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Chapter 9

Synthesis - Iridescence, fluorescence 
and polarization of flowers: visual 

signals or epiphenomena?

Abstract

Pigmentary coloration – via wavelength-selective absorption by pigments of light backscattered 

by the flower’s interior – of flowers is widespread in many species. An increasing number 

of studies report floral visual signaling via spectacular visual signals, including structural 

coloration and iridescence as well as polarization and fluorescence. In the final chapter of this 

thesis, the biological relevance of these visual signals is discussed. 
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Introduction

In this thesis the mechanisms and functional significance of visual signaling of flowers is 

studied. Over the course of recent years several optical phenomena encountered in flowers 

have been suggested to play a role in plant-pollinator visual signaling. For example, Whitney et 

al. (2009) suggested that ridged surfaces of flowers act as a diffraction grating, thus providing 

angle-dependent coloration, i.e. iridescence. Floral iridescence was claimed to act as a visual 

signal for pollinators. In chapter 5 we investigated numerous flowers and showed that an 

iridescence signal can only be detected under laboratory conditions. The iridescence signal 

vanished when illumination conditions similar to those under natural conditions were applied 

because of the non-constant periodicity of the ridges. In chapter 6 it was subsequently shown 

that the biological relevance of floral iridescence is negligible. Therefore, the present conclusion 

is that the signal due to pigmentary coloration provides the dominant, if not exclusive, visual 

signal of flowers. Similar to floral iridescence, flower fluorescence and polarization have been 

documented to occur in flowers, and these signals have accordingly been suggested to be of 

biological importance (Thorp et al. 1975, Gandía-Herrero et al. 2005a, Foster et al. 2014). Here, 

the biological relevance of fluorescence and polarization as a cue in plant-pollinator signaling is 

discussed. First the mechanism of fluorescence and polarization is treated, and subsequently the 

contribution of fluorescence and polarization to the overall visual signal of flowers is compared 

with the visual signal provided by petal reflectance. 

Fluorescence

Fluorescence is the property of materials to absorb light at a particular wavelength and 

to subsequently emit light of longer wavelengths. When the emitted light is in the visible 

wavelength range, it can potentially yield a striking visual appearance. The occurrence of 

fluorescence is widespread, but the quantum efficiency of most natural pigments is so low that 

fluorescence as a visual signal is rare. Fluorescence signaling has been documented to occur in, 

for example, parrots and spiders (Arnold et al. 2002, Lim et al. 2007). For flowers, fluorescence 

was documented to occur in petals and nectar, and the fluorescence effect was suggested to 
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be a visual signal to flower visitors. Thorp et al. (1975) found that in some plant species and 

cultivars the nectar absorbs ultraviolet light and fluoresces in the visible part of the spectrum and 

they hypothesized that nectar fluorescence may act as a visual signal to flower visitors. Gandia-

Herrero et al. (2005a) showed that under laboratory conditions the flowers of Mirabilis jalapa 

display a blue-purple fluorescence pattern and they suggested that a pattern in flower fluorescence 

is likely to be a visual signal to pollinators, albeit their suggestion was not based on experimental 

evidence. In a following paper, Gandia-Herrero et al. (2005b) described fluorescence effects in 

flowers of several plant species and reiterated their idea of fluorescence signaling. 

Fluorescence intensity

When studying the fluorescence of flowers as a potential visual signal, it is important to consider 

that under natural conditions fluorescence is superimposed onto the flower’s reflections. Under 

normal daylight conditions, this means that fluorescence can only contribute to visual signaling 

when its intensity is comparable to that of the petal reflections. Kevan (1976) pointed out that 

fluorescence signals are virtually always weak in terms of both intensity and specificity, because 

the emitted photon is always of less energy than the photon absorbed and the spectrum of the 

emitted light is generally very broad (it has no specific hue). More recently, Iriel and Lagorio 

