Chapter 19

Polarisation Signals
Justin Marshall, Nicholas Roberts, and Thomas Cronin

Abstract Humans are fascinated by the colour vision, colour signals and ‘dress
codes’ of other animals as we can see colour. This property of light may be useful
for increasing the contrast of objects during foraging, defence, camouflage and
sexual communication. New research, largely from the last decade, now suggests
that polarisation is a quality of light also used in signalling and may contain
information at least as rich as colour. As many of the chapters in this book detail,
polarisation in animals is often associated with navigation, habitat choice and other
tasks that require large-field processing. That is, a wide area of the light field, such
as the celestial hemisphere, is sampled from. Polarisation vision that recognises and
extracts information from objects is most likely confined to processing through
small numbers of receptors. This chapter examines the latest evidence on polarised
signals from animals and their environments, including both linear and circular
polarisations. Both aquatic and terrestrial examples are detailed, but with emphasis
on life underwater as it is here that many recent discoveries have been made.
Behaviour relative to signals is described where known, and suggestions are
given as to how these signals are received and processed by the visual system.
Camouflage as well as signalling in this light domain is also considered, with the
inevitable conclusion for this new field that we need to know more before solid
conclusions can be drawn.
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Introduction

As many of the chapters in this book illustrate, our understanding of animal
polarisation vision is dominated by navigation or orientation behaviours that utilise
the large-field celestial E-vector pattern (Chap. 18). Both invertebrates such as ants,
beetles, spiders, bees and crickets (Labhart 1980, 1988; Wehner 1989; Dacke
et al. 1999, 2013) and vertebrates such as fish (Hawryshyn 1992) and birds
(Muheim et al. 2009) are known to make use of linearly polarised light in this
way. Typically, this involves a specialised eye region, in insects the dorsal rim area
(DRA) of the compound eye or sometimes the ocelli (Wehner and Labhart 2006;
Baird et al. 2013), and in the vertebrates the location of polarisation sensitivity is
still not well defined.
Large bodies of water and other wet surfaces such as mudflats are highly
reflective and polarising and form a second category of large-field information
(Chap. 16). Polarisation has been shown to be important in the lives of both
vertebrates and invertebrates living in and around water (Fig. 19.1, Chaps. 5, 7, 8,
9 and 10). Many insects, for example, hunt around, breed and lay eggs on water or
wet surfaces and have visual systems adapted for this (Schwind 1984a, b; Horváth
and Zeil 1996; Horváth et al. 1997; Chap. 5). Underwater, a third source of
large-field polarisation is the scattered light field, and in common with the sky
and water surface, one of the features of this environment is the predictable nature
of the E-vector orientation during the day. For most of the day, the underwater light
field is predominantly horizontally polarised. Besides enabling possible time-based
orientation information, the sky, wet or shiny surfaces and the view horizontally
underwater provide a predictable, polarised backdrop (Cronin et al. 2003; Shashar
et al. 2004) (Fig. 19.1).
All of these sources of polarisation are large field, and identifying and interacting
with these may rely on many photoreceptors in specified arrays or eye regions
(Schwind 1984a). For example, there are several optical and neural adaptations of
DRAs that specifically blur or low-pass filter the image, making them better suited
to examine large areas of sky free from the clutter of localised objects (Wehner and
Labhart 2006). Polarisation information of the kind we will discuss in this chapter
most likely relies on different visual axes and photoreceptors. There may be objects
of particular interest that demand foveal or at least acute-zone fixation, requiring
well-defined spatial resolution to distinguish polarised information against the
background. This information may be in the form of signals designed to be
conspicuous against the background or in the form of camouflage, where the
polarisation is designed to match the background. Animals that include polarisation
content in signals or camouflage must both exploit and ‘understand’ these backgrounds. However, it is important to state right from the beginning that just as
colour or intensity may not be independent in the way a signal or camouflage
appears to an intended receiver, polarisation is no different. Polarisation information may or may not be an independent conspicuous or concealed channel of
information. The information content must always be viewed in the context of the
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Fig. 19.1 Terrestrial and aquatic scenes and backgrounds containing polarised light and against
which polarised signals might appear. (a) Waxy leaves from a bush (top left), converted to false
colour images (Cronin et al. 2003), showing degree (top right, scale from 0 to 100 %) and angle
(bottom left, scale encodes angle such that red is horizontal). The image bottom right shows degree
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receivers’ visual system, specifically whether or not it can process intensity, colour
and polarisation independently.
Part of the job of this chapter is to disentangle what we know about the retinal
mechanisms of polarisation sensitivity (PS) and what we are beginning to learn
about the polarisation properties of animals themselves. Critical in this is a good
understanding of the scale at which objects must be viewed. It has been known
since the early twentieth century that body parts of animals polarise light with
Michelson (1911) demonstrating its presence in reflections from butterflies, beetles
and, through implication, birds. His careful quantification of the physics of iridescent thin-film and multilayer colours and polarisation has been expanded upon
rapidly in the last decade as the realisation that some of the photonic attributes
of animal colours and polarising parts might have applications that are useful for
our own lives (Parker 1999; Vukusic et al. 2000a, b; Vukusic and Sambles 2004;
Kinoshita et al. 2007, 2008). In particular, cuticles, wing scales and feather barbules
all self-assemble together in different ways and with different periodicities. They
may have one-, two- or three-dimensional order, producing an astonishing array of
mechanisms of both colour and polarisation. The potential to mix air, keratin, chitin
and dense melanin pigment granules has allowed this expansion in air, while
aquatic animals must deal with a lack of refractive index difference between
surfaces and the aquatic medium in constructing their polarising structures.
However, as the stomatopods (mantis shrimp) in particular demonstrate, a
number of mechanisms are clearly possible and equally effective in producing
highly polarised signals underwater (Chiou et al. 2005, 2008a, b, 2012; Cronin
et al. 2009). This fundamental difference between signal production in aquatic and
terrestrial environments is critical, however, as it reduces the possibility as well as
the problems of polarisation from a specular or shiny surface (Fig. 19.1). Hand in
hand with a multitude of structures comes an equally diverse range of polarisations
that are reflected. As has been described previously in Chap. 7, the polarisation state
of light can be defined in terms of three different properties: the angle of
polarisation, the degree (or per cent) of polarisation and the ellipticity of
polarisation. The angle of polarisation describes the predominant direction in

