words, the question is if the polarized
light scattered in the thin air layer beneath the canopy
can be enough intense (relative to the unpolarized
canopylight) to ensure that pca > ptr : The experimental
spectro-polarimetric study of this question could be an
interesting task of future research.
On the basis of the above, we propose the following
possible resolution of the UV-sky-pol paradox:
1. There is no favoured wavelength for perception of
skylight polarization under clear skies, because psc of
light from clear skies is high enough (psc > ptr ) at all
wavelengths, thus the proportion k of the celestial
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(a)

(b)
Fig. 4. (a) The degree of linear polarization psky ðl; aÞ of light from cloudy sky regions calculated on the basis of Eq. (1) for different values of the
control parameter a; using the functions psc ðlÞ in Fig. 1, as well as Isc ðlÞ and Icl ðlÞ in Fig. 2. Increasing a means increasing proportion of the polarized
light scattered underneath clouds. (b) Wavelength lmax ; where psky ðl; aÞ is maximal as a function of a:

polarization pattern useful for animal orientation is
large enough at all wavelengths in the UV and visible
parts of the spectrum.
2. Under partly cloudy skies, the E-vector patterns
characteristic to clear skies approximately continue
beneath the clouds, especially for blue and UV
wavelengths.
3. If the air columns under clouds are partly sunlit, the
degree of linear polarization psky of skylight originating from the cloudy regions is the highest in the
UV, because in this spectral range the unpolarized
UV-deﬁcient cloudlight dilutes least the polarized
light scattered in the air beneath the clouds.
Some of the above arguments were presented in
favour of the perception of celestial polarization in the

UV under clouds and canopies. However, several insect
species detect skylight polarization in the blue or green
(Table 1). Why do not all the insects use UV-sensitive
photoreceptors for this task? This question remains
unanswered. Certainly, other important physical, biological or environmental factors may still exist, which
determine the optimal wavelength range of the detection
of skylight polarization in a particular animal species.
However, at least in the case of crickets there is a
possible explanation why they perceive skylight in
the blue. We can see in Fig. 4A that psky ðl; aÞ is
always relatively high in the violet and blue
(400 nmolo470 nm) for a given a-value. Thus, under
partly cloudy conditions the violet–blue wavelength
region is the second optimal spectral range to detect
skylight polarization for orientation. Crickets perceive
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(a)

(b)
Fig. 5. As Fig. 4 for the downwelling light under a canopy calculated on the basis of the expression of pca ðl; aÞ given in Eq. (2) using the functions
psc ðlÞ in Fig. 1, as well as Isc ðlÞ and Ica ðlÞ in Fig. 2. Increasing a means increasing proportion of the polarized light scattered underneath the green
foliage.

the celestial polarization in the blue, the reason for
which is still unknown. Using the blue part of the
spectrum may have the following advantage against the
UV under clear skies, when the degree of skylight
polarization is high enough for all wavelengths: The
radiance of the UV component of sunlight and light
from the clear sky is low relative to that of the blue and
green components (Fig. 2). At twilight under clear skies,
the absolute light radiance is more likely to fall below
the sensitivity threshold of a polarization-sensitive visual
system operating in the UV rather than in the blue. In