(2010) investigated flower fluorescence relative to the overall visual signal of flowers. They 

calculated the ratio of photons absorbed vs. the number of photons emitted, i.e. the fluorescence 

quantum yield, and compared the fluorescence signal with the visual signal due to the reflecting 

petals. They examined nineteen floral elements of ten plant species and found that the fluorescence 

quantum yield is always very small. The highest quantum yield for ovaries and petals was found 

to be 3 and 1.4 %, respectively, and thus was always negligible when compared with the visual 

signal due to petal reflection (Iriel and Lagorio 2010). The very low intensity of the fluorescence 

might also explain why Gandia-Herrero et al. (2005b) had to “filter the reflected light to avoid 

contamination of the fluorescence”. In the case of fluorescent nectar, the fluorescence intensity 

is similarly small, so that the surface reflection of the nectar drop will obscure the fluorescence 

signal (Kevan 1976).

 Absorption of ultraviolet light causing fluorescence emission as blue or green light is 

in essence very inefficient. Insects are generally quite sensitive in the ultraviolet and ultraviolet 

reflecting objects are much less common in nature than objects reflecting in the blue and green 

wavelength range (e.g. Chapter 7). Kevan (1976) described this as follows: “Fluorescence of 
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nectar by ultraviolet light takes energy from an impoverished part of the insect visual spectrum 

to which insects are highly sensitive and transforms it to an already rich part of that spectrum 

(to which insects are less sensitive) with considerable inefficiency.” Ultraviolet reflection would 

thus be more conspicuous to pollinators than blue or green reflection (or fluorescence). 

Are fluorescent flowers more frequently visited by pollinators?

At this moment, the experimental data supporting the hypothesis that flower fluorescence attracts 

insects is rather anecdotal (e.g. Kurup et al. 2013, Baby et al. 2013). A recent study on fluorescent 

carnivorous plants suggested that fluorescent prey traps catch more prey than traps for which 

the fluorescence had been masked (Kurup et al. 2013), but a lack of appropriate controls and 

insect counts leaves this result inconclusive. Future studies are needed to support the hypothesis 

of fluorescent signaling of flowers. To examine the fluorescence effect independent of other 

(visual) signals, future studies should use artificial flowers with and without fluorescence and 

the fluorescence signal should be similar in intensity as in real flowers, as extreme stimuli are 

not representative for natural situations (see below). The speculations of fluorescence as a cue in 

plant-pollinator signaling might have originated, because the fluorescence effect of flowers can 

then seem very spectacular (see also Iriel and Lagorio 2010). Under natural daylight conditions, 

however, we have to conclude that flower fluorescence will be completely swamped by direct 

reflections, and thus fluorescence must be regarded as unimportant for visual signaling for 

pollinators. 

Polarization

The principles of flower polarization 

The most important source of illumination in natural conditions is sunlight. Sunlight is 

unpolarized, and it remains unpolarized if it is diffusely reflected by a rough surface. For example, 

a rough petal surface or an irregular petal interior will reflect unpolarized light and thus feature 

no polarization pattern. Oblique illumination of a flat and smooth surface with unpolarized 

light can, however, result in strongly polarized reflected light (Born and Wolf 1999, Wehner 

2001). For an air/water interface, the polarization effect is largest under ~ 53 degrees angle of 

incidence, the so-called Brewster’s angle. For large angles of light incidence, the reflected light 
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is mainly horizontally polarized and the polarized reflection thus contrasts with the unpolarized 

surroundings (Fig. 1). The degree to which a polarization effect can be observed thus depends on 

the proportion of polarized light reflected by the surface relative to the proportion of unpolarized 

light backscattered by the flower’s interior. If the former dominates, e.g. in the case of specular 

reflection, polarization could provide a visual signal to pollinators. 

Polarized flowers

Skylight polarization is well known to be a navigational cue for many insects (reviewed 

by Cronin et al. 2014) and recently it was suggested that bees use the polarization patterns 

of flowers as a visual cue (Foster et al. 2014). Using a sucrose reward Foster et al. found 

that bees could be trained to a polarized stimulus that is downward facing, i.e. when the 

bee observed the artificial flower from below. Many flowers are indeed pendant (Fenster et 

al. 2009), and the dorsal part of the bee eye is highly polarization-sensitive (Wehner et al. 

