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FIG. 2. (A) Diagrammatic view of the arrangements of photoreceptors in the eye of a typical gonodactyloid mantis shrimp, as seen in a
vertical section through the cornea and retina. Most of the compound eye is like any other found throughout insects and crustaceans, having
an extended array of ommatidia that sample visual space. These ommatidia are divided into two hemispheres by the midband, consisting of
6 parallel rows of ommatida (indicated by the numbers 1 through 6). All receptors in the hemispheres are identical, and are diagrammed here
as DH and VH (dorsal hemisphere and ventral hemisphere, respectively). The rows of the midband are numbered sequentially dorsal to ventral,
1 to 6. Polarization-sensitive receptors are indicated by shading: light gray for the ultraviolet-sensitive receptors of midband rows 5 and 6;
medium gray for the middle-wavelength receptors of rows 5 and 6, and black for receptors throughout the dorsal and ventral hemispheres.
(B) A schematic view of microvillar orientations (indicated by the direction of hatching and double-headed arrows) in photoreceptors in
midband rows 5 and 6. The oval profile and long arrow indicates the ultraviolet-sensitive cell, while the 2 sets of square profiles and shorter
arrows indicate the polarization-sensitive layers of the underlying middle-wavelength-sensitive cells. See text and references therein for further
discussion (modified from Cronin and Marshall, 2004).

ommatidial rows (rows 5 and 6, Fig. 2). Here, the ul-
traviolet receptors on top (light gray in Fig. 2A) are
rotated at 908 to each other, forming a pair of polari-
zation-sensitive types specializing in very short wave-
lengths (near 360 nm). Under each of these is a group
of large photoreceptors (dark gray in Fig. 2A) that per-
forms 2-axis analysis of linearly polarized light in the

spectral band near 500 nm. Besides these highly spe-
cialized receptors of the midband, ommatidia through-
out the rest of the eye (dorsal and ventral hemispheres;
black in Fig. 2) are probably also polarization-sensi-
tive, as are ommatidia in most crustaceans.

So, mantis shrimps see and analyze linearly polar-
ized light (Yamaguchi et al., 1976; Marshall, 1988;
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Marshall et al., 1991). In them, too, this ability was
originally assigned to behavioral tasks like those of
other arthropods or of salmonid fishes; i.e., orientation
and navigation in polarized-light fields (reviews: Wa-
terman, 1981; Hawryshyn, 1992; Wehner, 2001). Thus,
it was a real surprise to learn that stomatopods actually
recognize polarized-light features of a visual stimulus
(Marshall et al., 1999). This finding opens up the pos-
sibility that, like the cephalopod mollusks just dis-
cussed, mantis shrimps use polarization of light anal-
ogously to color, fractionating images and seeing de-
tails of objects. Potentially, polarized-light signals may
be just as significant as the color signals mentioned
above. As just described, the polarization photorecep-
tors are located in the midband region of stomatopod
compound eyes (Marshall, 1988; Marshall et al.,
1991). Receptors specialized for color analyses in this
region of the eye have similar neural wiring (Marshall
et al., 1991; Cronin and Marshall, 2004; Kleinlogel et
al., 2003), suggesting that polarized-light and color
stimuli are processed similarly. Thus, it is reasonable
to infer that stomatopods may see polarized light in an
analogous way to their perception of color.

Very recent research results, obtained over the last
couple of years, demonstrate that mantis shrimps use
polarized-light signals in much the same way that they
do color signals. Indeed, signals based on controlled
reflection of linearly polarized light should have ad-
vantages over color signals in certain circumstances.
As mentioned above, few objects reflect strongly po-
larized light underwater (Cronin and Shashar, 2001;
personal observations). Underwater spectral irradiance
varies strongly with depth, but polarization is generally
much more predictable and stable (Ivanoff and Water-
man, 1958), making signal constancy a simpler prob-
lem. Many stomatopod species have body parts that
are obviously specialized for the reflection of strongly
polarized light, used in behavioral contexts that seem
clearly linked to intraspecific communication (see
Figs. 3 and 4 for striking examples). While our obser-
vations are still limited in ecological and phylogenetic
coverage, we find that potential polarized-light signals
generally become more common with increased habi-
tat depth (both species in Figs. 3 and 4 live at depths
.15 m). Therefore, polarization patterns may replace
or augment color patterns when environmental light
becomes spectrally restricted and polarizationally sim-
ple. Patterns based on differential reflection of partially
linearly polarized light could be expressive of species-
specific signals, and could be unusually direct and easy
to interpret, since (unlike color) no other objects in the
scene are likely to have similar appearance. They
would also be ‘‘private,’’ to some extent, since they
would be invisible to animals that do not have a po-
larization imaging visual system. The spectral prop-
erties of the polarization reflection appear to be very
well suited to stomatopod communication. The maxi-
mum degree of polarization is near 500 nm (Figs. 3
and 4), which matches the polarization sensitivity peak
of photoreceptors in midband rows 5 and 6 (as well

as in the dorsal and ventral hemispheres; see Cronin
et al., 2000), and is also nicely placed for transmission
through natural waters.

