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ABSTRACT

Although natural light sources produce depolarized light, partially linearly polarized light is naturally abundant in the
scenes animals view, being produced by scattering in air or water or by reflection from shiny surfaces. Many species of
animals are sensitive to light's polarization, and use this sensitivity to orient themselves using polarization patterns in the
atmosphere or underwater. A few animal species have been shown to take this polarization sensitivity to another level of
sophistication, seeing the world as a polarization image, analogous to the color images humans and other animals view.
This sensory capacity has been incorporated into biological signals by a smaller assortment of species, who use patterns
of polarization on their bodies to communicate with conspecific animals. In other words, they use polarization patterns
for tasks similar to those for which other animals use biologically produced color patterns. Polarization signals are
particularly useful in marine environments, where the spectrum of incident light is variable and unpredictable. Here,
cephalopod mollusks (octopuses, squids, and cuttlefish) and stomatopod crustaceans (mantis shrimps) have developed
striking patterns of polarization used in communication.

Keywords: polarized light, polarization sensitivity, polarization vision, biological signal, marine animal
1. INTRODUCTION

Many animals besides humans use visual signals for communication, both within a species (intraspecifically) and
between species (interspecifically). To be effective, such signals should be highly visible to intended receivers, but often
should be inconspicuous or invisible to unintended ones. Animals may control the visibility of their signals by making
them highly directional, by displaying them only transiently or under only the most appropriate lighting conditions, or by
producing colors that are poorly detected by undesirable receivers'. Only recently have we become aware of a special
class of visual signals that are highly visible to some animals, including the intended receivers, but undetectable to
others, including vertebrate predators. These signals are based on the controlled reflection of partially linearly polarized
light, using specialized biological effectors to produce the desired reflection.

1.1 Polarized light in natural environments

Light arriving from the sun and moon is fully depolarized, consisting of mixtures of photons having randomly oriented e-
vectors. Nevertheless, partially linearly polarized light is found throughout most natural scenes, as it is readily produced
by scattering in the atmosphere or under water, or by reflection from natural surfaces such as the air /water interface and
the shiny cuticles of leaves or arthropods (particularly insects and crustaceans). These natural patterns of polarization are
readily visualized by imaging polarimeters™, and the patterns themselves are often predictable (though changeable
throughout the day) and thus usable for animal orientation®, particularly in air. Under water, especially away from the
surface, polarization patterns are generally simpler than those in the air, because refraction at the air/water interface
causes light from the sky or other celestial sources to be confined to a cone of light about 97° across. When this
downwardly oriented light is scattered in water, the predominant angle of polarization (e-vector angle) is generally near
the horizontal plane. However, the degree of polarization under water is normally quite low, rarely reaching 70% and
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and generally being much less™. Also, polarized reflection of light from underwater objects is not generally favored,
since the refractive index of water greatly exceeds that of air, reducing the specular reflection of light from surfaces.
Thus, polarization throughout an underwater scene is almost always low (Fig. 1). This actually favors polarization
signaling in water. The pattern of polarization is simple, so local deviations in polarization should be easily detectable,
and the degree of polarization is low, making well-polarized signals stand out. Although polarization signaling is known
to exist in insects’, and could be used by other terrestrial animals, it is most highly developed in marine invertebrates.

Figure 1: Distribution of polarized light in an
underwater scene. This photograph illustrates a scene
on the Great Barrier Reef, Australia in clear water at a
depth of about 20 m, near midday. Panel A shows the
reef as a standard black-and-white photograph. The
image of Panel B was obtained by taking 3 digital
photographs of the scene, through a linear polarizer
rotated to 0, 45, and 90 degrees successively and then
analyzing them pixel-by-pixel according to Wolff and
Andreiou? to show the degree of polarization (here, as
% polarization) throughout the scene. The inset in
Panel B shows the scale into which polarization
content is coded, where white represents 100%
polarized light. Note that the degree of polarization is
low everywhere in the scene, despite the clear water
and the bright overhead lighting.

1.2 Polarization vision and biological uses of polarized light

Because humans are essentially insensitive to the polarization properties of light, it is easy to overlook the fact that most
photoreceptors are inherently capable of responding differentially to the e-vector orientation of linearly polarized light.
This occurs because visual pigment molecules, the chemicals that actually capture light and begin the process of
phototransduction, are dichroic. Each chromophore, the region of the molecule that absorbs light of visible wavelengths,
absorbs a photon most effectively when its e-vector is aligned parallel to the chromophore's axis. Molecules of visual
pigment are confined to the membranes of photoreceptor cells. Their absorption dipoles tend to be oriented more or less
parallel to the membrane's surface, but may take on any angle in the plane of the membrane. Since the disks or lamellae
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of vertebrate rods and cones are oriented with their surfaces perpendicular to the path of incoming light, the visual
pigments they contain are deployed at random orientations to the light, and the receptor as a whole is normally
insensitive to polarization (i.e. it responds equally to all planes of polarization). This is true in principle for all vertebrate
photoreceptors, yet there are some vertebrate species that respond to polarized light using poorly understood receptor
mechanisms®’.