1975), so the polarized light reflected by a flower observed from below could potentially be 

recognizable to bees. To illustrate the occurrence of polarization patterns in natural flowers, 

Foster et al. (2014) provided false-color pictures of the flowers of a few plant species and a 

cultivar. They show that the polarization pattern is strongest in parts of the flowers of which 

Figure 1: Polarization arising from light reflection by a buttercup flower. Unpolarized light 
illuminating the flower from the left becomes linearly horizontally polarized when it is reflected 
by the smooth surface of the flower. In glossy areas and under large angles the proportion of 
surface vs. subsurface reflection is maximal.
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Figure 2: Polarized light reflection by Tulipa linifolia flowers. (a) In the proximal part the tepal 
contains a broadband absorbing pigment (arrow). (b) The tepal’s surface features structured 
striations; scale bar: 10 μm. Middle row: scatterometry of a surface replica of the tepal; bottom 
row: scatterometry of an intact piece of the distal area of the tepal. (c, f) Unpolarized light, (d, g) 
vertically linearly polarized light, (e, h) horizontally linearly polarized light. All scatterograms 
were obtained using wide-aperture illumination, for details see Chapter 5.
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the surfaces are smooth. They furthermore suggest that polarization patterns also occur in 

species with striated petals, such as the flowers of Hibiscus trionum and Lathyrus pratensis.  
 To investigate the possibility of polarized light reflection by striated flower surfaces, 

we applied imaging scatterometry on both intact flower pieces as well as replicas of flower 

surfaces. The flowers of Tulipa linifolia feature structured striations and at the proximal part the 

tepal contains broadband absorbing pigment (Figs. 2a,b). When wide-field unpolarized light is 

applied, a clear diffraction pattern can be observed for the surface replica, but not for the intact 

flower piece (Figs. 2c,f). With linearly polarized light, the reflection is reduced for large angles 

of incidence around a plane parallel to the polarization of the illumination (Figs. 2d,e,g,h). The 

polarization pattern is visible in both surface replicas and intact flower pieces, showing that 

surface striations can indeed generate a polarization pattern. The obtained polarization pattern 

is however not universal for all striated flower surfaces. For example the flowers of L. pratensis 

also have surface striations, which can be inferred based on the (minor) diffraction signal under 

very local and directional illumination (Fig. 3a), but do not feature a polarization pattern (Fig. 

3b-d). The absence of a polarization signal is presumably due to the irregular periodicity of the 

striations and the curvature of the flowers, which together yield a spectrally featureless optical 

signal when the combined reflection of multiple cells is studied (Chapter 4). This might explain 

why the polarization patterns in real flowers as illustrated by Foster et al. (2014) occur only 

very locally. The flower that was shown by Foster et al. (2014) to feature a relatively large 

polarization pattern (Lavatera x clementi) is from a plant cultivar and thus does not have any 

ecological significance. Hence the results presented by Foster et al. (2014) are interesting, but no 

convincing examples of polarization patterns in flowers.

Figure 3: Polarized light reflection by Lathyrus pratensis flowers. (a) Narrow aperture 
illumination with unpolarized light. (b-d) Wide-aperture illumination with unpolarized light, 
linearly horizontally polarized light and linearly vertically polarized light, respectively. 
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 Buttercup flowers also feature a polarization pattern. When a buttercup flower is 

illuminated under a large angle, the sub-surface scattered light is minimal and the visual signal 

is mostly determined by the reflection of the flower’s smooth surface (Chapter 4). In this case, 

the direction of polarization is parallel to the cuticle and contributes to its gloss (Fig. 1). Due 

to the irregularities in the petal’s surface, the gloss and polarization pattern are, however, only 

very locally visible (Chapter 4). Although the gloss and the polarization pattern could be a visual 

signal under specific conditions (i.e. directional illumination, full opening of the flowers and 

the angles of illumination by the sun and approach are ~50°), there is currently no scientific 

evidence to support that pollinators can detect the gloss, which occurs very locally. 