Fig. 19.1 (continued) of polarisation in an underwater shallow reef demonstrating lack of
polarisation. The photograph contains a fish and a cuttlefish against a coral reef background.
The polarisation signals in the arms of the cuttlefish (Fig. 19.8) may be just visible. (b) Celestial
E-vector information shown through a fish-eye lens photograph of the sky at dusk through a
linearly polarising filter arranged orthogonal to sky polarisation, producing a dark band running N
to S (left) and false colour image indicating the degree of polarisation with a key as in (a) (right).
Note how the depolarising clouds contrast against the 80 % polarised sky. (c) A reef scene around
midday at 20 m through orthogonal linearly polarising filters as indicated by double-headed
arrows (left) and false colour image of angle of polarisation (right). This shows the largely
horizontally polarised background light field that predominates underwater for much of the day
(Cronin and Shashar 2001). The school of fish, top right, contrast due to motion artefact.
(d) Mudflat environment showing the angle and degree of polarisation in false colour produced
by reflected sunlight from the wet surface (photograph and analysis by Martin How)
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which the electric field vector of light oscillates; the degree of polarisation defines
the extent to which waves oscillate at the same angle. The ellipticity equates to us
visualising the tip of the electric field rotating along an ellipse. In the case of
circularly polarised light, this ellipse is a circle. The direction of E-vector rotation
defines whether the light is either left- or right-hand circularly polarised.
The covert or secret communication channel that polarisation signalling can
provide makes it an attractive research subject. However, it often also leads to
overenthusiastic optimism in hypotheses and correlations. Finding an animal that
has or most likely has PS for navigation and that also possesses iridescent and
therefore polarised body colours and patterns is not enough to prove that this animal
must also use polarisation for signalling. It is always worth asking what the adaptive
benefit of the polarisation dimension might be along with how the multidimensional
information would be perceived by the receiver. Behavioural evidence of
polarisation as a source of information is absolutely necessary, but this is an area
in which, for signalling at least, we remain almost entirely ignorant. It is one thing
to show PS ability and another entirely to show it in the context of a behaviour that
relies on the polarising information content conveyed in the surface being examined. Unfortunately, the ‘secret’ nature of polarisation to our own visual system
makes the careful quantification of this parameter of light all the more important
when planning experiments. Without this it is hard to see where mistakes are made;
imagine trying to set up a psychophysical colour discrimination test while being
entirely colour blind.
Whether the receiver’s visual system perceives the colour or polarisation information from an object separately or in combination is what we must address. As
already indicated, one of the large questions in this emerging field is to determine
the behavioural uses of this information and whether a comparison of the similarities and differences with colour is worthwhile. Bernard and Wehner (1977) (but see
Hegedüs and Horváth 2004a) and more recently How and Marshall (2014) have
attempted this theoretically and note the similarity between hue and E-vector angle,
saturation and degree (per cent) of polarisation and intensity or luminance in each
modality. Intensity of colour and polarisation can be independent, although in
both cases sometimes linked to what we might term black-and-white intensity.
In particular, any signal differences in luminance need careful consideration from
the biological perspective. A behavioural reaction to a polarisation difference may
in fact primarily be a response to a contrast perceived by the animal as brightness
and have no relevance to polarisation per se (Chap. 9). Critical here is an understanding of the possible separate processing pathways of polarisation, colour and
luminance, and again, this is an area ripe for investigation.
When illuminated and viewed from different angles, the hue, E-vector angle and
degree of polarisation of objects constructed from pigments or three-dimensional
periodic structures do not change. However, simpler specular or diffuse reflectors
can polarise or depolarise and change the E-vector angle of reflected light differently, depending on the illumination direction and viewing angle. For a potential
polarising signaller, this creates a problem not present in the colour dimension
(see also Horváth et al. 2002 and Hegedüs and Horváth 2004b). A red apple in a
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green tree is highly contrasting due to hue difference, no matter what the viewing
direction; however, the polarisation information in a background can be highly
variable. Figure 19.1a illustrates this for a waxy-leafed bush, where the different
orientations of the leaves result in surfaces displaying differing degrees of polarisation and differing E-vector angles. This property in polarisation is in some cases
likened to ‘polarisation pollution’ (which is different from the polarised light
pollution treated in Chap. 20; Horváth et al. 2009) and may be reason for insects
to degrade PS within the non-DRA ommatidia in an effort to avoid confusion
(Wehner and Bernard 1993; Labhart and Meyer 1999; Kelber et al. 2001). The
lack of such ‘polarisation noise’ underwater (Fig. 19.1) may be one factor driving
the trend for aquatic invertebrates, especially the crustaceans and cephalopods, to
concentrate visual investment in polarisation more than colour (Chaps. 7 and 8).
Conversely, such a high-contrast E-vector patchwork might provide effective
camouflage for a leaf-shaped animal with polarisation reflection (see butterflies
discussed below). In Fig. 19.1, throughout this chapter and elsewhere in the book,
false colour images are used to interpret the dimensions of polarisation for our eyes
(including later on intensity), and the methods to produce these are detailed in
Horváth et al. (2002), Cronin et al. (2003) and Horváth and Varjú (2004). When
considering coloured objects against backgrounds, we assess the three components
of hue, saturation and intensity in a combined fashion, so again some caution is
needed in interpreting contrasts in any one dimension. A numerical measure of
contrast is useful to form hypotheses, and How and Marshall (2014) suggested a
model of polarisation distance, similar to that used in chromatic colour space
(Vorobyev and Osorio 1998; Kelber et al. 2003). One of the working hypotheses
resulting from this is that most signals will evolve along differences in degree or
per cent as this dimension is, for reasons just given, more reliable than angle or
intensity.
Because this is an emerging field, it is necessary to be cautious but also
open-minded. Does an animal with PS for one task, such as navigation, also use
PS for signal reception? Not necessarily, but the retinal and neurophysiological
capability for one PS task is a good start. It is worth asking if iridescence or specular
reflections necessarily mean polarisation signalling. Again no, and both these other
ways of producing polarisation must be investigated carefully. Having some
polarisation reflection is again a good start, however, and it may be our human
colour-biased eyes that are missing the real story. As well as a signal and receiving
mechanism, the neural pathways and behaviours to interpret polarisation are critical
but, as we have noted, poorly understood. Clearly, an understanding of the
polarising environment within which the signal might appear is important.
To finish this introduction, we list some of the possible signalling situations or
circumstances in which polarisation sensitivity might be used for object detection
where polarisation is a considered contrast mechanism (Fig. 19.1). This listing of
environmental circumstances naturally leads to a consideration of polarisation as
factor in camouflage and object recognition, and some examples of this are
discussed below:
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• An intrinsically polarising object may contrast against a non-polarising background, and that background may be the environment or other parts of the animal
that are non-polarising.
• An intrinsically polarising object may contrast against a polarising background
of different angle and/or degree, and that background may again be environment
or other animal regions.
• A depolarising or non-polarised object may contrast against a polarising background in either E-vector angle or degree of polarisation (Figs. 19.1b and 19.8).
• An intrinsically polarising object may match or mimic a polarised background or
part of a polarised background through (dynamic) cryptic or disruptive camouflage [for terminology in colour camouflage, see Stevens and Merilaita (2009)].
• An object may be polarisation neutral, with the polarisation of reflected light the
same as the incident light. This is specifically in the context of camouflage or
breaking of camouflage in midwater silvery or transparent organisms (Johnsen
et al. 2011; Johnsen and Marshall 2012; Jordan et al. 2012; Brady et al. 2013).
• A host animal (e.g. horse, cattle or zebra) of blood-sucking female tabanid flies
may be weakly polarising (due to a homogeneous bright coat), strongly
polarising (due to a homogeneous dark coat) or alternating weakly and strongly
polarising (due to a striped or spotted fur pattern). This feature significantly
influences the attractiveness of the host animal to polarotactic tabanids, independently of the direction (angle) of polarisation of coat-reflected light (Horváth
et al. 2010; Blahó et al. 2012a, 2013; Egri et al. 2012a; and Chap. 22). This
positive polarotaxis in female tabanids is governed by the degree of polarisation
of host-reflected light and differs from the polarotaxis governed by the horizontal polarisation serving water detection by male and female tabanids
(Horváth et al. 2008; Kriska et al. 2009; Egri et al. 2012b).

