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Chapter 1 

General introduction 

Many plants display brightly colored flowers to provide a visual signal to potential pollinators 

(Faegri and Van der Pijl 1979). The color of flowers is often studied in conjunction with their 

pollination system, providing valuable insight into the complex nature of plant-pollinator 

interactions. An important finding is that flower color is often optimized to attract a specific 

pollinator (Kevan and Baker 1983, Chittka and Menzel 1992, Dyer et al. 2012, Papiorek et 

al. 2015). For example, bee-pollinated flowers are very rarely red, presumably because bees 

have minimal spectral sensitivity in the long wavelength range. In contrast, bird vision is often 

sensitive up into the long wavelength range, and indeed many bird-pollinated flowers are red 

(Lunau et al. 2011, Shrestha et al. 2013). Despite considerable knowledge of the functional 

aspects of flower coloration, the optical mechanism leading to flower coloration, i.e. the complex 

interaction of light with the petal’s inner components, has so far received much less attention. 

 Flower coloration is generally due to incoherent light scattering by irregularly structured 

petal components that contain pigments. Pigments modulate the reflected light by absorbing 

in a specific wavelength range, and the backscattered light in the complementary wavelength 

thus determines the hue of the flower. For example, the yellow color of many flowers is often 

due to blue-absorbing pigments, such as carotenoids. The efficiency of the pigmentary filtering 

depends on the concentration and localization of the pigment. Flowers with a high concentration 

of floral pigments will reflect light of a higher spectral purity (saturation) than flowers with a 

low concentration of pigment. When the pigment is deposited on one side of the flower, only the 

pigmented side will have a distinct color and the unpigmented side often has a much paler color.

 Generally, backscattering of light occurs in a medium when the incident light propagates 

through structures with different refractive indices. In the case of flowers these can be vacuoles, 

for example (Fig. 1). When the scattering components are randomly structured, the resulting 

coloration is angle-independent, that is, the light is diffusely reflected and the visual signal is 
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similar in a wide angular space. Light that is neither absorbed nor reflected will be transmitted 

through the flower. The proportion of backscattered and transmitted light depends on the structure 

and thickness of the flower. For example, a thick flower that contains many, densely packed cell 

structures will scatter more light than a very thin flower that contains only few cell structures. 

 In addition to pigmentary coloration, structural coloration can occur when structures 

are regularly ordered with a periodicity in the sub-micrometer range, i.e. in the order of the light

wavelength. Typical for structural coloration is that the color changes with the angle of 

observation or illumination, a phenomenon called angle-dependent coloration or iridescence 

(Srinivasarao 1999, Kinoshita 2008). Structural coloration and iridescence are found in many 

animals, for example in beetles, butterflies and birds (Vukusic and Sambles 2003, Seago et al. 

2009, Stavenga et al. 2010, Wilts et al. 2014), where it is often considered to have a signaling 

function, e.g. to attract a partner. 

 Structural coloration and iridescence were also reported to occur in flowers with specific 

surface structures (Whitney et al. 2009, Vignolini et al. 2012). Whitney et al. (2009) suggested 

that the cuticular ridges found on the petals of many flowers act as a diffraction grating, yielding 

an iridescence signal that acts as a cue to pollinators. The glossy appearance of many buttercup 

flowers was described to be due to a very smooth and thin upper epidermis that together with 

an underlying air layer acts as a multilayer (Vignolini et al. 2012). The visual signals of surface 

structures were, however, studied independently of the visual signal due to diffuse pigmentary 

coloration, leaving the contribution of structural coloration and iridescence to the overall visual 

signal unknown.