 The leaves of many plants generally feature a much stronger polarized signal than 

flowers (Wehner and Bernard 1993, Horváth et al. 2002; pers. obs.). Plant leaves commonly 

have a smooth cuticle, which gives them a shiny appearance (Kay et al. 1981, Vogelmann 1993, 

Wehner and Bernard 1993, Cronin et al. 2014), but flowers, which have surfaces and interiors 

that are virtually always very irregular, act as very efficient diffuse reflectors (Chapter 2, 3, 

5). When considering the hypothesis of polarization as a cue in plant-pollinator signaling, the 

finding that leaves are stronger polarizing light reflectors than flowers is somewhat paradoxical, 

because generally the flowers and not the leaves allure pollinators.

Bees and polarization patterns

An important finding by Foster et al. (2014) is that bees can only be trained to a polarization 

pattern when they observe the stimulus from below. This finding can be directly related with 

Figure 4: Diagram showing the association between the surface microstructure and self-cleaning 
properties of plant surfaces. Whereas on smooth surfaces dust particles remain on the surface 
(left), on rough surfaces they adhere to water droplets and are removed when the droplets roll off.
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previous work, which showed that only the dorsal part of the bee eye (the dorsal rim area) is 

polarization sensitive (Wehner et al. 1975). For pendant flowers, the illumination from below 

(e.g. sunlight reflected by the lower vegetation or soil) is minimal, and therefore when the flower 

is observed from below, its reflection signal will be very weak. Rather, the visual signal of 

pendant flowers observed from below will be mostly determined by the transmission signal 

(Chapter 3), which is unpolarized because of the inhomogeneity of the tissue inside the flower 

petals (Horváth et al. 2002). Only under the very special circumstances where a vertically 

positioned flower on a (high) petiole in open vegetation is illuminated by the sun and a bee 

approaches the flower from below (ideally the angles of illumination and approach are ~50°) it 

might see polarized light reflected by the flower. Even in this extreme scenario it seems unlikely 

that the polarization pattern of the flower is stronger than the celestial polarization pattern in 

the background. In contrast, the polarization pattern of the flower will most probably be weaker 

than the celestial polarization pattern, meaning the flower would create a ‘negative’ polarization 

image with respect to the polarized background. 

 If the polarization patterns of flowers would be an important visual signal to pollinators, 

it is surprising that only the dorsal part of the bee eye is polarization-sensitive. The importance 

of polarization sensitivity of the dorsal rim area is well known because of its importance in 

navigational tasks of bees utilizing polarized skylight, though it seems unlikely that flowers 

try to make use of a sensory array that rarely faces the stimulus. Furthermore, the areas of 

the bee eye that do face the flower are composed of ommatidia with photoreceptors that are 

adapted to reduce polarization signals with their so-called ‘twisted rhabdomeres’ (Wehner et 

al. 1975, Wehner and Bernard 1993). The twisted rhabdomeres effectively abolish polarization 

signals from glossy surfaces, thereby making them more sensitive to chromatic changes 

(Wehner and Bernard 1993, Horváth et al. 2002, Marshall et al. 2014). Therefore, if polarization 

signals were relevant, it would be expected that the photoreceptors in ommatidia from the 

frontal area of the eye would be polarization sensitive, as is the case in for example tabanid 

flies that use polarization as a cue to detect prey (Smith and Butler 1991, Horváth et al. 2008). 