the context of the detection of skylight polarization,
the ﬁnding that the photoreceptors in the DRA of the
twilight-active ﬁeld cricket Gryllus campestris operate
in the blue rather than the UV, has been interpreted in
this way (Labhart et al., 1984; Herzmann and Labhart,
1989). The crickets Acheta domestica, G. bimaculatus
and G. campestris are active not only during the day but
also during crepuscular periods (dusk and dawn) as well
as at night and all have highly polarization-sensitive
blue receptors in their DRA. According to Zufall et al.
(1989), the combination of blue and polarization
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sensitivity in the DRA may be a common adaptation of
insects that are active at very low light intensities, as
opposed to day-active insects (e.g. honeybees, desert
ants and ﬂies) which predominantly use UV receptors as
detectors for skylight polarization (Table 1). However,
the question is whether this ‘‘radiance argument’’ holds
also for cloudy conditions: On the one hand, since under
cloudy skies the UV component of skylight is much
weaker than under clear skies (Fig. 2), detection of
skylight may be more disadvantageous in the UV than
in the blue. On the other hand, under cloudy skies psky
is the highest in the UV (Fig. 4), thus perception of
skylight polarization could be more advantageous in the
UV than in the blue. The question is, which effect is the
stronger.
The spectral aspects of the detection of polarization of
light reﬂected from water surfaces are discussed by
Schwind (1991, 1995) and Berna! th et al. (2002). Here we
mention only that the majority of the known polarotactic water-seeking insect species exploit UV wavelengths to seek for water, because the amount of light
originating from the underwater region is minimal in the
UV, thus the degree of linear polarization of light
reﬂected from the water surface is maximal in the UV.
However, also some known polarotactic water insect
species detect water in the visible part of the spectrum.
Possible reasons for this are discussed by Schwind (1991,
1995). Note that considering the optimal wavelength
range, there is an analogy between the perception of
skylight polarization and the detection of polarization of
light reﬂected from water surfaces. Both tasks are most
efﬁcient in the UV, the reason for which is the same: The
degree of linear polarization of skylight and waterreﬂected light is highest in the UV if there is a
background—a cloud (or canopy) in the sky (Fig. 3)
and the bottom or particles suspended in water—which
reﬂects nearly unpolarized light. The amount of light
originating from this background is minimal in the UV,
thus the net degree of polarization of the biologically
relevant light (downwelling skylight and water-reﬂected
light) is highest in the UV.
Finally, we would like to emphasize that although in
this work we discussed only some atmospheric optical
aspects of insect polarization vision, our results are true
also for all animals that detect celestial polarization. We
considered insects, because (apart from the spider
Drassodes cupreus) only in certain insect species it is
known which spectral range they perceive celestial
polarization in (Table 1). Although it was demonstrated
behaviourally in many species (e.g. in the grass shrimp,
Palaemonetes vulgaris; Goddard and Forward, 1991)
that they can use celestial polarization for orientation, it
is generally unknown in which part of the spectrum they
detect skylight polarization. On the other hand, in
several species (e.g. in the rainbow trout, Oncorhynchus
mykiss, Hawryshyn, 1992; for review see: Horva! th and

! 2003, Chapter 28, pp. 293–316), it was shown
Varju,
that perception of polarization happens in different
parts of the spectrum, but usually it is unknown whether
this capability is used for detection of skylight polarization. After reviewing the literature, in Table 1 we listed
all the species we found, in which (i) it is proven that
they can detect skylight polarization, and (ii) the
wavelengths of their maximal polarization sensitivity
are known.

Acknowledgements
This work was supported by a 14-month Humboldt
research fellowship from the German Alexander von
Humboldt Foundation and by a 3-year Istva! n Sze! chenyi
fellowship from the Hungarian Ministry of Education to
G.H. The manuscript was written at the Department of
Cognitive Neuroscience of the University of Tubingen
.
(Germany) during the Humboldt fellowship of G.H.
Thanks are to Prof. Hanspeter Mallot (head of
department) for the possibility that G.H. could work
quietly at his department. We are grateful to Prof.
Dezso. Varju! for reading and commenting on an earlier
version of the manuscript. The constructive comments
of two anonymous reviewers are also acknowledged.