Figure 1: Simplified diagram of the propagation of 
light in a flower with a papillose-structured upper 
epidermis containing pigment. Incident light is 
reflected at the boundaries of petal components. 
Because the inner components are irregularly 
arranged, the reflection is diffuse. Part of the light is 
not reflected and will be transmitted. The spectra of 
the transmitted and reflected light are modulated by 
wavelength-selective absorption by the pigment.
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 A considerable amount of work on both pigmentary and structural coloration of plants 

was done by Dr. David Lee, who provided an elegant overview on the different aspects of leaf 

and flower coloration in his book Nature’s palette, the science of plant color (Lee 2007). Lee 

extensively described the great diversity by which flowers achieve coloration, including many 

examples of different surface structures and pigment localizations. Yet, a quantitative analysis 

of how the different components of the flowers contribute to the overall visual signal of flowers 

remains unknown. For example, the dependence of the efficiency of the pigmentary filtering on 

different pigment localizations and the functional importance of the differences in the amount of 

scattering have never been examined. 

 The aim of this thesis is twofold: to provide an in-depth overview of the different optical 

mechanisms of flower coloration, and to study the functional significance of different optical 

mechanisms and plant reproductive strategies. The chapters of this thesis can subsequently be 

divided into two sections: the first section, comprising chapters two to five, treats the various 

optical mechanisms of flower coloration, and the second section, comprising chapters six to nine, 

discusses the biological implications of flower coloration and plant reproductive strategies.

 Chapter 2 provides an extensive study on the pigmentation and light backscattering of 

the flowers of Nolana paradoxa, in which the pigments are deposited asymmetrically, i.e. only in 

the upper epidermal layer. Measured reflectance and transmittance spectra are interpreted using 

anatomical data and a modeling approach, where the flowers are considered as a stack of layers, 

each layer with different reflection and absorption characteristics. 

 Chapter 3 provides an overview of the common coloration principles of flowers. It was 

found that flowers greatly differ in thickness as well as pigment concentration and localization, yet 

the amplitude of the reflectance spectra (i.e. the fraction of the reflected light, which determines 

the flower’s brightness) is rather constant. The model developed in chapter 2 is applied to study 

the effect of different scattering parameters, thickness and pigment localizations on the visual 

signal of flowers. The resulting different visual signals are interpreted using two well-established 

insect vision models. 

 Chapter 4 extends the optical and anatomical approaches of the previous chapters 

in a detailed study of the origin of the simultaneously glossy and matte flowers of buttercups 

(Ranunculus spp.). It was found that the coloration of glossy buttercup flowers is due to a unique 

combination of a very thin, pigmented upper epidermis, which acts as a thin film reflector, and 

an underlying starch layer that effectively backscatters incident light. It was furthermore found 
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that the contribution of the gloss to the visual signal is surprisingly small, but that the gloss might 

enhance light reflection to the center of the flowers, thereby increasing the temperature of the 

reproductive organs.

 The contribution of structural coloration to the overall coloration of flowers is continued 

in chapter 5. In this chapter, the surfaces of flowers of 50 plant species were studied using 

light and scanning electron microscopy. An imaging scatterometer was used to examine the 

spectral and spatial distribution of the reflected light. The contribution of the surface reflection 

relative to the reflection of the whole petal was examined by measuring both replicas of flower 

surfaces and intact flowers. It was found that flat and smooth surfaces reflect light directionally, 

conically shaped surfaces reflect light diffusely and striated surfaces can act as a diffraction 

grating, creating an iridescence signal. However, the contribution of iridescence to the overall 

petal reflectance is minimal and therefore the visual signal of flowers is virtually solely due to 

pigmentary coloration. 

 The second section of this thesis focuses on the biological implications of flower 

coloration and plant reproductive strategies. The first chapter of this section, chapter 6, continues 

with the role of iridescent signaling of flowers. Specifically the biological relevance of floral 

iridescence relative to the overall visual signal of flowers is discussed. 

 Chapter 7 studies the role of flower color in a large plant community in the context 

of plant-pollinator signaling. Using an exhaustive, previously published database, the degree of 

competition for pollinators by plants in a Dutch nature reserve was determined. It was found that 

pollinator-competing plants exhibit more spectral dissimilarity than non-competing plants.

 Chapter 8 discusses the fate of reproductive structures of clonally propagating plants. 

Because sexual traits in clonal plants have lost their significance, they are released from selection 

and generally decay. This chapter provides an overview of sexual trait decay in clonal plants and 

discusses different evolutionary mechanisms behind the observed trait decay. 