19.2

Terrestrial Signals

19.2.1 Butterflies
Butterflies are known to be differentially sensitive to linear polarisation based on a
number of lines of evidence including anatomical, electrophysiological and
behavioural data (Chap. 4; Maida 1977; Kelber et al. 2001; Sweeney et al. 2003).
Some possess DRAs, and monarch butterflies are known for feats of navigation
rivalling birds (Reppert et al. 2004). As well as these large-field behaviours, an
object-based polarisation task is found in Papilionid butterflies that chose waxy
leaves of a particular colour to lay eggs under. All of the Papilio eye is E-vector
sensitive (Kelber 1999), and this means they encounter the problem of seeing false
colours when looking at polarised objects (Chap. 13). While some insects may use
disrupted rhabdom structure to maintain independent colour and polarisation vision
(Chaps. 2–4), Papilio species deliberately mix colour and polarisation, specifically
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looking for green horizontally polarising citrus leaves to oviposit under (Kelber
et al. 2001). This may be ecologically sound as these leaves are oriented horizontally (and therefore reflect horizontally polarised light, Fig. 19.1), while vertically oriented or oblique leaves reflect usually non-horizontally polarised light,
which is perceived as bluish colours as a result of the receptor’s spectral sensitivity
(Kelber et al. 2001, but see also Horváth et al. 2002; Hegedüs and Horváth 2004a,
b). Horizontal undersides may provide more cover for eggs from the sun and protect
them from the eyes of hungry birds. Interestingly, fish may also mix colour and
polarisation information; however, the behavioural context that might benefit from
such apparent confusion is less clear (Chap. 9).
Butterflies are of course known for their colours and colour signalling in a
variety of contexts, including between sexes. Recent evidence suggests that
polarisation also forms a component of this communication. Females of the rainforest butterfly Heliconius cydno show strong iridescent, polarised wing reflections,
while males do not (Fig. 19.2). Mate-choice experiments, in which the polarising
component was removed, indicated that males prefer polarisation displaying mates
(Sweeney et al. 2003, Fig. 19.2). Polarisation components of signals may be
especially effective in deep rainforest, for under the shaded canopy polarisation is
relatively rare (Fig. 19.1). It may also be that a polarisation signal stands out better
in the patchy light distributions of the forest where colours may suffer from strong
illumination differences and become less reliable for conveying information. This
measure to counteract a breakdown in colour constancy may also explain the use of
polarised signals in marine environments as explained below. In open meadows,
where specular polarisation confusion may abound (Fig. 19.1), polarised signals are
less common among butterflies. A larger survey of 144 nymphalids like H. cydno
found that 75 species had polarisation reflections and that the majority of these were
forest dwellers (Douglas et al. 2007).
Many of the colours of butterflies are structural instead of or in combination with
pigmentary colouring. The way in which the wing scales are built has fostered an
evolutionary explosion of photonic mechanisms that manipulate light (Vukusic
et al. 2000a, b; Vukusic and Sambles 2004; Vukusic and Hooper 2005; Stavenga
et al. 2010, 2012). Alternate layers of chitin and air and a variety of precisely
arrayed surface structures and internal structuring produce colours and in some
cases polarise light also. As noted in the introduction, many iridescent colours may
or may not be polarised also, but, especially where colour has already been
exploited for communication, this may not be visually and behaviourally relevant.
Especially in the case of butterflies where light is manipulated so comprehensively
by scale structures, it is possible to find iridescent colours that do not polarise and
also some wing areas that are circularly polarising (Marshall, unpublished). The
ecological context is a very emergent field, and, as with the beetles (see on) while
we are beginning to learn much about polarising and colour properties of butterfly
wings, the biological interpretation of these needs careful work.
Vukusic et al. (2000a, 2002) and Wilts et al. (2011) have provided recent
examples of butterfly colours that also polarise, including some of the Papilio
species. The ‘glass scales’ of the swordtail butterfly, Graphium sarpedon, cause
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Fig. 19.2 Polarised signals from butterflies. (a) Comparative behavioural response of the male
brush-footed butterfly, Heliconius cydno (left), that possesses strongly polarising thin-film iridescence and H. melpomene malleti, a closely related species that shows no iridescence. Histograms
plot mean number of male approaches in 10 min to female wings behind filters that pass (left) or
depolarise (right) polarised reflection (Sweeney et al. 2003). (b) Heliconius butterfly wings in
normal (left side) and false colour degree of polarisation (right side), for open area-dwelling
species H. melpomene (left) and H. charitonius (right, top row) and forest-dwelling species
H. cydno (left) and H. sapho (right, bottom row). Note elevated polarisation in forest dwellers
[from Douglas et al. (2007)]. (c) Specular colour camouflage and simultaneous polarisation signals
in the sunbeam butterfly, Curetis acuta. Female with wings open (top left) and wings closed
(bottom row) in direct sun (left) and shade (right). Top right shows transmission (top) and scanning
(bottom) electron micrographs of the wing scales [scale bar ¼ 2 μm, from Wilts et al. (2011)].
(d) Polarisation reflection through double reflection in the surface wing concavities in the
swallowtail butterfly, Papilio palinurus. Top, transmission electron micrograph of concavity in
iridescent scale (scale bar ¼ 1 μm). Bottom, real colour image showing how green iridescence is
produced by combining blue and yellow reflection and the removal of the yellow polarised
component between crossed polarising filters [from Vukusic et al. (2000b)]
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polarising iridescence, and Stavenga et al. (2010, 2012) suggested that they may
function in intraspecific signalling. The green colours of the wings are constructed,
unusually for a butterfly, using a blue bile combined with yellow carotenoid and
may aid in disruptive camouflage in these strikingly patterned butterflies. The glass
scales (as their name suggests) are transparent and found on the ventral wing
surface. As well as enhancing the blue-green colours of the wings through reflection, they also produce polarised iridescence when illuminated obliquely (Stavenga
et al. 2010, 2012). This is achieved through thin-film reflectance and is strongly
angle dependent (Fig. 19.2). The result in flight might be a flashing polarised signal
visible to butterflies and other insects that possess polarisation sensitivity but
invisible to potential predators such as birds and other vertebrates that lack polarisation sensitivity. This combination of using colours for camouflage and polarisation for covert or ‘secret’ communication is a recurring theme in polarisation and
as we will see below may also be useful in beetles, cephalopods, stomatopods and
other crustaceans.
The sunbeam butterfly, Curetis acuta, is a sexually dimorphic species, the
female displaying white and the male orange spots on a black/brown surround.
The underwing colouration of both sexes is silvery white, caused by specular
reflection from non-pigmented scales, using thin-film reflectance, similar to but
more diffuse than the scales of G. sarpedon (Fig. 19.2, Stavenga et al. 2012). This
slightly scattering mirror means that on shaded leaf and vegetation, with wings
folded, the butterfly reflects its green leaf habitat and is well camouflaged. As this is
a hibernating species, remaining hidden for long periods is clearly a priority. In
oblique directional illumination, the wing undersides are strongly polarising and,
like G. sarpedon, might provide a directional polarised signal to eyes with
polarisation sensitivity, when the butterfly is in flight. Again, there appears to be
a dual function of these specialised scales: communication in polarisation and
concealment in colour or, in this case, reflected colour. The possibility that the
butterflies might stand out in polarisation if illuminated directly is countered by the
often waxy nature of the leaves of the Japanese Oak, Quercus acuta, they associate
with. As demonstrated in Fig. 19.1, such leaves may form a disruptive polarising
background due to different leaf angles, and a strongly polarising butterfly in such
an environment may be better camouflaged than a depolarising butterfly. More
careful in situ polarisation images of butterflies and indeed other animals in their
natural habitat are needed to further such specular speculations.

19.2.2 Beetles, Linearly and Circularly Polarised Signals
Both cockchafer and scarab beetles are known to be sensitive to the celestial
E-vector for orientation, utilising a DRA area (Chap. 2, Frantsevich et al. 1977;
Labhart et al. 1992; Dacke et al. 2013). For more than a century, we have also
known that the reflections from scarab beetles are elliptically polarised (Michelson
1911), and this discovery has been revisited numerous times (Neville and Caveney
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1969; Goldstein 2006) including a similar helical geometry of the crustacean cuticle
(Neville and Luke 1971). More recently still, within the resurgence of interest in
photonic structures in nature, a variety of structures in beetles and butterflies have
been revealed that in general elliptically polarise and some cases circularly polarise
the reflected light (Figs. 19.3 and 19.7). Some of the known mechanisms, all
resulting from cuticular microstructures, are reviewed by Vukusic and Sambles
(2004), Goldstein (2006), Vukusic and Stavenga (2009) and Arwin et al. (2012).
These include isotropic multilayer Bragg reflectors (in e.g. Coptomia laevis), a
left-handed or right-handed chiral narrowband reflectors (in e.g. Cetonia aurata),
chiral broadband reflectors (of a gold or silver appearance in e.g. Anoplognathus
aureus) and combination of left-handed and right-handed reflectors (in e.g.
Chrysina argenteola).
Michelson (1911) was the first to note that right-handed circular reflections were
linked to the red end of the spectrum in some scarabs, while mid-wavelengths were
left-handed (Fig. 19.3 and see Fig. 19.7 and a similar story for stomatopods). In
these examples, the photonic mechanism relies on stacks of cuticle that form a
chiral Bragg reflector that is directly analogous to cholesteric liquid crystal selective reflection (Fig. 19.3, Arwin et al. 2012). Typically, the pitch of the helix
multiplied by the mean refractive index of the birefringent chitin defines the
wavelength centre of the reflection band. More simply, the layers of cuticle describe
azimuthally twisted nanostructures, and the spatial periodicity of the helix form
determines both the colour and elliptical polarisation properties of light reflected. In
Chrysina (then Plusiotis) resplendens, Caveney (1971) described a 1/2-wave retardation plate between helical layers. By converting one handedness of polarised light
to the other, the overall reflectivity of the structure was increased. Similar optical
composite layers are also known in stomatopod crustaceans (Figs. 19.5 and 19.7,
Chiou et al. 2008a, b). Repeated, hexagonal surface structures may also determine
the colour and polarisation of reflected light (Fig. 19.3, Jewell et al. 2007; Sharma
et al. 2009). Both the detailed physics and the bio-inspired nanofabrication of
man-made devices are outside the scope of this chapter but worth further investigation (e.g. Vukusic and Sambles 2004; Jewell et al. 2007).
A review of the taxonomic distribution of elliptical polarisation in 19,000
species of beetles has been attempted by Pye (2010), and the list, both among
beetles and other insects, grows every day. Following the examples of Goldstein
(2006), Lowrey et al. (2007) and Arwin et al. (2012) used ellipsometry
(i.e. polarimetry) to make particularly careful studies of the seven subfamilies of
beetles now known to possess polarisation reflections. They quantified several
parameters including directionality, wavelength range, elliptical range (from circular to linear) and degree of polarisation and note that right-handed as well as
left-handed circular polarisation is relatively common, dispelling previous suggestions of its rarity. In a number of beetles, ellipticity changes from linear to circular
in different body areas or in single locations over the wavelength range 300–800 nm
(Fig. 19.3; Hegedüs et al. 2006; Arwin et al. 2012). In truth, given the variety of
beetles out there and number of species, even the extensive survey of Pye (2010)
only scratches the surface.
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Fig. 19.3 Beetle circular and linear polarisation. (a, b) The scarab beetle, Chrysina beyeri,
photographed through left- and right-handed circular polarisation filters, demonstrating the
left-handed chiral reflection from its cuticle. Note silvered legs through left-handed filter,
the beetle here appearing as it would through no filter. (c) Colour photograph of the Japanese
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If there is any visual relevance to these polarising reflections, the distribution and
directionality of the signal may be particularly important, and imaging polarimetry
(Hegedüs et al. 2006) and directional ellipsometry and a scatterometric approach
(Stavenga et al. 2009, 2011a, b) are useful in this respect. The colours and linear
polarisation reflections of the Japanese jewel beetle, Chrysochroa fulgidissima,
result from the beetle’s iridescent elytra and are hypothesised as useful in
intraspecific recognition (Fig. 19.3, Stavenga et al. 2011a).
Before getting carried away by our ability to quantify pretty things, however, it is
important to ask if the animal is able to perceive circular or linear polarisation
of light and, most importantly, if this is behaviourally relevant. Under some
circumstances, humans may see polarised light, but, at least from an evolutionary
perspective, it has rarely been behaviourally relevant (Chap. 14).
As well as the directionality of possible signals and their biological relevance,
the directionality of visual axes and polarisation sensitivity is important to understand. For example, while several beetle species are known to possess a DRA for
use in navigation on the basis of sky polarisation (Labhart et al. 1992; Dacke
et al. 2013), whether the same eye region might be used to view polarising beetles
or other small objects is not known. In fact, the DRA areas are often optically and
neurally modified to perform best as low-pass filters for viewing the large-field
stimulus of the celestial polarisation pattern (Chap. 18) and are not suited for
distinguishing small objects (Labhart et al. 1992; Labhart and Meyer 1999). In
bees there are recent suggestions that the DRA or other eye regions may process
polarisation information from model flowers (Foster et al. 2013). Here it is thought
that bees that must enter tunnel-shaped floral structures such as orchids or foxgloves
to get a nectar reward may receive downward directed linear polarisation information from the flower, possibly using the DRA; however, the details of this story are
still emerging. It is perhaps more likely, both in beetles and bees, that if polarisation
signals are relevant, specific ommatidia from the main eye region are employed, as
is the case in butterflies and dragonflies (Maida 1977; Gordon 1977; Laughlin and
Mcginness 1978; Labhart and Nilsson 1995; Stavenga et al. 2001).