One further example of polarized-light signaling has
been found, and in this instance the system is designed
to operate not in the depths of the sea, but instead deep
in the rainforest. Butterflies in Panama, of the species
Heliconius cydno, reflect iridescent colors from their
wings. The reflected light is not only chromatically
saturated, but is also ;90% polarized (Sweeney et al.,
2003). Males of this species appear to recognize fe-
males based on this polarization; when the reflected
light from females is artificially depolarized, males ap-
proach them much less frequently. As in the examples
from the marine environment, this polarization signal-
ing system is found in a photic environment where
natural polarization is limited because of the heavy
screening of sunlight and sky by the rainforest canopy
(see also Shashar et al., 1998a).

CONTROLLING THE REFLECTION OF POLARIZED LIGHT

How are these polarized-light signals produced? Re-
garding cuttlefish (and probably squid), the signals
arise from reflection from a cellular effector class
called an iridophore, located under the surface of the
skin (Shashar et al., 1996). Iridophores contain flat
platelets, probably of guanine, that should produce
partial linear polarization by reflection. These irido-
phores are dynamic cells, capable of undergoing ultra-
structural changes on neural command (Kawaguti and
Ohgishi, 1962; Cooper and Hanlon, 1986; Cooper et
al., 1990). Such changes shift them between organized
and disorganized forms and therefore almost certainly
change their polarization reflectances on demand. The
system permits signals to be regulated very rapidly, on
time scales of a second or less (see Shashar et al.,
1996).

In contrast to the situation with the cephalopods, at
present we know very little about how mantis shrimps
produce their controlled reflection of polarized light.
Preliminary measurements suggest that under diffuse
or partly directional illumination (as would occur in
water), the degree of polarization can be very high, as
much as 75% at the peak, but varying strongly with
wavelength (Figs. 3 and 4). Not only does the degree
of polarization vary, but also (in some cases) the e-
vector angle as well (Fig. 4), implying that a layered
or helical structure may be involved. Only a few parts
of the carapace produce the polarization, mainly the
antennal scales, maxillipeds, and uropod scales (Figs.
3 and 4). The body parts used vary among species,
creating many possible signal types.

The polarization must be produced structurally and
internally in the carapace, for these reasons: (1) Re-
flection and polarization vary steeply with wavelength
(Figs. 3 and 4), implying a precisely ordered structure.
(2) Polarization properties change relatively little when
the body part is observed in air, suggesting that the
reflector is beneath the air/chitin (or water/chitin) in-
terface. (3) In a given body part, the angle of polari-

 by on A
ugust 26, 2010 

http://icb.oxfordjournals.org
D

ow
nloaded from

 

http://icb.oxfordjournals.org


554 THOMAS W. CRONIN ET AL.

FIG. 3. Potential polarized-light signals used by the mantis shrimp species, Haptosquilla trispinosa. The pair of photographic images shows
successive frames captured on digital video through a polarization-switching, liquid crystal filter that rotates the plane of a polarization analyzer
908 between frames; the e-vector plane transmitted by the filter in each frame is shown by the white line (H, horizontal; V, vertical). These
images, taken in the lab, show an individual H. trispinosa at its burrow entrance displaying two brightly reflective patches (powder blue in
life) on its 1st maxillipeds (arrows). These patches also reflect strongly horizontally polarized light. Notice that other body parts or objects in
the video frames do not differentially reflect partially linearly polarized light (i.e., do not vary in brightness between frames). The lower panel
illustrates spectral properties of the reflected polarized light from these maxillipeds. The dotted trace plots overall reflectance, and is maximal
at middle wavelengths, near 500 nm. The dark trace shows the degree (or percentage) of polarization, which peaks at ;70% polarization near
500 nm. The light trace shows the e-vector angle of the reflected polarization, which near 1608, or within 208 of horizontal, throughout.

zation preferentially reflected can vary from place to
place in a smoothly changing pattern, implying local
developmental control. (4) Molt casts retain polariza-
tion activity similar to that of live cuticle, although to

a lesser degree. Arthropod cuticle can produce unusual
optical effects, analogous to solutions of liquid crys-
tals, resulting from a layered, helicoid structure (Ne-
ville and Caveney, 1969; Neville and Luke, 1971). As
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FIG. 4. This figure is like Fig. 3. The upper, photographic pair of images illustrate successive video frames taken at orthogonal planes of
polarization (H, horizontal e-vector; V, vertical e-vector) showing interactions between two individuals of O. havanensis at the burrow entrance
of the lower animal; the upper animal is an intruder. Both individuals have extended their antennal scales (the flap-like exopodites of the 2nd
antenna, arrows), which preferentially reflect horizontally polarized light (appearing nearly black in vertical polarization). These images were
obtained in the Florida Keys, in the field. The lower panel shows spectral properties of the reflected polarization from this species, as in Fig.
3. Note that there are two regions of maximal degree of polarization, near 500 nm (;60%) and 650 nm (;25%), with opposite e-vector angles.
The main polarization band, near 500 nm, is nearly horizontally polarized but the secondary band is vertically polarized (near 908).