 Finally, in the synthesis of chapter 9, the role of spectacular visual signals in plant-

pollinator signaling is debated. Fluorescence and polarization patterns of flowers were previously 

suggested to act as a cue in plant-pollinator signaling. Similar as floral iridescence, the visual 

signal of these mechanisms is, however, negligible compared to the overall visual signal, due to 

pigmentary coloration.
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Coloration of the Chilean Bellflower, 
Nolana paradoxa, interpreted with a 
scattering and absorbing layer stack 

model

Abstract

The coloration of flowers is due to the combined effect of pigments and light-scattering 

structures. To interpret flower coloration, we applied an optical model that considers a flower as 

a stack of layers, where each layer can be treated with the Kubelka-Munk theory for diffusely 

scattering and absorbing media. We applied our model to the flowers of the Chilean Bellflower, 

Nolana paradoxa, which have distinctly different-colored adaxial and abaxial sides. We found 

that the flowers have a pigmented, strongly scattering upper layer, in combination with an 

unpigmented, moderately reflecting lower layer. The model allowed quantitative interpretation 

of the reflectance and transmittance spectra measured with an integrating sphere. The absorbance 

spectrum of the pigment measured with a microspectrophotometer confirmed the spectrum 

derived by modeling. We discuss how different pigment localizations yield different reflectance 

spectra. The absorbing layer stack model aids in understanding the various constraints and 

options for plants to tune their coloration. 

Published as: Stavenga DG and van der Kooi CJ. 2015. Planta. In press, doi 10.1007/s00425-
015-2395-0.
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Introduction

Floral coloration is in virtually all plant species due to the expressed pigments that selectively 

absorb incident light in a restricted wavelength range (e.g. Kay et al. 1981, Lee 2007). For 

example, flowers with blue-absorbing carotenoids are yellow and flowers with blue-green-

absorbing anthocyanins are purple (reviewed by Grotewold 2006). Due to the irregular shape 

and ordering of the petal’s components (e.g. vacuoles) incident light is backscattered in many 

directions. The diffuse scattering thereby provides a display that is similarly visible under many 

angles (Wehner and Bernard 1993, Lee 2007, van der Kooi et al. 2015a). 

 The pigments together with the structure of the cell complexes inside the petals and the 

flower’s thickness determine the proportion of light reflected by the flowers. Additionally, the 

epidermal surface structure slightly contributes to the flower’s appearance. When the surface is 

smooth and flat the flower is glossy, and with a papillose surface the flower is matte (van der 

Kooi et al. 2014, Papiorek et al. 2014). In other words, the visual signal of flowers depends on 

the spectral properties and concentration of the expressed pigments, but also on the structure of 

the inner elements and surface. 

  Many studies have focused on flower coloration because of its importance for visual 

signaling to pollinators. The overall floral reflectance has been documented for numerous plant 

species (e.g. Arnold et al. 2010, Dyer et al. 2012), but rather few quantitative treatments have 

been attempted to advance our understanding of how light interacts with the inner components of 

flowers (Lee 2007). Exner and Exner (1910) applied geometrical optics to various flower structures 

in a first attempt to explain flower coloration (see also Kay et al. 1981, Gorton and Vogelmann 

1996, Lee 2009, Gkikas et al. 2015). However, the inhomogeneity of the flower interior makes a 

detailed optical analysis cumbersome. The presently available powerful computational methods 

in principle allow calculation of the spectral signatures of any complex structure, but the required 

knowledge of the spatial distribution of the essential optical parameters, that is, the refractive 

index and absorption coefficient, is unavailable for any flower. The contribution of the different 

structures and layers of flowers to the overall visual signal is therefore currently unknown.