Photoreceptors of most invertebrate species are constructed differently from those of vertebrates. Visual pigments are
localized in membranes of groups of microvilli, and the photoreceptive region of the receptor cell looks much like a
stack of pencils, all oriented in parallel. Again, chromophores of visual pigments lie parallel to the plane of the
membrane, but since the membranes are curved into tiny cylinders, the pigment molecules tend not to rotate within the
membrane, but instead to orient with their absorption dipoles roughly parallel to the axis of each microvillus. Since the
most common situation is for all microvilli in a cell to be parallel, the entire cell responds much more strongly to light
when the e-vector of polarization is parallel to the microvillar axes than when it is otherwise oriented. Many
invertebrates take advantage of this inherent polarization sensitivity to analyze polarized light stimuli. Most commonly,
there are two polarization classes of receptors, each class having microvilli parallel throughout the retina and orthogonal
to the microvilli of the opposite class. Thus, the polarization system relies on 2-axis analysis, although eye or body
movements (or an additional class of polarization-insensitive receptors) can provide additional information to permit the
full analysis of partially linearly polarized light, extracting the intensity, degree of polarization, and e-vector angle.

Polarization sensitivity in arthropods has long been associated with orientation to celestial patterns of polarization®, and
some fishes may use polarization in orientation behavior as well®. This type of behavior does not require good imaging
capability to see the polarization pattern, and may even use a specialized subset of photoreceptors devoted to these tasks.
Some animals, however, actually see patterns of polarized light, a visual experience analogous to color vision (where the
scene is segregated into regions based on different spectral radiances). Thus, by analogy, this ability is called
polarization vision, and it is found in octopus and other cephalopods'®'", as well as in mantis shrimps'2. It can be useful
for detecting transparent or well-camouflaged animals in the low contrast underwater environment'"'*'%,

2. POLARIZATION SIGNALS IN MARINE ANIMALS
2.1 Polarization signals in cephalopod molluscs

Once an animal has evolved polarization vision, it is easy to see how polarization signaling could then appear.
Cephalopods (octopuses, squids, and cuttlefish) are well-known for their sensitivity to polarized light. Nevertheless, the
discovery in cuttlefish of polarized-light patterns that could quickly be switched on and off was unexpected'”. Similar
patterns were subsequently found in octopuses and squids'®'’” (Fig. 2). The polarization is produced by reflection from
oriented stacks of platelets, probably made of guanine, found in specialized cells called iridophores. These cells are

Figure 2: Reflection of polarized light from e B
the squid, Loligo pealei. Panel A shows a
standard black-and-white image of the anterior
region of the animal, showing mainly the arms
of the squid. Panel B represents orientation of
polarization (e-vector angle), and C represents
the degree of polarization (% polarization); see
the insets for figure interpretation. Note that
the arms of the squid reflect light of two
different orientations of polarization (arrows).
Images were obtained using a Lowe-type
polarization camera'®,

' |
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located just under the surface of the skin, and they are actually a type of cellular effector, capable of changing their
internal organization under nervous control'®'’. Therefore, an individual squid or cuttlefish can "turn on" its polarization
pattern at will, or alternatively, "switch it off", in less than a second. Videotapes of these animals reveal a dynamic
shifting of patterns, but at present, we still do not know what specific information is carried in these signals. Research
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has shown that they appear in particular behavioral contexts'®*, but how they may affect behavior in the presumed target
individual, or even whether they carry any specific meaning at all, remains unknown.

2.2 Polarization signals in stomatopod crustaceans

Stomatopod crustaceans, also known as mantis shrimps, are violent marine predators that roam coral reefs or hunt from
burrows, taking prey by bashing or stabbing it with a modified raptorial appendage. They have unique and extremely
specialized compound eyes with as many as 16 spectral channels (ranging from the deep ultraviolet to the far red)*', as
well as a receptor subset whose anatomy suggests a high degree of structural specialization for the analysis of polarized
light*'*2. In addition, they are the only crustaceans definitively proven to be capable of color vision®, and the only ones
demonstrated to have polarization vision'2. Mantis shrimps are often beautifully colored, and their color patterns and
spots are important in intraspecific and interspecific signaling®®. Recently, it has been found that some species, all of
which have diurnal activity patterns, use polarization signals as well. The parts of the body that produce the polarized
light reflections are the same structures that, in other species, are brightly colored and clearly involved in signaling.
These include the maxillipeds (feeding appendages displayed under the "head"), the antennal scales (flap-like
appendages extending laterally from the region of the eyes), parts of the carapace itself, and the uropod scales ("tail
fan")®. The particular regions used vary among species, and a given individual can have several different parts, or only
one, involved in polarization signaling. Here, we will discuss polarized-light signals in stomatopods with reference to
two species in the genus Haptosquilla. These make an interesting comparison, because while closely related and often
found living in close proximity to each other, the polarization produced by each species appears on a different body part,
and the spectral properties of the reflectances are so different in the two species that they imply rather different optical
systems underlying the production of the polarization. Both species described here were collected at the Lizard Island
Research Station, on the Great Barrier Reef in Australia.