 The experimental conditions applied by Foster et al. (2014) are very different from 

the conditions found in natural environments, as they trained bumblebees using an extremely 

constrained visual signal, i.e. solely polarized light. This is not representative for natural 

conditions, because the polarization effects are often limited by the illumination conditions and 

surrounding vegetation (Shashar et al. 1998). It is interesting to notice that in the study by Foster 
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et al. (2014), despite the very strong stimulus used in their experiments, the bees were rather 

slow in learning the polarization pattern, when compared to other bee training experiments 

using visual signals (Raine and Chittka 2008). When brightness was added as visual signal, the 

bees’ response to polarization was even weaker (see Fig. 3e by Foster et al. 2014). The authors 

explained the slow learning response as: “the bees find polarization patterns difficult”, which is 

surprising given the great ability of bees to use polarized skylight, even under remarkably low 

levels of polarization (Cronin et al. 2014). 

Iridescence, polarization signals and insect training experiments

It is often assumed that when bees can be learned to associate a visual signal with a reward 

and this visual signal is (to some extent) detectable in a flower, the visual signal is likely to be 

of importance under natural conditions. A critical examination of this rationale is necessary. 

The visual signals of floral iridescence, fluorescence and polarization are very small in natural 

conditions and such small visual differences are likely to be ignored by bees unless specifically 

learned (Dyer and Chittka 2004, Giurfa 2004). More importantly, the fact that pollinators can 

be trained to a signal does not mean that this signal is of biological importance per se. It is well 

known that many important pollinators such as bees, flies and butterflies can easily be trained 

to recognize non-natural signals like dynamite or landmines (Rodacy et al. 2002, Bromenshenk 

et al. 2003, King et al. 2004, Marshall et al. 2010, Leitch et al. 2013), as well as Van Gogh and 

Monet paintings (Chittka & Walker 2006, Wu et al. 2013). This highlights that insects have 

an astonishing flexibility in their learning behavior and exhibit sophisticated visual behaviors. 

Hence, training experiments are of great scientific value because they aid in our understanding 

of the cognitive abilities of bees (Dyer 2012), but the ability to train insects to a certain signal 

cannot be interpreted as this signal per definition to be of ecological importance (for interesting 

discussions on this subject, see also Morehouse and Rutowski 2009, Avarguès-Weber and Giurfa 

2014). The communicatory importance attributed to studies showing that insects can be trained 

to recognize complex optical phenomena can therefore be misleading, especially when the 

phenomena play little or no role in the visual ecology of pollinators. 
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Why are fluorescence, iridescence and polarization effects 
present in flowers?

Given the minimal contribution of fluorescence, polarization and iridescence to the overall 

visual signal of flowers, the question remains as to why these phenomena evolved, even more 

because the structures generating these phenomena are widespread. When these various optical 

phenomena will be invisible to pollinators under natural conditions, their presence cannot be 

explained by selection imposed by the visual system of pollinators. Can the occurrence of 

fluorescence, polarization and iridescence be explained as a by-product of another trait? 

 As shown in chapter 7, selection pressures exerted by pollinators might drive plants to 

enhance spectral dissimilarity of their flowers, relative to the spectra of their neighboring flowers. 

Spectral dissimilarity can be achieved via changes in the pigment’s absorption range, by changing 

the chemical composition of the pigment. A change in the pigment’s absorption range might co-

occur with a shift in fluorescence emission from the infrared to the visible wavelength range, 

and hence a shift in fluorescence emission to the visible wavelength range can be due to changes 

in pigmentary coloration. The glossiness of buttercup flowers is a clear example of a seemingly 

prominent visual signal, with minimal contribution to the overall visual signal. It seems unlikely 

that buttercups exhibit this very complex structure (i.e. a very thin upper epidermis and a thin air 

layer; Chapter 4) to slightly increase their visibility, especially because increases in brightness 

can presumably be more easily achieved by increasing the thickness or inhomogeneity of the 

flower (Chapter 3). Nevertheless, many Ranunculus flowers are glossy and the complex anatomy 

yielding the gloss is widespread. As discussed in Chapter 4, we argue that an additional, if not 

the most important, function of the gloss of buttercup petals is to reflect light to the reproductive 

organs, so to enhance seed maturation. Buttercup flowers are strongly heliotropic and often the 

flowers have the shape of a paraboloid. When the paraboloid shaped flowers are facing the sun, 

the petals are illuminated under a large angle, and, as with thin film reflectors, the intensity of 

the reflected light increases under large angles. Consequently, the incident light is reflected to the 

center of the flower, notably to the flower’s reproductive organs. Although the gloss acting as a 

visual signal cannot be fully excluded it is likely to be an epiphenomenon.