 Studies on plant leaves showed that the Kubelka-Munk theory for absorbing and 

diffusely scattering media offers an alternative approach (Kubelka and Munk 1931, Allen et 

al. 1969a,b). The central parameters in the Kubelka-Munk theory, the absorption and scattering 

coefficients of the leaves, could be derived from measured reflectance and transmittance spectra 
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(Allen et al. 1969a,b). Yamada and Fujimura (1991) expanded this method by treating a leaf as 

a stack of plates, where each plate has its individual optical properties, which allowed to non-

invasively estimate the chlorophyll content of dicotyledonous leaves. 

 Here, we present a related spectral analysis in which we treat flowers as a stack of 

absorbing and scattering optical plates. As a basic and exemplary species for our approach 

we chose the Chilean Bellflower, Nolana paradoxa Lindl., because the flower’s anatomy 

can be considered as consisting of only two, yet quite differently structured layers. Notably 

the purplish pigment in N. paradoxa occurs only in the upper epidermis, causing a distinctly 

different coloration of the adaxial and abaxial sides. With the combined Kubelka-Munk-layer-

stack method we could straightforwardly assess the spectral absorbance of the flower’s pigment. 

We discuss how the model allows a quantitative analysis of the virtues of various coloration 

strategies of flowers.

Materials and methods

Flowers and photography

Nolana paradoxa plants were grown from seeds (De Bolster, Epe, Netherlands) in pots with 

ample irrigation and temperature 20 ± 2°C under a light regime of L:D = 16:8 in the greenhouse 

of the Groningen Institute for Evolutionary Life Sciences, Groningen, Netherlands. They were 

photographed with a Nikon D70 digital camera equipped with an F Micro-Nikkor (60 mm, f2.8; 

Nikon, Tokyo, Japan) macro objective (Fig. 1a,b). Details of the flower’s epidermal surfaces 

were photographed with a Zeiss Universal Microscope (Zeiss, Oberkochen, Germany) using an 

Olympus20/0.45 objective (Olympus, Tokyo, Japan) (Fig. 1c-e). 

Floral anatomy

To examine the structure as well as the pigment distribution, we examined cross sections of the 

corolla of N. paradoxa. Small pieces of the flower were therefore embedded in a 6% solution of 

agarose (Duchefa, Haarlem, Netherlands) at ~55 ºC, i.e. near the solidification temperature, to 

provide mechanical support to the small floral elements (following Zelko et al. 2012). Together 

with the agarose, the floral element was cut to ~200 µm thick sections using a sharp razor blade.

The sections were then photographed with the Zeiss Universal Microscope in transmission mode 

(Fig. 1f). 
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Spectrophotometry

To measure the reflectance and transmittance of the flower corolla, we used an integrating 

sphere. A deuterium-halogen lamp (Avantes AvaLight-D(H)-S) delivered light, via an optical 

fiber, to the integrating sphere (AvaSphere-50-Refl). A corolla piece, positioned at the aperture 

of the integrating sphere, was directionally (and about normally) illuminated from within the 

sphere at an area with diameter ~5 mm. The reflected light was collected by a second optical 

fiber, connected to an Avaspec-2048 CCD detector array spectrometer (Avantes, Eerbeek, 

Netherlands). A white diffuse tile (Avantes WS-2) was used as a reference. For transmittance 

measurements, an area of about 1 mm of the same corolla piece was illuminated from outside 

the sphere via an optical fiber. The absorbance spectrum of the flower’s pigment was measured 

on corolla pieces immersed in water with a microspectrophotometer (MSP), consisting of a 

xenon light source, a Leitz Ortholux (Leitz, Wetzlar, Germany) microscope and the spectrometer 

mentioned above. The microscope objective was an Olympus 20/0.45. The measurement area 

was typically a square with side length ~10 µm. Due to the MSP optics, the absorbance spectra 

were limited to above ~350 nm. 