2.2.1 Haptosquilla trispinosa

H. trispinosa is found living over a large range of depths, from just subtidally (depth < 0.5 m) to greater than 30 meters
deep. Consequently, the spectral properties of the illumination within which its signals are viewed are somewhat
variable, which may have encouraged the evolution of polarization signals. The latter are more constant in appearance,
since they do not depend strongly on the spectrum of the illuminant. H. trispinosa is a small species, living in chambers
in coral rubble or rock, from which it hunts. Figure 3 shows an individual in its burrow, where it is able to survey the
surroundings with its excellent eyes as well as its extended antennules, and from which it can easily signal to passing
individuals. The polarizing region is found on the first maxilliped, an appendage associated with feeding and with
cleaning behavior in the stomatopods, indicated by an arrow in Fig. 3A. It appears bright, shiny blue in color and is
quite visible from outside the burrow. Views of a dissected segment, where the polarizer is located, are provided in Fig.
3B, illustrating how the reflectance is strongly horizontally polarized. Much of the reflection is excluded when viewed
through a vertical analyzer (Fig. 3B, bottom half).

Spectral properties of the polarization were examined using an Ocean Optics USB2000 spectrometer attached to a fiber
optic mounted to a camera on a compound microscope. With this arrangement, polarization from a spot less than a
millimeter in size can be measured. Three spectra are collected, each referenced to a LabSphere Spectralon diffuse
reflection standard, at 0°, 45°, and 90°. From these, the average reflectance, degree of polarization, and e-vector angle
can be computed at each wavelength®. Results of this analysis are plotted in Fig. 3C. Note that the polarization is
horizontal (near 180°) throughout the spectrum, as suggested by the images in Fig. 3B. Reflectance peaks sharply at
about 475 nm, but the peak of polarization extends from about 460 nm to near 550 nm, where the degree of polarization
is consistently near 70%. Receptors of H. trispinosa thought to be principally responsible for the analysis of polarized
light have peak sensitivity over precisely this spectral range®®, further supporting the view that this is a tuned signaling
system. As of yet, the structure producing the polarized-light signal is not known. Structural and ultrastructural
examination of the material is planned. The blue-reflecting region appears to be a system of parallel fibers, oriented
perpendicular to the primary axis of the favored polarization reflection (in other words, running vertically in Fig. 3B), so
we hypothesize that the fibers contain internal structure across the fiber axis that reflects the horizontally polarized light.
Individuals of H. trispinosa display their polarization signals not only at the burrow entrance, but also when wandering
on the coral reef in search of mates. Females remain within the burrow, showing their blue patches, and inspect
passersby. Males, when encountering a female within her burrow, will display their first maxillipeds, including the
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polarizer, and follow this with other displays that include motion and possibly chemical stimuli. If the female is
receptive, mating takes place at the burrow entrance. We therefore hypothesize that the polarizing signal is used for
species and sexual recognition, and possibly also as a threat display directed at potential intruders. There is no obvious
difference in the polarizers of males and females in this species.
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Figure 3: Polarization signals in Haptosquilla trispinosa.. A. An individual of H. trispinosa at its burrow entrance. The white arrow
indicates the polarizer on the first maxilliped. The burrow is about 1 cm across at the entrance. B. Two images of pair of polarizers
after dissection from an individual, oriented as they would normally be in life (dorsal to the top). The images were taken through a
polarizing analyzer oriented horizontally in the top frame and vertically in the bottom frame, as indicated by the 2-headed arrows.
Note the much stronger reflectance when viewed in horizontally polarized light. C. Spectral properties of the polarization. The
THICK curve indicates average percent reflectance, showing a peak in the blue (near 475 nm). The THIN curve shows the degree of
polarization, which reaches about 70% in the spectral region from ~475 nm to ~550 nm. The DOTTED curve shows e-vector angle,
with 0° and 180° being horizontal and 90° being vertical.
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2.2.2 Haptosquilla glyptocercus