References
Beason, R.C., Semm, P., 1991. Neuroethological aspects of avian
orientation. In: Berthold, P. (Ed.), Orientation in Birds.
Birkh.auser, Basel, pp. 106–127.
Bern!ath, B., Szedenics, G., Wildermuth, H., Horv!ath, G., 2002. How
can dragonﬂies discern bright and dark waters from a distance?
The degree of polarization of reﬂected light as a possible cue for
dragonﬂy habitat selection. Freshwater Biol. 47, 1707–1719.
Bisch, S.M., 1999. Orientierungsleistungen des nachtaktiven Wustenk.
a. fers Parastizopus armaticeps Peringuey (Coleoptera: Tenebrionidae). Ph.D. thesis, University Bonn, Germany.
Brines, M.L., Gould, J.L., 1982. Skylight polarization patterns and
animal orientation. J. Exp. Biol. 96, 69–91.
Brunner, D., Labhart, T., 1987. Behavioural evidence for polarization
vision in crickets. Physiol. Entomol. 12, 1–10.
Cockell, C.S., 1998. Biological effects of high ultraviolet radiation on
early earth-a theoretical evaluation. J. Theor. Biol. 193, 717–729.
Coemans, M.A.J.M., Vos, H.J.J., Nuboer, J.F.W., 1994. The relation
between celestial colour gradients and the position of the sun, with
regard to the sun compass. Vision. Res. 34, 1461–1470.
Coulson, K.L., 1988. Polarization and Intensity of Light in the
Atmosphere. A. Deepak Publishing, Hampton, VA, USA.
Dacke, M., Nilsson, D.E., Warrant, E.J., Blest, A.D., Land, M.F.,
O’Carroll, D.C., 1999. Built-in polarizers form part of a compass
organ in spiders. Nature 401, 470–473.
.
Dacke, M., Nordstrom,
P., Scholtz, C.H., Warrant, E.J., 2002. A
specialized dorsal rim area for polarized light detection in the
compound eye of the scarab beetle Pachysoma striatum. J. Comp.
Physiol. A 188, 211–216.
Duelli, P., Wehner, R., 1973. The spectral sensitivity of polarized light
orientation in Cataglyphis bicolor (Formicidae, Hymenoptera).
J. Comp. Physiol. 86, 37–53.

ARTICLE IN PRESS
! / Journal of Theoretical Biology 226 (2004) 429–437
A. Barta, G. Horvath
Eggers, A., Gewecke, M., 1993. The dorsal rim area of the compound
eye and polarization vision in the desert locust (Schistocerca
gregaria). In: Wiese, K., Gribakin, F.G., Popov, A.V., Renninger,
G. (Eds.), Sensory Systems of Arthropods. Birkh.auser, Basel,
pp. 101–109.
Frantsevich, L., Govardovski, V., Gribakin, F., Nikolajev, G., Pichka,
V., Polanovsky, A., Shevchenko, V., Zolotov, V., 1977. Astroorientation in Lethrus (Coleoptera, Scarabaeidae). J. Comp.
Physiol. A 121, 253–271.
Frantsevich, L.I., Zolotov, V.V., Gribakin, F.G., Polanovsky, A.D.,
Govardovski, V.I., Zujeva, L.V., 1976. Polarotaxis in Lethrus
(Coleoptera, Scarabaeidae) in different spectral rays. Dokl. Acad.
Nauk. USSR 226, 733–736 (in Russian).
Frisch, K.v., 1967. The Dance Language and Orientation of Bees.
Harvard University Press, Cambridge, MA, USA.
Gates, D.M., 1980. Biophysical Ecology. Springer, Berlin, Heidelberg,
New York.
Goddard, S.M., Forward Jr., R.B., 1991. The role of the underwater
polarized light pattern in sun compass navigation of the grass
shrimp, Palaemonetes vulgaris. J. Comp. Physiol. A 169, 479–491.
Hardie, R.C., 1984. Properties of photoreceptors R7 and R8 in dorsal
marginal ommatidia in the compound eyes of Musca and
Calliphora. J. Comp. Physiol. A 154, 157–165.
Hardie, R.C., Franceschini, N., McIntyre, P.D., 1979. Electrophysiological analysis of ﬂy retina. II. Spectral and polarisation sensitivity
in R7 and R8. J. Comp. Physiol. A 133, 23–39.
Hawryshyn, C.W., 1992. Polarization vision in ﬁsh. Am. Sci. 80,
164–175.
Helbig, A.J., 1991. Experimental and analytical techniques used in bird
orientation research. In: Berthold, P. (Ed.), Orientation in Birds.
Birkh.auser, Basel, pp. 270–306.
Helversen, O.v, Edrich, W., 1974. Der Polarisationsempf.anger
im Bienenauge: ein Ultraviolettrezepor. J. Comp. Physiol. 94,
33–47.
Herzmann, D., Labhart, T., 1989. Spectral sensitivity and absolute
threshold of polarization vision in crickets: a behavioral study.
J. Comp. Physiol. A 165, 315–319.
Hess, P., 1939. Die spektrale Energieverteilung der Himmelsstrahlung.
Gerlands Beitr. Geophys. 55, 204–220.
! D., 2003. Polarized Light in Animal VisionHorv!ath, G., Varju,
Polarization Patterns in Nature. Springer, Berlin, Heidelberg,
New York.
.
Konnen,
G.P., 1985. Polarized Light in Nature. Cambridge University
Press, Cambridge, UK.
Labhart, T., 1980. Specialized photoreceptors at the dorsal rim of the
honeybee’s compound eye: polarizational and angular sensitivity.
J. Comp. Physiol. A 141, 19–30.
Labhart, T., Meyer, E.P., 1999. Detectors for polarized
skylight in insects: a survey of ommatidial specializations
in the dorsal rim area of the compound eye. Microsc. Res. Tech.
47, 368–379.
Labhart, T., Hodel, B., Valenzuela, I., 1984. The physiology of
the cricket’s compound eye with particular reference to the