Flowers treated as a stack of scattering and absorbing layers 

In many flowers the composing material is distributed inhomogeneously in differently structured 

layers, i.e., the upper epidermis, mesophyll and lower epidermis; notably the expression of 

pigments is often confined to specific layers (e.g. Kay et al. 1981, Lee 2007). Here we consider 

a flower as to consist of separate layers that can be treated with the Kubelka-Munk theory for 

scattering and absorbing materials (Kubelka and Munk 1931). We furthermore assumed that the 

optical properties of the different layers combined (i.e. the whole flower) can be treated with the 

theory for a stack of reflecting and transmitting plates where for each layer (with number i) the 

reflectance (ri) and transmittance (ti) are known, thus allowing calculation of the stack reflectance 

(Rs) and transmittance (Ts) (Yamada and Fujimura 1991, Stavenga et al. 2006). Because the 

flower’s upper and lower epidermal surfaces slightly affect the reflectance and transmittance of 

the flowers, they were incorporated in the combined Kubelka-Munk-layer-stack modeling. Using 

measured reflectance and transmittance spectra, the modeling yielded quantitative estimates of 

the absorption parameters (Ki
* = Kidi) and scattering parameters ( =S S di i i

* ) of the layers, and 

with known thicknesses (di) the absorption coefficients (Ki) and scattering coefficients (Si) were 

derived. The detailed modeling procedures are explained in the Appendix.
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Results

Appearance and anatomy of Nolana paradoxa flowers

The flowers of the Chilean Bellflower, N. paradoxa, show a remarkably dissimilar coloration of 

the adaxial and abaxial sides. At the adaxial side, the corolla has an approximately homogeneous 

intense violet color (Fig. 1a), although in close-up view the violet coloration is patterned 

(Fig. 1c). The corolla tube has a paler color (Fig. 1a). In contrast, the abaxial side has a rather 

unsaturated violet color (Fig. 1b,d), with the vein areas being even more colorless (Fig. 1b,e). 

 To uncover the origin of the strongly asymmetric coloration, we have studied the 

anatomy of the corolla. Cross sections revealed that the violet pigment is mostly concentrated 

Figure 1: Flower of the Chilean 
Bellflower Nolana paradoxa and 
corolla pigmentation. (a) Photograph 
of the adaxial side of the flower. 
(b) Photograph of the abaxial side 
of the flower. (c) Epi-illumination 
micrograph of the adaxial epidermis, 
indicated by the black rectangle 
in (a). (d, e) Epi-illumination 
micrographs of the abaxial epidermis 
in the violet (black rectangle in (b)) 
and white area (white rectangle in 
(b)). (f) Cross section of the corolla. 
Scale bars: (a), (b) 1 cm; (c-f) 50 µm.
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in the upper epidermal cells (Fig. 1f). The cells of the upper epidermis have a papillose shape, 

whereas the cells of the lower epidermis create a smoother profile (Fig. 1f). 

Floral transmittance and reflectance

To quantify the optical properties of the N. paradoxa corolla, we measured transmittance and 

reflectance spectra with an integrating sphere, applying first illumination of the adaxial side. 

Different locations yielded very similar spectra (Fig. 2a).

 We interpreted the measured spectra of the corolla with a combined Kubelka-Munk-

layer-stack model consisting of four layers: the upper surface (layer #1), a pigmented layer (#2), 

an unpigmented layer (#3), and the lower surface (#4); see the Appendix, Fig. 7b. First we 

investigated the contribution of the corolla’s surfaces. The reflectance from the petal interior 

is minimal in the wavelength range where absorption is extreme, that is, in the ultraviolet. The 

remaining reflectance, which must be mainly due to the surface, was no more than a few percent, 

in good correspondence with the modeling that yielded as an estimate ~0.03 for the surface 

reflectance in the ultraviolet. This value is quite compatible for plant material with refractive 

index of 1.40-1.45 facing air (Gausman et al. 1974). Assuming that the surface reflectance is 

about wavelength independent, we used in the further modeling for both layers 1 and 4 constant 

reflectance values = =r r1 4 0.03 and hence transmittance values = =t t  1 4 0.97. 