⁄
Fig. 19.3 (continued) jewel beetle, Chrysochroa fulgidissima. (d) Transmission electron micrograph through the purple areas of the elytra showing the layering at the surface. Layers in green
areas are closer together, and these structures cause linear polarisation (scale bar ¼ 1 μm, from
Stavenga et al. 2011b). (e) Diagrammatic representation of the chiral liquid crystal stack structures
causing circularly polarised reflections from the scarab Chrysina gloriosa. (f, g, h) Details of
similar circular polarisation in Chrysina boucardi. (g) Transmission electron micrograph through
the elytra showing curved sections through helicoid layers similar to (e) (scale bar ¼ 0.5 μm).
(h) High-magnification bright-field illuminated light micrograph of small area of elytra showing
repeated hexagonal patterns within which crystal stacks are found [scale bar ¼ 10 μm, from
Jewell et al. (2007)]. (i) Ellipticity of light reflected from Chrysina argenteola for incident
unpolarised light at angles indicated. Inset ellipses show state of polarisation at selected
wavelengths including left- (L) or right-handed (R) polarisation. Inset photographs above show
beetle under left-handed (left) and right-handed (right) circularly polarised light illumination
[from Arwin et al. (2012)]
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The current debate on whether scarab beetles possess circular polarisation
sensitivity is worth briefly reviewing as it illustrates gaps in our current knowledge
(a more detailed review is given in Chap. 6). Brady and Cummings (2010) used
behavioural phototaxis to test whether the jewel scarab, Chrysina gloriosa with
left-handed circularly polarising exocuticle, could distinguish linear from circular
polarisation. In a flight arena, beetles were forced to choose from four containers
illuminated with unpolarised (UP), linearly polarised (LP), left-circularly polarised
(LCP) and right-circularly polarised (RCP) light. They were most strongly attracted
to the UP source with RCP and LCP coming last, respectively, and LP between
these and UP. Container brightness was not varied between stimuli, and, while
some attempt was made to equate brightness between stimuli, as the receptor
mechanism is also unknown in scarabs, it is not possible to determine what the
beetles’ choice was based on. In other words, none of the dimensions of polarisation
were disambiguated from unpolarised or indeed from each other (further criticism
of this study can be read in Chap. 6).
In beetles we also lack physiological, optical, anatomical and functional (circularly polarisation-sensitive eye regions do not exist terrestrially) explanations for
this circular polarisation preference in Chrysina gloriosa suggested by Brady and
Cummings (2010). Counter to the results of Brady and Cummings (2010), Blahó
et al. (2012b) did not find any preferential polarotactic response to circularly
polarised light in four species of also LCP-reflecting scarab beetles. In other
experimental series, a range of potential attractant sources were used, including
photographs of beetles on vegetation transilluminated with and without LCP, RCP,
LP and UP light and the beetles themselves of similar or different sex or different
species with LCP and RCP reflected light. In all cases, none of the beetles was
attracted to any of the stimuli given, and as beetle retinal structure is rather similar
across the species investigated (Gokan and Meyer-Rochow 1984), it is supposed the
results can be generalised. To advance this field, the retinal and optical structure and
the electrophysiological response of the photoreceptors to circularly polarised light
must be examined.
Finally, for the beetles, interestingly, the larvae of Photuris fireflies emit LCP
and RCP bioluminescent light from their left and right lanterns, respectively
(Wynberg et al. 1980). However, any visual significance of the circular polarisation
component of this light is unknown. As with perhaps all of the polarisation activity
in beetle integument, circular polarisation may simply be a by-product of the
exoskeletal structure and of no relevance to vision or visual behaviour (see also
Chap. 6).

19.2.3 Flies, Dragonflies, Other Insects and Even Spiders?
With photoreceptors constructed from microvilli and colours that may, if resulting
from structural phenomena, produce polarised light, any invertebrate might be
considered ‘fair game’ for possible polarisation signals. As just discussed, this
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correlation in butterfly and beetle has raised the possibility of polarisation signalling in these invertebrate groups, so clearly others are worth consideration and
careful behavioural experimentation. Relatively little is known about possible
polarisation signals in other insects or indeed other colourful arthropods such as
the salticid jumping spiders. These behaviourally complex spiders show many
colour and even fluorescent-based signalling systems, some of which rely on
peacock-like iridescent displays (Li et al. 2007). Several spider groups also possess
polarisation sensitivity, previously associated with celestial orientation (Dacke
et al. 1999), and their potential for polarisation signalling has yet to be investigated.
The bodies and wings of the odonates (dragonflies and damselflies) may be
coloured and used in inter- and intraspecific signals. Some of the wing structures are
known to employ complex photonic structures (Prum et al. 2004; Vukusic
et al. 2004), and the association of dragonflies with also polarising water surfaces
(Horváth et al. 1998, 2007; Wildermuth 1998; Bernáth et al. 2002; Kriska
et al. 2009) makes this group ‘low-hanging fruit’ for polarisation signalling or
potentially camouflage. As reviewed in Chaps. 5 and 21, several flies, midges and
other insects show positive polarotaxis to water, and this along with the possible
‘polarisation conversation’ between tabanid flies and their equine hosts (Chap. 22)
is a new and interesting area.
Among the flies, Dolichopodids possess alternating rows of ommatidia that
combine differently coloured corneal facets, red and yellow, and photoreceptor
microvilli that are orthogonal between the rows (Trujillo-Cenoz and Bernard 1972).
This design was suggested useful in prey detection through water or around
specular vegetation. Given that many Dolichopodid species are strikingly adorned
with metallic interference colouration, just like beetles, and are known for their
complex courtship behaviours (Land 1993), it would be worth investigating the
possible role that body colours play in these and other fly species known to utilise
polarised light. Many flies are also now known to have sexually dimorphic compound eye regions, with the males investing large areas in female-spotting zones.
Building on the observations of Trujillo-Cenoz and Bernard (1972), Land (1993)
suggested that the Dolichopodid, Poecilobothrus nobilitatus, may have a
specialised Dolichopodid detector based on both colour and polarisation signals.
He even noted differential polarisation reflections associated with different interference colouration (unpolarised orange and horizontally polarised green) on the
abdomen of the females.