This species is often collected in exactly the same habitat as H. trispinosa, living side-by-side with its congener.
However, in general it tends to be encountered in somewhat shallower waters (intertidally or barely subtidally) and has a
much broader geographical range than does H. trispinosa. It is also distinctly more polymorphic in coloration, varying
from brown to green and even black. In all color morphs, there is always a bright pink or red line across the dorsal
abdomen at the joint between the last and next-to-last abdominal segments (Fig. 4A). This strip of color reflects
polarized light (Fig. 4B, C). In contrast to H. trispinosa, there is no polarization patch on any of the maxillipeds.
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Figure 4: Polarization signals in Haptosquilla glyptocercus. A. An individual of H. glytocercus, to show the polarizer at the border
between the last two abdominal segments (white arrow). B. Two images of the abdomen of an individual, oriented with posterior to
the top. As in Fig. 3, the images were taken through a polarizing analyzer oriented horizontally in the top frame and vertically in the
bottom frame, indicated by the 2-headed arrows. Note that the strip between the segments (thin arrows) is somewhat brighter when
viewed in horizontally polarized light. C. Spectral properties of the polarization. Curves as in Fig. 3. See text for further discussion.
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Light reflected from the polarizing material in this species has a much lower degree of polarization (Fig. 4C, thin line)
than other types of polarizers in stomatopods, suggesting that here the color or contrast of the marking may be more
important than its polarization. The polarizer has the unusual property of reflecting light with orthogonal e-vector
orientation in different spectral regions. Light between ~450 nm and ~575 nm is polarized horizontally (e-vector angle
near 180°), but light in the spectral range beyond 600 nm is vertically polarized (e-vector angle near 90°). The data in
Fig. 4 were actually collected from an exoskeleton molted by a newly -collected animal, but data from living animals are
similar. Red-colored polarizers are found in several other stomatopod species, and all have the same odd pattern of
spectral reflectance®, with horizontal polarization at middle wavelengths and vertical polarization at long wavelengths,
and a sharp crossover near 575 nm. In these, however, the degree of polarization is much greater, often well above 50%
near 500 nm. In some of these species, the polarization is clearly associated with signaling behavior . We hypothesize
that either the color or the polarization, or both, can be involved in signaling when this material is used. Perhaps the
polarizer originated in deep-living species, and when these species extended their distribution, or moved into shallower
waters where color made a more effective signaling system, the color of the polarizer was retained, but the polarization
properties degenerated over evolutionary time as they lost their value. If this is the case, it implies that the polarization
requires a well-organized microstructure, which is retained in deep-living species but lost in their shallower relatives.
The fact that the polarization is retained in the molt implies that all the required structure exists in the cuticle of the
animal. (In contrast, if the cuticle is removed from the "blue" polarizer of H. trispinosa, all polarization is lost, and the
blue fibers are seen to lie in the region just below the cuticle itself.) The polarizer actually lies in the flexible, arthrodial
membrane joining the segments and is most visible when the animal is flexed to extend this membrane.

The biological significance of this red line is also not clear, although it appears in all color morphs of H. glyptocercus. 1t
is most prominent in egg-bearing females, partly because the abdomen is distended at this time, revealing more of the
arthrodial membrane. It is possible that the color serves as a sex-recognition signal at this time, but otherwise its
function remains to be determined. Unlike H. trispinosa, H. glyptocercus spends time hunting outside the burrow, so the
red line would be often visible to conspecifics. In other stomatopods with "red" polarizers, the material is associated
with mating displays and with burrow defense®, behavior much like that with which the "blue" polarizer of H. trispinosa
is used. Note that the spectral region used for polarization signaling in both polarizer types is the middle-wavelength
range, near 500 nm, the spectral location of polarization-specialized photoreceptors in stomatopods™>*-*".

SUMMARY AND CONCLUSIONS

Biological signals that use color, pattern, brightness, and motion are well known. Here, we discuss a new class of visual
signals based on the reflection of polarized light. These signals are particularly useful in the marine environment,
specifically in deeper water, where they are favored by the relatively low degree of polarization in the background or in
light reflected by most other objects, and by the predictable direction of lighting from overhead. Also, spectral features
of illuminating light opt against the use of color signals: the light is either spectrally narrow (nearly monochromatic in
deep water) or is spectrally variable as depth, water quality, or viewing distance change. Polarization signals,
particularly those designed for use in the wavelength range best transmitted in natural waters (450 to 550 nm), are much
more resistant to these effects. The structural and optical properties of the materials that produce the polarization
patterns are fairly well understood in cephalopod mollusks, but in the stomatopod crustaceans the means by which the
polarization is produced require further examination. Polarization signals have the desirable property of being very
visible to conspecifics or other intended target organisms, but cryptic or nearly invisible to unintended receivers.
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