 The anatomy indicated that layer 3 was virtually pigmentless (i.e. the absorption 

coefficient K3 = Ku = 0). The colorless light scattering of this layer suggested a constant, 

wavelength-independent scattering parameter. We considered a few different scattering 

parameters, =S S3
*

u
*  = 0.0, 0.1, 0.2, or, the reflectance r3 = ru ( )= +S S/ 1  u

*
u
* = 0.0, 0.09, 0.17 

and the transmittance ( )= = +t t S1/ 1  3 u u
* = 1.0, 0.91, 0.83 (Appendix Eqs. 10a,b). We note 

here that the value Su
*  = 0.0 is in fact an extreme and irrealistic value, because it means that layer 

3 is negligible, as with zero absorption and scattering it does not contribute to the flower optics. 

Consequently, the interior of the corolla then behaves as a single, homogeneously pigmented 

layer.

 As explained in the Appendix (Eqs. 16a,b), we calculated the transmittance (tp) and 

reflectance (rp) spectra for the pigmented layer (#2) by combining the reflectance and transmittance 

properties of layers 1, 3 and 4 with the averaged transmittance ( Tad ) and reflectance ( Rad ) 

spectra measured of the adaxial side of the corolla (Fig. 2a,b). Subsequently, using Appendix 

Eqs. 6a-c, we derived from the tp- and rp-spectra the absorption ( Kp
* ) and scattering ( Sp

* ) 
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parameters of the pigmented layer (Fig. 2c). The absorption parameter spectra demonstrated 

that the pigment responsible for the flower’s purple color strongly absorbs in the blue-green 

wavelength range, much less in the violet, and very strongly in the ultraviolet. The absorption 

parameter spectra of layer 2 calculated with scattering parameter values Su
*  = 0.0, 0.1, and 0.2 

only slightly differed. The calculated scattering parameter spectra of layer 2 showed distinct 

troughs in those wavelength ranges where absorption is severe; the spectra varied more strongly 

(Fig. 2c). 

Figure 2: Optical characteristics of 
a Nolana paradoxa flower. (a) Two 
transmittance (Tad) and reflectance 
(Rad) spectra of the adaxial side of a 
corolla measured with an integrating 
sphere. (b) Transmittance (tp) 
and reflectance (rp) spectra of the 
pigmented layer calculated from the 
average of the measured transmittance 
( Tad ) and reflectance ( Rad ) spectra, 
using three values for the scattering 
parameter of the unpigmented layer 
( Su

* ). (c) Absorption ( Kp
* ) and 

scattering ( Sp
* ) parameter for the 

pigmented layer calculated from the 
layer’s transmittance and reflectance 
spectra of (b).
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Absorbance spectrum of N. paradoxa’s pigment

To investigate the pigment of N. paradoxa more directly, in addition to the calculations of the 

pigment absorption spectra using integrated sphere measurements, we immersed pieces of 

the corolla in water. The immersion served to remove the air from the corolla and thus, by 

annihilating the refractive index differences, to largely reduce light scattering by the corolla 

tissue. The absorbance spectrum measured with a microspectrophotometer (Fig. 3) closely 

resembled that of the calculated absorption parameter ( Kp
* ) spectra of Fig. 2c. 

 If the Kp
* -spectra had been measured in a homogeneously pigmented, non-scattering 

medium with absorption coefficient K and thickness d, the absorbance (or optical density) would 

have been D = 0.4343Kd = 0.4343K* (see the Appendix). We therefore converted the Kp
* -spectra 

into absorbance spectra, and indeed the resulting spectra closely approximated the spectrum 

obtained from the immersed tissue (Fig. 3). As indicated by Fig. 3, with the latter approach we 

were able to determine the absorbance spectrum in the full ultraviolet-visible-wavelength range, 

which was not possible with our microspectrophotometer.

Transmittance and reflectance spectra of the corolla’s abaxial side 

To quantitatively investigate the effect of the asymmetrical localization of the pigment on the 

reflectance of the opposite sides of the corolla, we also studied the case when the incident light 

was coming from the abaxial side. The transmittance spectra then measured with the integrating 

sphere (Tab) were very similar to the transmittance spectra obtained with adaxial illumination 

(Tad) (Figs. 2a, 4a; see also the Appendix). However, the measured abaxial reflectance spectra 

severely deviated from the adaxial spectra (Fig. 4b). 