19.2.4 Fiddler Crabs
In common with other arthropods and cephalopods, crustaceans possess microvilli
within and in arrays of photoreceptors that are indicative of polarisation sensitivity
(Chaps. 7 and 8). As detailed further below, the stomatopod crustaceans are known
to possess complex polarisation vision and signals. Before examining polarisation
signals in water, however, here we discuss crustaceans that, due to littoral or largely
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terrestrial habitats, might produce polarisation signals in air. Several crab species
such as the ghost crabs, land hermit crabs, coconut crabs and fiddler crabs conduct
most of their vision-related activities out of water. The fiddler crabs in particular
show diverse colouration and a complex social signalling system that has attracted
much attention for decades (Zeil and Hofmann 2001; Zeil and Hemmi 2006). Male
fiddler crabs give the animals their name with a comically enlarged claw or cheliped
that is used in sexual and agonistic interactions on the mudflats where they live.
Complex signalling systems involving different colours and claw-waving motions
are known in different species (How et al. 2007), and Zeil and Hofmann (2001)
suggested that polarisation may play a part in the display, from either the cheliped
or other body parts. They also hypothesised that the degree of wetness of the crab,
and the correlated degree of specular polarisation signal resulting from this, might
enable other crabs to judge local from wandering individuals. As many fiddler crab
battles are around burrows, it might be a selective advantage to be able to distinguish crabs that have just emerged from a wet home burrow and others that have
been away from their home for a longer period. The potential attacker may be able
to gauge if the intended victim can quickly retreat, whether it is near a burrow or
just wandering (Zeil and Hofmann 2001).
A wet or naturally specular carapace will present a small area of polarisation
with the E-vector angle dependent on the orientation of the surface or body area.
This sort of front-surface specularity is distinctly different to polarisation produced
by the internal cuticular mechanisms of the insects already discussed and in the
aquatic animals detailed below. One advantage that largely terrestrial crabs have
over their more watery counterparts is the range of refractive index difference that
life in air allows. In a sense, it may not be necessary to go to elaborate lengths to
construct polarising signals; however, a wet and specular polarisation signal from a
surface is highly variable in both angle and degree with angle and illumination and
may not make a good reliable signal. This may be why the terrestrial insects that
might use polarisation for signalling do construct their signals in ways more
complex than simple surface reflection. The mostly horizontal wet or shiny carapace of fiddler and other crabs may in fact be used in polarisation camouflage on an
also horizontal polarising large-field wet mudflat, disguising them from potential
aerial predators, for example (Fig. 19.1, Hemmi et al. 2006). Conversely, a fiddler
crab erecting a vertical display claw (Chap. 7, Fig. 7.9) would present a vertically
polarising specular surface against the largely horizontally polarised background,
perhaps providing extra contrast to the PS systems of conspecifics. Yet again, there
is unfortunately little direct evidence that suggests that polarisation is used by any
crustacean other than mantis shrimps.

19.2.5 Birds
When Michelson (1911) noted polarisation from beetles, he also commented on
birds and their iridescent plumage. A walk through any natural history museum
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with a simple linearly polarising filter makes it clear that some bird feathers do
polarise light, and Noh et al. (2010) and Stavenga et al. (2011a) have begun to
quantify the photonic nature of this. However, while we know that bird feathers
may produce polarised light by a number of structural mechanisms including
multilayer iridescence and scattering, the visual function of this reflection, if any,
remains obscure. Avian polarisation sensitivity is linked to navigation (Chap. 12),
so in common with many of the insect examples, we are left with a large-field-type
polarisation sensitivity, a possible polarisation signal and little knowledge on
retinal, neural or behavioural mechanisms that might link the two. The retinal
substrate for PS is less well understood in vertebrates, due to the intrinsically
polarisation-insensitive rod and cone structure (but see Chaps. 9 and 14 for fishes
and humans). Reptiles and amphibians may be equally as colourful as the birds, also
producing colour via structural means (Fox and Vevers 1960; Fox 1976; Prum
1999; Chaps. 10 and 11). Little is known about correlations of signals and
polarisation for these vertebrate groups also, and for the moment, due to lack of
data, we are best left to dream about possibilities and substantiate them later.

19.3

Aquatic Signals

Much of our knowledge of polarisation signalling comes from work in marine
animals. Underwater, polarisation signals are rapidly attenuated, largely due to
beam scatter, so that even in the very clearest waters after only 3–4 m the signal
strength is more than halved (Shashar et al. 2004). The most effective spectral
region to place polarisation signals varies with water type and is detailed elsewhere
(Horváth and Varjú 2004 and Chap. 15); however, whatever the colour, polarisation
seems, like UV, to be a short-range signal. Again like UV, this supports the idea that
it may be a covert or ‘secret’ messaging system, used by small animals at short
range and hidden from the eyes of long-distance predators.
In fact, polarisation may be a more reliable signal underwater than colour, as its
content remains the same at any depth. The spectrum is a strong function of depth
(Jerlov 1976; Chap. 15), and signal reliability may be why the deeper-living
stomatopods seem to swap colour for polarisation body adornments (Figs. 19.4,
19.5 and 19.6), although shallow species have both. It may also explain why most
crustaceans and almost all the cephalopods, the ocean’s most successful invertebrate predators, have remained almost exclusively colour blind (Chaps. 7 and 8,
Messenger 1977; Marshall and Messenger 1996).
As already briefly mentioned, following work on scarab beetles, Neville and
Caveney (1969) and Neville and Luke (1971) also described circularly polarised
reflections from lobster cuticle. As these crustacean areas are hidden in the leg
joints and not, as yet, found on the more calcified carapace regions, signalling using
such areas remains a remote possibility. Some crustaceans do perform leg or
appendage spreads as displays, and this might display the joints; however, rather
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Fig. 19.4 Linear polarisation spectral tuning in the stomatopod Odontodactylus latirostris. (a, b)
Antennal scales (a) and telson (b) showing polarising activity through horizontally and vertically
polarising filters as indicated by arrows. (c) Per cent polarisation (red line) of telson paddle
(circled in b) and spectral sensitivity (green line) of 500 nm visual pigment. Many of the linearly
polarising reflectors of stomatopods, independent of their colour (see Fig. 19.6b), are most efficient
around 500 nm. This is well matched to the spectral sensitivities of linear PS receptors in many
stomatopod and cephalopod species (Cronin et al. 2000, Fig. 19.8)

than clutch at such straws, it is more profitable to concentrate on the crustaceans
known to produce, receive and use polarisation signals, the stomatopods.

19.3.1 Stomatopods
Of all the polarisation signalling systems known, we probably know more about the
stomatopods than any other animal. Evidence exists from behaviour, intracellular
and extracellular electrophysiology, photoreceptor anatomy, optics and photonics,
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Fig. 19.5 Details of the dichroic molecule polarisation mechanism in antennal scale of
Odontodactylus scyllarus. (a) Swimming O. scyllarus showing back surface of antennal scales
(photograph, Roy Caldwell). (b) Left antennal scale photographed through horizontal (top row)
and vertical (bottom row) linear polarising filters and at tilt angles of 0.20 and 60 . Note change in
colour to redder and darker in vertical polarisation, similar to O. latirostris in Fig. 19.4. Graphs
below show per cent polarisation from 0 to 100 % at different tilt angles (top row) and modelled
polarisation spectra based on absorption of aligned astaxanthin molecules (bottom row, also 0 to
100 %). (c) Normalised absorption spectrum of acetone-extracted pigment from antennal scale
(triangles) and pure astaxanthin acetone solution (line) [from Cronin et al. (2009) and Chiou
et al. (2012)]. Inset shows freshly sectioned, unstained section of the antennal scale; the arrows
mark area of pink dichroic tissue

and further details are provided in Chap. 7. Here we focus on the signalling
mechanism. Several species of stomatopods from all superfamilies polarise light
by reflection, although it is not clear if all use polarisation as a signal. Supporting
the idea, polarised reflections are often situated on body parts, such as antennal
scales, legs or uropods, that are used in social communication (Figs. 19.4–19.8).
Also in line with these being specifically adapted for polarisation signalling, the
degree of polarisation emitted is high, reaching 60–80 % (Figs. 19.5 and 19.6).
Even against the up to 40 % polarisation of background space-light underwater
(Fig. 19.1), these will stand out, and those seen in front of the polarisation-poor reef
substrate (Fig. 19.1a) will be particularly conspicuous. Three mechanisms of
polarisation signalling are known in stomatopods, two linear and one circular, the
latter most likely building on one of the linear mechanisms. The two linear systems
are quite different. The first described here relies on the ordered arrangement of a
naturally dichroic molecule, the astaxanthin.