 Striated surfaces of flowers are widespread throughout the plant kingdom. The striated 

surfaces can, in principle, act as a diffraction grating (Chapter 5). Also in the case of the striations, 

the visual signal (iridescence) is likely to not be the prime function of the striations, because it is
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virtually invisible (Chapters 5, 6). The surface striations might have evolved to increase water 

repellency in order to keep the flowers dry and clean (Fig. 4), a phenomenon previously described 

in plant leaves as the ‘Lotus effect’ (Barthlott and Neinhuis 1997). An alternative – but not 

mutually exclusive – explanation is that buckles in the cuticle layer arise when the flower unfolds, 

as a consequence of mechanical stress (Kourounioti et al. 2013). In any case the iridescence 

generated by striated surfaces can be considered an epiphenomenon. A very similar explanation 

was offered for the iridescence in golden moles as shown by Snyder et al. (2012), who reported 

that the hairs of the golden moles exhibit complex multilayer structures that yield an iridescence 

signal. The iridescent coloration clearly cannot have a visual function in this species, because 

golden moles are blind. Instead, the likely function of this structure is to increase its mechanical 

strength and to reduce the adhesion of sand particles to the mole’s fur, leaving the observable 

iridescence simply is an epiphenomenon (Snyder et al. 2012). 

Concluding remarks and outlook

Plants use various ways to achieve bright flower coloration in order to attract pollinators. In 

addition to the well-known pigmentary coloration, several spectacular optical phenomena of 

flowers were described. For example, flowers were documented to display fluorescence and 

polarization patterns. Under natural conditions, however, the fluorescence and polarization 

signals are most likely negligible compared to the petal’s reflectance. The presence of structures 

generating the complex visual signals therefore must be considered to be epiphenomena and 

have to be explained by other reasons. The finding of a visual trait being present in flowers 

should not be regarded as proof for its biological relevance, even not when insects can be trained 

to recognize the stimulus. Rather than supporting the hypothesis that spectacular visual signals 

are of biological relevance (whilst they often are in fact invisible), the conclusions of insect-

training experiments are better read as evidence in support of sophisticated behavioral and visual 

capabilities of bees. Therefore, claims that spectacular visual signals are important in the visual 

ecology of pollinators have to be treated with caution.

 Considering the amount of scientific studies on rare, seemingly prominent visual 

signals of flowers, it is surprising how few studies examined the near universal optical principles 

of flower coloration, i.e. wavelength-selective absorption of light backscattered by the petal’s 

inner components. Consequently, many basic ecological and evolutionary questions, such as 
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‘Which physiological features of flowers favor different pigment localization strategies?’ and ‘Is 

the arrangement of pigments and backscattering structures of flowers tuned to the pollinator’s 

visual system?’ remain unanswered. The approach presented in this thesis aids in answering 

these questions. For example, a modeling approach could reveal combinations of thickness 

and inhomogeneity that favor different types of pigment localizations. A wide-field sampling 

approach where the reflectance, thickness and pigment localization of many flowers is studied in 

context with the pollination ecology of the plant may reveal frequent associations between the 

flower’s physiology and pollinator. Of particular interest are taxonomic groups where there have 

been numerous transitions in floral colors or pollination systems. For example, shifts from insect 

to bird pollination or from outcrossing to selfing and the accompanied changes – or absence 

of it – in floral reflectance or pigment localization can help us explain the costs and benefits of 

various coloration strategies of flowers. Future research will illuminate the complex nature of 

floral visual signaling. 
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