 To understand the measured spectra quantitatively, we calculated the abaxial reflectance 

with the four layer model, using the same parameter values as in the previous modeling of the 

adaxial spectra. The parameter set derived with Su
*  = 0.0 yielded a reflectance spectrum of the 

abaxial side identical to the average of the two reflectance spectra measured of the adaxial side 

( Rad ; Fig. 2a, 4b); this can be directly understood, because the latter spectrum was used in 

the calculation procedure of the parameter value set, which implicitly assumed a homogeneous 

corolla. The reflectance spectrum calculated with Su
*  = 0.1 corresponded well with the spectrum 

measured from an area in between the veins (Fig. 4b, red curve), and the spectrum calculated 

with a scattering parameter value Su
* = 0.2 approximated the spectrum measured from a vein 

area (Fig. 4b, blue curve). 
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Discussion

Flowering plants advertise their presence to pollinators by displaying colorful flowers. The 

flower’s inner structures crucially determine the proportion of backscattered and reflected 

light, and the floral pigments modulate the spectral distribution of the backscattered light by 

wavelength-selective absorption, thereby creating spectral contrast with the surrounding plant 

structures (e.g. Chittka and Menzel 1992, Dyer et al. 2012, van der Kooi et al. 2015b).

To gain insight into the consequences of the various ways of pigmentation and scattering 

encountered in flowers, we measured reflectance and transmittance spectra of N. paradoxa 

with an integrating sphere. We analyzed the spectra with a combined Kubelka-Munk-layer-

stack model by treating the corolla as a stack of four layers: two scattering layers, with pigment 

only in the upper layer, in between two reflecting surface layers. The modeling showed that the 

surface reflectance was only a few percent, which is probably due to the shape of the epidermal 

cells (Fig. 1f). The cone-shaped epidermal cells are generally assumed to focus incident light at 

their pigment (Gorton and Vogelmann 1996), thus causing the local variations in color patterns 

observed with epi-illumination (Fig. 1c). However, corolla pieces immersed in fluid clearly 

demonstrated that the pigment in the upper epidermis is variably concentrated in the epidermal 

cells, resulting in a somewhat patterned image in close-up view (Fig. 1c). An additional and 

probably functionally more important consequence of the conical shape of the epidermal cells is 

Figure 3: Absorbance 
spectrum measured by 
microspectrophotometry 
of a N. paradoxa corolla 
immersed in water (imm) 
compared with absorbance 
spectra calculated from the 
absorption parameter ( Kp

* ) 
of Figure 2c.
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the scattering of incident light into a large spatial angle (van der Kooi et al. 2014, Papiorek et al. 

2014), resulting in a matte display that is equally visible from many sides (Wehner and Bernard 

1993, van der Kooi et al. 2015a). The local inhomogeneities of the flower interior are another 

important source of light scattering by the flower’s tissue.

The reflectance spectrum of the abaxial side measured at an area in between the veins 

could be described by a scattering parameter value of the corolla interior’s unpigmented layer 

Su
* ~0.1, in combination with a scattering parameter of the pigmented layer, which in the long-

wavelength asymptote is Sp
* ~0.5; for a vein area the corresponding values are Su

* ~0.2 and Sp
*

~0.4, respectively. In other words, scattering by the pigmented layer and also by the vein areas is 

strong, because their interior is very inhomogeneous. Scattering by the tissue of the unpigmented 

layer in between the veins is relatively modest. 

From the scattering parameters and the thicknesses of the two interior layers the 

associated scattering coefficients of the two layers follow. Taking for both layers effective 

thicknesses of ~40 µm (Fig. 1f), the scattering coefficients of the unpigmented and pigmented 

layer for the two cases become Su ~2.5 mm-1 and 5.0 mm-1 and Sp ~12.5 mm-1 and 10.0 mm-1, 

respectively. At the green absorption peak wavelength (λmax = 545 nm) the pigment’s absorption 

parameter is Kp
* ~1.4, so that the absorption coefficient at the peak wavelength is ~35 mm-1. 