426

J. Marshall et al.

a

b

100

180

% Pol

50

0

90

Ref lectance
400

E-Vector Angle (deg.)

% Reﬂectance or
Polarisaon

e-Vector Angle

0

500

600

700

Wavelength (nm)

c
180
Reﬂected Rays

e-vector angle (°)

e-vector angle (°)

180

90
Transmied Rays

0
400

500

600

700

Wavelength (nm)

800

90

Reﬂected Rays
0
600

700

800

900

1000

Wavelength (nm)

Fig. 19.6 The scattering polarised blue maxillipeds of the stomatopod Haptosquilla trispinosa.
(a) Animal photographed in its burrow through horizontal and vertical polarisers as indicated.
Arrows point to front plate of maxillipeds, the horizontal reflections from which are more
extinguished through vertical filter. (b) Left—colour photograph of animal displaying from
burrow. Note that the blue spots seen on carapace do not polarise. Middle—transmission electron
micrographic details of the blue maxilliped cuticle and underlying polariser tissue, seen in
enlarged inset to show ellipsoidal vesicles (scale 0.5μm). Right—spectral features of polarisation.
(c) Diagrammatic representation of scatter caused by vesicles and measured E-vector orientation
graphs showing wavelength-dependent polarised beam splitting. In diagrams, dotted rays are
polarised perpendicular to page, and solid lines are polarised parallel to page. Left side shows
transmission and reflection of medium wavelength (green) light with vesicles viewed end on and
therefore circular in cross section. As shown by the data measured and graphed, vertically and
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Astaxanthin is a ketocarotenoid found in many crustaceans imparting a pink or
red colour, such as seen on the antennal scales and uropods of several species
(Figs. 19.5 and 19.6, Cronin et al. 2009). Chiou et al. (2012) recently described this
in detail for Odontodactylus scyllarus (Fig. 19.6), but it may be a relatively
widespread mechanism in other Odontodactylus species as well as stomatopods
from other genera or superfamilies (Fig. 19.4). Rather than producing polarisation
through layering or other photonic structures, this molecular mechanism for
polarisation reflection appears unique to the stomatopods.
Examination of the internal structure of the antennal scales of O. scyllarus
reveals a specific pink-coloured layer containing astaxanthin molecules and showing strong dichroism (Fig. 19.6b). In common with other carotenoids, astaxanthin
contains a long chain of conjugated double bonds. It is this structure that, due to
preferential E-vector absorption along the chain’s long axis, results in the molecule’s dichroic properties. Astaxanthin is also of just the right size and molecular
structure to span lipid bilayers and therefore becomes arranged vertically through
cell membranes. The result is an overall dichroism perpendicular to the membrane
surface, and the pink tissue shown in Fig. 19.6b must contain several membrane
layers, adding up to a strong polarisation signal. Interestingly, the direction of
polarisation of the signal from the overall antennal scale is not normal to its surface,
but is an oblique tilt angle around 60 (Fig. 19.6c). This implies a specific internal
orientation of these membranes to achieve this directionality yet to be shown.
In terms of signalling and behaviour, the observed result from this tilted
polarisation reflector is a dark red, strongly polarised reflection at the correct
angle (60 ) to the antennal scale and is most apparent on the reverse or posterior
side of the scale (Fig. 19.6c). Stomatopods wave and rotate their antennal scales
during behavioural interaction, and it may be that, like butterflies, the angle-specific
polarisation is flashed on and off. In truth, we know little about how this signal is
used, but it is curious that it faces backwards. Other, yet to be characterised,
polarisation signals are found on the uropod teeth of O. scyllarus, and these are
both specific to males and faced forward in interspecific interaction (Chiou
et al. 2005). It is known that O. scyllarus can learn to discriminate stimuli with
different E-vectors (Marshall et al. 1999), and the eye regions probably responsible
for carrying this signal are well characterised (Marshall et al. 1991 and Chap. 7).
However, while we can note their presence and that (in laboratory situations)
behavioural and physiological responses to polarisation, the revealing of the actual
function of these polarisers in nature requires more work.

⁄
Fig. 19.6 (continued) horizontally polarised light is split and remains constant through spectrum.
Right side again shows transmission and reflection of medium wavelength light but with vesicles
viewed side-on and therefore with oval cross section. With this 90 rotated view, transmitted and
reflected rays are orthogonal to those seen Left. Long-wavelength (red) light (>850 nm) interacts
with the vesicle long dimension most efficiently with polarisation parallel to their long axis. As a
result, in measurements graphed, observed long-wavelength polarisation is perpendicular to
medium wavelengths
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Fig. 19.7 Linearly and circularly polarised signals from Odontodactylus cultrifer (photographs,
Roy Caldwell). (a) The thoracic and abdominal carapace is strongly linearly polarised with pinkish
red pigment similar to that in Figs. 19.4 and 19.5. In males, the central carina of the telson, outlined
on the right and enlarged below, is circularly polarised. Note the lack of substantial change in this
area under different linear polarisations. (b) Surface view of one-half of the carina such that the left
half contains only retarder layer and right half has both retarder and pigmented dichroic polariser.
(c) Diagrammatic representation of the carina organisation in section and with relative placement
of the layers (grey: retarder layer, pink: dichroic layer) to show how circular polarisation of
opposite handedness is produced from each side in both reflected and transmitted light [from
Cronin et al. (2009)]. (d) Measured (thin line) and theoretical (red line) retardation of R8
photoreceptor compared to ideal 1/4-wave retardation (dotted line). This photoreceptor’s secondary function converts the circularly polarised signals from stomatopods to linearly polarised ones,
a form of light the underlying photoreceptors can detect (see Fig. 7.7). Note remarkably spectrally
flat retardation [from Chiou et al. (2008b)]

The second type of linear polariser described in stomatopods has received some
behavioural analysis in a more natural context and relies on a quite different
photonic mechanism. One subgroup of the genus Haptosquilla (including
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Fig. 19.8 Polarimetric analysis and false colour images (as in Fig. 19.1) and calculated
polarisation distance of the linearly polarised signal in the telson of O. latirostris (Fig. 19.4).
Polarisation distance is calculated relative to background, the boxed area marked b in (b). See text
for details [from How and Marshall (2014)]