Prum, Vukusic and others have demonstrated, other
biological materials can also have unusual optical
properties (Prum et al., 1998; Vukusic et al., 2000,
2001; Vukusic and Sambles, 2003). Our current work
focuses on the structural and optical properties of sto-

matopod cuticle. We also plan to follow up our earlier
work concerning the structure and optics of cephalo-
pod polarizers, as their spectral reflectance properties
are just beginning to be characterized (for two squid
species; see Mäthger and Denton, 2001).
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Reflection of polarized light from butterfly wings is
optically simpler in some regards, as the reflection
takes place in air. In fact, the iridescent scales of but-
terfly wings use alternating layers of chitin and air to
produce their strong reflections (Vukusic et al., 2000,
2001, 2002). It seems likely that insect iridescence is
commonly polarized, and it is very likely that other
forest species (and perhaps even open-air butterflies)
use this polarization for species recognition and in
mate selection.

THE BIOLOGICAL POTENTIAL OF CIRCULARLY

POLARIZED LIGHT

No known visual functions involve circularly polar-
ized light. Nevertheless, there are cases in which cir-
cular polarization may play a biologically meaningful
role. One example, probably not significant, is the an-
ecdotal report that firefly bioluminescence is circularly
polarized. Circularly polarized emission occurs in bi-
ological systems (for instance, fluorescence from chlo-
rophyll: Gafni et al., 1975; scattering from phyto-
plankton: Shapiro et al., 1991), but it is probable that
the circular polarization of firefly light (if it exists) is
incidental. Some biological structures, notably the cu-
ticles of scarabaeid beetles, preferentially reflect left
circularly polarized light, due to their unusual internal
structure (Neville and Caveney, 1969; Neville and
Luke, 1971), but there is no evidence concerning the
biological significance (if any) of this feature.

The structure of polarization-sensitive ommatidia in
mantis shrimp eyes presents a much stronger circum-
stantial case for the potential significance of circularly
polarized light in vision. Photoreceptors of ommatidia
in rows 5 and 6 (Fig. 2) are organized into two main
tiers, an overlying single ultraviolet (UV) photorecep-
tor and an underlying set of middle-wavelength recep-
tors. All receptors are polarization sensitive, and the
two rows are twisted at 908 to each other. All microvilli
in the ultraviolet receptors are parallel in every pho-
toreceptor of this class in each row (i.e., microvilli in
all UV-sensitive cells are parallel to each other) and
orthogonal to all homologous UV receptors in the oth-
er row. Significantly, microvillar receptors exhibit
form birefringence, having a higher refractive index
(n) for light polarized parallel to the microvillar axis
than for that polarized on the orthogonal axis (Snyder
and Laughlin, 1975). If the UV receptor were of the
correct length, it would act as a quarter-wave retarder
plate, converting circular polarization in its active
spectral range to linear polarization. The resulting lin-
ear polarization would have its axis at either 1458 or
2458 to the microvillar axes of the UV receptor, de-
pending of the direction of its original circularity, right
or left. It is notable that this is the organization seen
in receptors of rows 5 and 6; microvilli of the primary,
underlying polarization receptors lie at 6458 to those
of the UV receptor (Fig. 2B). The UV receptor’s length
(it is much longer than its homologues in almost all
other rows; see Fig. 2A) is estimated to be correct for
quarter-wave delay at ;500 nm—the sensitivity max-

imum of the underlying polarized-light-sensitive re-
ceptors. Therefore, it is possible that these receptor sets
of mantis shrimps are organized to detect and analyze
circularly polarized light. The presence of two receptor
sets orthogonal to each other would permit the visual
system to tease out the relative contributions of cir-
cularly and linearly polarized light to any stimulus.
The existence of visual organization consistent with
the perception of circularly polarized light encourages
the search for its presence in natural situations, in-
cluding signaling. Like the beetles mentioned earlier,
mantis shrimp cuticle may have regions that prefer-
entially reflect such a stimulus.

SUMMARY AND CONCLUSIONS

Most animal species have photoreceptors that are
inherently polarization-sensitive, and many species use
this sensitivity in their orientation and navigation be-
havior. A few of these polarization-sensitive animals
have evolved a set of signals that are based on the
controlled reflection of polarized light from parts of
their bodies. Polarization signals have special proper-
ties that make them particularly suitable for use in pho-
tic environments where the natural polarization field is
weak, stable, or highly predictable, as they will stand
out against natural backgrounds. They have the addi-
tional potential advantage of being cryptic to some
viewers (for instance, vertebrate predators) while being
prominent to conspecifics or other intended recipients.
The situations within which these signals are used, the
messages that they communicate, and the biological
structures that produce them demand further investi-
gation.
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