437

anatomically specialized dorsal rim area. J. Comp. Physiol. A
155, 289–296.
Labhart, T., Meyer, E.P., Schenker, L., 1992. Specialized ommatidia
for polarization vision in the compound eye of cockchafers,
Melolontha melolontha (Coleoptera, Scarabaeidae). Cell Tissue
Res. 268, 419–429.
Loesel, R., Homberg, U., 2001. Anatomy and physiology of neurons
with processes in the accessory medulla of the cockroach
Leucophaea maderae. J. Comp. Neurol. 439, 193–207.
Mazokhin-Porshnyakov, G.A., 1969. Insect Vision. Plenum Press,
New York.
Meyer-Rochow, V.B., 1981. Electrophysiology and histology of the
eye of the bumblebee Bombus hortorum. J. R. Soc. New Zeeland 11,
123–153.
Nagel, M.R., Quenzel, H., Kweta, W., Wendling, R., 1978. Daylight
Illumination-Color-Contrast Tables for Full-Form Objects.
Academic Press, New York.
Philipsborn, A.v, Labhart, T., 1990. A behavioural study of polarization vision in the ﬂy, Musca domestica. J. Comp. Physiol. A 167,
737–743.
Pomozi, I., Horv!ath, G., Wehner, R., 2001. How the clear-sky angle of
polarization pattern continues underneath clouds: full-sky measurements and implications for animal orientation. J. Exp. Biol.
204, 2933–2942.
Schwind, R., 1991. Polarization vision in water insects and insects
living on a moist substrate. J. Comp. Physiol. A 169, 531–540.
Schwind, R., 1995. Spectral regions in which aquatic insects see
reﬂected polarized light. J. Comp. Physiol. A 177, 439–448.
Smola, U., Meffert, P., 1978. A single UV-receptor in the eye of
Calliphora erythrocephala. J. Comp. Physiol. 103, 353–357.
Tov!ee, M.J., 1995. Ultra-violet photoreceptors in the animal kingdom:
their distribution and function. Trends. Ecol. Evol. 10, 455–460.
Vanderbilt, V.C., Grant, L., Biehl, L.L., Robinson, B.F., 1985a.
Specular, diffuse and polarized light scattered by wheat canopies.
Appl. Opt. 24, 2408–2418.
Vanderbilt, V.C., Grant, L., Daughtry, C.S.T., 1985b. Polarization of
light scattered by vegetation. Proc. IEEE 73, 1012–1024.
Waldvogel, J.A., 1990. The bird’s eye view. Am. Sci. 78, 342–353.
Wehner, R., 1976. Polarized-light navigation by insects. Sci. Am. 235
(7), 106–115.
Wehner, R., 1984. Astronavigation in insects. Ann. Rev. Entomol. 29,
277–298.
Wehner, R., 1989. The hymenopteran skylight compass: matched
ﬁltering and parallel coding. J. Exp. Biol. 146, 63–85.
Wehner, R., 1994. The polarization-vision project: championing
organismic biology. Fortschr. Zool. 39, 103–143.
Wehner, R., Rossel, S., 1985. The bee’s celestial compass—a case study
in behavioural neurobiology. Fortschr. Zool. 31, 11–53.
Wilson, E.O., 1971. Insect Societies. Harvard University Press,
Cambridge, MA, USA.
Zufall, F., Schmitt, M., Menzel, R., 1989. Spectral and polarized light
sensitivity of photoreceptors in the compound eye of the cricket
(Gryllus bimaculatus). J. Comp. Physiol. A 164, 597–608.