H. trispinosa, H. nefanda, H. stoliura and H. pulchella), species common in both
shallow and deeper reef areas, displays a brilliant metallic-blue section of their first
maxillipeds on meeting conspecifics (Fig. 19.5). As well as being blue, this is a
highly polarising signal, with the E-vector direction approximately horizontal
relative to the animal (Fig. 19.5). Chiou et al. (2011) removed the colour and
polarisation component of this signal in males and scored the resulting reaction
of females in mate-choice experiments. Females preferred males with polarising
and blue maxillipeds, and while this does not distinguish between the colour and
polarisation component of the signal, it clearly shows the signal is used in sexual
display. More recently, Roberts et al. (unpublished) have gone on to show that
several species, including H. trispinosa, react more to horizontally polarised than to
vertically polarised signals.
Several stomatopod species also display iridescent blue spots on various body
regions, including the maxillipeds, but those of various Haptosquilla species are the
only ones known to also polarise. H. trispinosa also possesses other non-polarising
blue spots, on the abdominal segments, for example (Fig. 19.5). Resonant scatter
from a disordered three-dimensional array of ovoid vesicles in tissue below the
cuticle is thought to be the underlying polarisation mechanism, interestingly with
maximal degree of polarisation around 500 nm, despite the maximum reflectance
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being at a shorter wavelength (<500 nm) (Fig. 19.5). Peak polarisation efficiency
close to 500 nm (Fig. 19.5) is a remarkably good match to the spectral sensitivity of
the linear polarisation photoreceptors known in most stomatopod species (Cronin
et al. 2000 and Fig. 19.4). This suggests that it is the polarisation, not the colour, of
the signal that is important and, at 500 nm, spectrally optimal for transmission in
many marine waters.
While the full details remain speculative, the ovoid shape and size of the vesicles
seem important for polarisation. The long axis of the vesicle strings is arranged
parallel to the long axis of the maxilliped section they sit within and perpendicular
to the polarisation they produce. The horizontal E-vector angle displayed is remarkably constant across the visible spectrum (Fig. 19.5b). Unlike the highly directional
dichroic polarisers described for O. scyllarus, these scattering polarisers reflect
nearly constant polarisation over a wide range of viewing angles. Another interesting property the vesicles show is that of a polarising beam splitter. Vertically
polarised light is preferentially transmitted relative to the long axis of the vesicles
and the overall axis of the maxilliped segment, while horizontally polarised light is
reflected (Fig. 19.5c). This scattering system depends critically on the dimension of
the vesicles, the short dimension preferentially backscattering medium wavelengths
of light with E-vectors parallel to the shorter radius and therefore horizontally
polarised. The vesicle long axis interacts preferentially with longer wavelength
light, shifting the plane of polarisation from horizontal to vertical at long wavelengths (Fig. 19.5c).
The third type of polarised signals known from stomatopods is circularly
polarising areas, such as the keel of the uropod in O. cultrifer. Figure 19.7a (top)
shows photographs of a male through perpendicular linearly polarising filters, and
most obvious is the difference in abdominal and thoracic regions that show dichroic
reflectance, most likely via the same dichroic astaxanthin mechanism described
above. Also clear in these photographs is the lack of change in the red keel region of
the uropod (boxed right). As shown in three photographs in Fig. 19.7a (bottom), this
lack of change between perpendicular linear analysers is expected as the keel
reflects and indeed transmits circularly polarised light, shown by photographs
taken through LCP and RCP filters. Chiou et al. (2008b) and Chap. 7 described
the visual apparatus required to perceive this difference. Chiou et al. (2008b) also
showed behavioural discrimination between LCP and RCP and hypothesised that,
as males possess the signal and females do not, it is part of the complex sexual
signalling repertoire of these species.
To receive circularly polarised light, stomatopods have evolved receptors
(in rows 5 and 6 of their mid-band eye region) that contain a 1/4-wave retarder
and underlying linear polarisation receiving mechanism at precisely the correct
angle (see Chap. 7 for details and Roberts et al. 2009). To produce circular
polarisation, a 1/4-wave retarder is also used, this time overlying linearly polarising
cuticular tissue. In other words, a composite laminar structure exists (Fig. 19.7b, c).
Importantly, this satisfies the observation that both reflected and transmitted light
through the keel are circularly polarised and that on either side of the animal the
handedness of the signal reverses (Fig. 19.7c). Although yet to be confirmed, most
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likely the linearly polarised component of this signal is produced by the dichroic,
pink astaxanthin tissue described above (Figs. 19.4 and 19.6). What turns the
linearly polarised light to circularly polarised is the overlying birefringent
1/4-wave retardation layer (the structure of which is also not fully known), the
fast axis of which is at 45 to the underlying linear polariser (Fig. 19.4b). This
birefringent layer may contain oriented calcite crystals, a material commonly found
in crustacean cuticle. Whatever the material, the production of circularly polarised
light is quite different between stomatopods and insects.
Recent observations have found circularly polarised reflections on a variety of
body regions in other species, including Gonodactylaceus falcatus and other
gonodactyloid species; however, these are all left-handed no matter the side they
are found on. It also appears that they may be sex-specific signals, again suggesting
a role in mate choice; however, the behavioural proof of this has yet to be
attempted. Also interesting is the possibility that some stomatopod species may
operate both signals and receiving mechanisms in areas of polarisation between
linear and circular (Chiou and Marshall unpublished). This is an exciting area for
future work, but before rushing to publication we will be looking to solidify all five
of the five areas of evidence required to show such circular or elliptical polarisation
signalling. These are:
(a) Behaviour relative to elliptically polarised light including widely varying
brightness and chromatic controls
(b) Anatomical and optical evidence that the photoreceptors are able to receive
elliptically polarised light
(c) Electrophysiological evidence that photoreceptors and/or other areas of nervous
system preferentially receive and process elliptically polarised light
(d) Evidence for signals or environmental elliptically polarised light that the
animals might react to in nature
(e) A natural behaviour relative to (d) such as mate choice or other behaviours
relative to natural and not just laboratory-produced stimuli

19.3.2 Cephalopods
Cephalopod skin is a complex structure, including specialised cells that interact
with light in three categories: chromatophores, leucophores and iridophores
(Hanlon 1982; Hanlon and Messenger 1988). In common with many structural
colour production mechanisms, a by-product of cephalopod iridophores is that they
polarise light by reflection (Shashar et al. 1996; Mäthger and Denton 2001; Chiou
et al. 2007, 2008a; Mäthger et al. 2009a, b). Cephalopods are also known to be
capable of polarisation sensitivity (Moody and Parriss 1961; Saidel et al. 1983,
2005; Talbot and Marshall 2010; Temple et al. 2012), and it is of course tempting to
assume that the two are linked. Unlike other animals, including beetles, butterflies
and stomatopods where the capacity for both colour vision and mixed colour and
polarisation complicates the story, cephalopods are comfortingly colour blind
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(Marshall and Messenger 1996; Mäthger et al. 2006). Their discarding of colour as
a medium for information transfer and increased object contrast makes it more
likely that polarisation has become their currency for signalling. This case is further
strengthened by the discovery of polarising arm stripes, in both cuttlefish and squid,
with properties that seem particularly convergent with signalling (Fig. 19.9).
Firstly, these are directed forward and are easy to observe in inter- and possibly
intraspecific interactions. Secondly, the arm stripes can be turned on and off by a
combination of neural control of the iridophore itself and by being covered up by
overlying and also neutrally controlled chromatophores (Mäthger and Hanlon
2007). Finally, the arm stripes appear unique among cephalopod iridophores in
that their polarisation content is remarkably non-directional (Fig. 19.9, Chiou
et al. 2007).
Chiou et al. (2007) investigated the arm stripes with multi-angle spectrophotometry and transmission electron microscopy in both cuttlefish and squid
(Fig. 19.9). Intriguingly, although clearly constructed from iridophores
(Fig. 19.9), the degree of polarisation was not highly dependent on viewing or
illumination angle, as might be expected. Instead it remained close to 80 % over
most angles and also with a constant spectral maximum at around 500 nm
(Fig. 19.9). As a result the signal is constant at any arm orientation, in both
polarisation and intensity. This mechanism relies on there being a series of packets
of multilayer reflectors, with their surface orientations at different angles, rather
than large areas with the same orientation (Chiou et al. 2007).
Although cephalopods are known to discriminate polarised patterns and information (Shashar et al. 1996; Pignatelli et al. 2011; Temple et al. 2012) and also can
use polarisation in feeding (Shashar et al. 1998, 2000) and social contexts (Shashar
et al. 1996; Boal 1997), it is still not clear what information might be carried in
these signals. Boal et al. (2004) found that female Sepia officinalis showed more
polarisation signals than males and reacted to polarised patterns. It was not clear in
this study how other signals, such as the conspicuous black-and-white stripes used
in social contexts, combined with polarisation. A more recent study (Cartron
et al. 2012) indicated that S. officinalis can use E-vector information in landmark
learning, but the relevance of this to the life of the animal is not clear.
Given that polarisation vision is clearly highly evolved in cephalopods, as are
their complex social interactions, further study of these and indeed other likely
polarising signals is clearly worthwhile, however. Interestingly, the blue rings from
the Hapalochlaena sp. ‘blue-ringed’ octopus, a clear and well-known aposematic
signal, are not strongly polarised other than at quite oblique angles (Mäthger
et al. 2009a, b, 2012). This is remarkable as they are certainly made from beautifully ordered multilayer structures (Mäthger et al. 2009a, b, 2012). It is possible that
these signals are not designed primarily for cephalopod eyes. The blue ring often
displayed and indeed flashed (through neural control in interaction with chromatophores or muscles that reveal and cover up the iridophore areas; Mäthger
et al. 2012) on a yellow background is very conspicuous to the colour vision
systems of potential vertebrate predators, such as fish. Yellow and blue is a
known effective message, travelling far in marine waters (Lythgoe 1979; Marshall
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Fig. 19.9 Polarised light reflection from cephalopods. (a) The head and upper arm region of the
cuttlefish, Sepia officinalis. Arrow indicates pinkish arm stripes that contain the polarising
reflectors. (b) False colour image of per cent polarisation of cuttlefish arms and head (scale bar
as in Fig. 19.1). (c) Reflectance (top) and per cent polarisation (bottom) of the arm stripes of the
squid, Doryteuthis pealeii, measured at several tilt angles. Note how while colours change with tilt,
per cent polarisation remains relatively constant. The single spectral sensitivities of cephalopods
are close to 500 nm visual pigment shown below. (d) Transmission electron micrograph of
iridophores in the arm stripes of D. pealeii (scale bar: 7.5 μm) [from Chiou et al. (2007)]

2000a, b), and is therefore effective as an aposematic signal, advertising the
toxin-laden bite that blue rings are famous for.
Other iridophores around the eyes of cephalopods are also non-polarising
(Mäthger et al. 2009a, b), and it may be a mistake to assume that all iridophores
also show polarised reflections as a by-product. It seems that the cephalopods have
evolved remarkable control over this information channel via a number of mechanisms (Mäthger et al. 2006, 2009a, b, 2012) and possibly for good reason.
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19.3.3 Fish
The underwater light field in clear pelagic waters is significantly different from
terrestrial and shallow water visual environments. To a good approximation the
surrounding radiance distribution is cylindrically symmetric about the vertical axis
(Denton and Nicol 1965a). Denton proposed that highly reflective silvery fish make
use of this symmetry, where a 100 % reflection would match the background light
field irrespective of the viewing angle (Fig. 19.10a, b). The vertical orientation of
the reflective elements (guanine platelets) in the scales in many of these fish, despite
the curvature of their bodies, fits this requirement to produce an idealised vertical
mirror.
However, specular surfaces usually polarise light to varying degrees depending
on the angle of illumination, with light becoming 100 % polarised at a specific angle
called Brewster’s angle. This has the knock on effect that at these angles, the
reflectivity can be as low as 50 % for an incident unpolarised light field (see
Fig. 4.47 on page 120 in Optics 3rd edn by Hecht 1998). In a separate set of
measurements, Denton and Nicol (1965b) noted that in fact the reflections from the
bleak (Alburnus alburnus) appeared not to have a Brewster’s angle and that the
reflected light did not become close to 100 % polarised, as would be expected from
a normal specular reflector. Jordan et al. (2012) repeated some of these measurements in several other species (herring, sardine and sprat) and discovered that
reflections only reached a maximum of 30 % polarisation. They found that this
was due to a specific mixing of two different optical types of guanine in the
multilayer stack (Fig. 19.10c; see Chap. 9). Jordan et al. (2012) proposed that this
was because weakly polarising reflectors minimise the drop in reflectivity at higher
angles of incidence. This allows the fish to better match the intensity of the
background over all viewing angles.
More recently, Brady et al. (2013) showed that the reflective sides of another
silvery-sided fish species, the lookdown (Selene vomer), were also a weakly polarising
reflector. Both Jordan et al. (2012) and Brady et al. (2013) further suggested that a
weakly polarising structure might also help camouflage a fish, which is an advantage
against any polarisation-sensitive predators, such as squid. However, what needs to be
considered now is how a relevant polarisation-sensitive receiver processes both
intensity and polarisation information together. A two-channel polarisation detector
system, as is found in the retina of many cephalopod predators, will perceive combined intensity and polarisation information reflected from a prey item compared
with the background. This makes it incorrect to discuss intensity-based crypsis and
‘polaro-crypsis’ as independent camouflage strategies.
As a final note of caution, not all silvery fish are good specular reflectors. The
diffuse component in many reflections has the effect of depolarising the information
a viewer will receive. This is clearly illustrated in Fig. 19.10d showing how this
silvery fish does not match the background in the degree of polarisation. This
mismatch to background will persist even in the case of perfect specular reflection,
where background light shows high degrees of polarisation, especially at angles
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Fig. 19.10 Lack of polarisation camouflage in silvered fish. (a, b) The snub-nosed dart,
Trachinotus blochii, in midwater. Lower image is colour stripped and blurred to represent
resolution and spectral capability of cephalopod predator. (c) Optical multilayer model of silvered
fish skin. Top: Diagrammatic representation of skin with two types of guanine crystals, Type
1 (purple) and Type 2 (orange), showing refractive index (n) coordinate axes. Middle: Simulations
of the degree of polarisation at different angles of incidence for Type 1 (black line) and Type
2 (blue line) crystals. Red line is a mixture of crystals in ratio found in nature (in herring, Clupea
harengus) and is an excellent fit to measured data (red crosses). Note how combined degree of
polarisation is low but optimised at an angle around 58 , close to Brewster’s angle [from Jordan
et al. (2012)]. (d) Real-time videometric analysis of silvery fish (Scomberoides sp.) in midwater
showing intensity, degree and angle of polarisation (left to right). Scale bars as in Fig. 19.1 but
with first 30 % of degree of polarisation expanded over whole spectrum. Note poor camouflage in
degree of polarisation, where fish is around 15 %, while background water is over 30 %, but good
camouflage in intensity and angle of polarisation. This image is from an unpublished work with
Viktor Gruev [and see Gruev et al. (2010)]
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away from Brewster’s angle. Based on our current knowledge, it is too early to say
whether the control of the degree of polarisation by any silvery fish reflector is an
adaptation to better camouflage that fish to the eyes of a polarisation-sensitive
predator.

19.4

Conclusions and Future Research

To conclude this chapter, the following are some of the emerging ideas, caveats and
hypotheses we think worth future consideration in polarisation signals:
• Polarised signals may work best in specific habitats, such as forest shade or
underwater, where strong signals or polarisation clutter in the background may
not be present to confuse the signal.
• Degree of polarisation rather than angle of polarisation may be a more reliable
signal, as it is more invariant with illumination or the angle the polarising object
is held at.
• Polarisation may work well for covert or ‘secret’ communication among smaller
species, in the same way that UV colour might, as especially in the marine
environment, the signal is rapidly degraded over distance by light scattering.
• In the marine environment, crustaceans and especially cephalopods seem to have
specialised in polarisation rather than colour information, and this includes using
polarisation for signals.
• Spectral tuning of polarisation receptors around 500 nm in marine environments
has co-evolved or at least become co-adapted with polarisation signals that,
independent of their colour, reflect polarised light most efficiently close to
500 nm.
• When looking for a polarised signal, it is more likely that specular, intrinsic
photonic or pigment-based features generate polarisation.
• Circular polarisation vision is only confirmed in stomatopods using four lines of
evidence: (1) anatomical and optical correlates within the eye, (2) behaviourally
relevant circular polarisation signals, (3) intracellular electrophysiology and
(4) behaviour. The evidence in scarab beetles is confounding (see Chap. 6).
• Polarisation camouflage as well as communication may exist. For example,
animals living in the highly disruptive polarisation environment of well-lit
foliage may exploit disruptive camouflage principles. Alternatively, midwater
animals may seek to camouflage against the background of underwater
space-light with relatively high (20–40 %) degrees of polarisation. However so
far, good evidence for such ‘polaro-crypsis’ is still required (contrast Fig. 19.10
with Brady et al. 2013). Polarisation differences between species and their
relative environments also need to be considered.
• Perhaps the most salient take-home message from this chapter is the following:
Where it is found that an object may reflect or produce polarised light, while it is
worth looking at this as a potential signal, the polarisation may be either
redundant (as in some iridescent colour signals) or not visually relevant.
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tabanids find striped patterns with brightness and/or polarization modulation least attractive: an
advantage of zebra stripes. J Exp Biol 215:736–745 + electronic supplement
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polarotaxis governed by degree of polarization: Attraction of tabanid flies to differently polarizing
host animals and water surfaces. Naturwissenschaften 99:407–416 + electronic supplement
Foster JJ, Sharkey CR, Whitney HM, Roberts NW, Partridge JC (2013) Bees, flowers and
polarization. Third international conference on invertebrate vision, proceedings, 1–8 August
2013, Lund, Sweden
Fox DL (1976) Animal biochromes and structural colours: physical, chemical, distributional and
physiological features, 2nd edn. University of California Press, Berkeley
Fox HM, Vevers G (1960) The nature of animal colours. Sidgwick and Jackson, London
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 121:
253–271
Gokan N, Meyer-Rochow VB (1984) Fine-structure of the compound eye of the buprestid beetle
Curis caloptera (Coleoptera, Buprestidae). Z Mikrosk Anat Forsch 98:17–35
Goldstein DH (2006) Polarization properties of Scarabaeidae. Appl Opt 45:7944–7950
Gordon WC (1977) Microvillar orientation in the retina of the nymphalid butterfly. Zeitschrift für
Naturforschung C 32:662–664
Gruev V, Perkins R, York T (2010) CCD polarization imaging sensor with aluminum nanowire
optical filters. Opt Express 18:19087–19094
Hanlon RT (1982) The functional organisation of chromatophores and iridescent cells in the body
patterning of Loligo plei (Cephalopoda: Myopsida). Malacologia 23:89–119
Hanlon RT, Messenger JB (1988) Adaptive coloration in young cuttlefish (Sepia officinalis L.): the
morphology and development of body patterns and their relation to behaviour. Philos Trans R
Soc Lond B 320:437–487
Hawryshyn CW (1992) Polarization vision in fish. Am Sci 80:164–175
Hecht E (1998) Optics. Addison-Wesley, Reading, MA
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Mäthger LM, Shashar N, Hanlon RT (2009b) Do cephalopods communicate using polarized light
reflections from their skin? J Exp Biol 212:2133–2140
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