Interestingly, similar values were derived from other flowers (Chapter 3). 

The modeling allowed quantitative insight into the flower tissue optics. As predicted for 

a layer stack, the measured transmittance spectra for different locations and side of illumination 

were very similar, but the reflectance spectra of both sides were very different (Fig. 4b). 

Reflectance spectra calculated with the parameter set derived from the adaxial measurements 

generally agreed with the measured spectra, but minor deviations remained. The calculations 

assumed that the scattering parameter in the mesophyll layer was a constant, but the scattering 

probably slightly depends on the wavelength. Also, the chosen approach has some limitations. 

Firstly, the Kubelka-Munk theory is based on the assumption that the light flux in the media 

is diffuse, that is, perfectly random. However, in both the reflectance and transmittance 

measurements with the integrating sphere, the illumination was directional and about normal 

to the corolla surface. The light flux in the corolla interior will become rapidly diffuse, but this 

might not yet be the case in the very first, epidermal layer. Furthermore, the inhomogeneously 

distributed pigmentation will impair a perfectly diffuse light flux. Nevertheless, the very different 

colors of both sides of the corolla and the associated reflectance spectra are well explained by the 
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asymmetric pigment localization and layering of the corolla interior. An asymmetric distribution 

of pigments is observed frequently throughout the plant kingdom (e.g. Lee 2007) and may serve 

an economical function. 

 To investigate the differences between various distributions of pigments quantitatively, 

we have calculated reflectance spectra for three flower cases (Fig. 5): a - asymmetric pigment 

distribution with two equally thick layers, one pigmented and one unpigmented (as in N. 

paradoxa); h - homogeneous pigment distribution throughout the petal, with the same total 

amount of pigment and scattering parameter; s – symmetric pigment distribution, where the 

same amount of pigment is equally deposited in two layers, adaxially and abaxially, with in 

between the purely scattering layer of the first case. We considered for all three cases the two 

Figure 4: Transmittance and 
reflectance spectra of the abaxial 
side of a N. paradoxa corolla. 
(a) Two transmittance spectra 
measured with an integrating 
sphere (Tab) together with 
the average ( Tad ) of the two 
transmittance spectra measured 
from the adaxial side (Fig. 2a). (b) 
Two reflectance spectra measured 
with an integrating sphere (Rab; 
blue: from a vein area, red: from 
an area in between veins) together 
with reflectance spectra calculated 
for illumination from the abaxial 
side using the reflectances and 
transmittances of the various layers 
calculated with the different values 
of the scattering parameter of the 
unpigmented layer. The reflectance 
spectrum calculated with scattering 
parameter Su

*  = 0.0 yields the 
averaged (measured) adaxial 
reflectance ( Su

* ); see text.
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previously encountered scattering parameters of the unpigmented layer, Su
* = 0.1 (Fig. 5a,c) and 

0.2 (Fig. 5b,d). 

 For each of the three cases, the calculated adaxial and abaxial transmittance spectra 

are of course identical (Fig. 5a,b). The calculated adaxial (Rad) and abaxial (Rab) reflectance 

spectra are identical for both the homogeneous and symmetric case, and the spectral differences 

between the two cases are small. However, an asymmetric localization of pigment yields very 

different adaxial and abaxial reflectance spectra, and hence very different colors of both sides 

Figure 5: Transmittance and reflectance spectra of a few differently organized model flower 
petals. (a,b) Transmittance (T) and adaxial reflectance (Rad) spectra. c, d Abaxial reflectance (Rab) 
spectra. The spectra are calculated for two values of the scattering parameter of the unpigmented 
layer, Su

* : 0.1 (a, c) and 0.2 (b, d). The three model petals had the same amount of pigment and 
scattering distributed asymmetrically (a), homogenously (h), or symmetrically in the adaxial and 
abaxial layer (s).
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(Fig. 5c,d). Clearly, with pigment localized on only one side, the light reflected by that side is 

more saturated than when the pigment is distributed homogeneously or symmetrically (Fig. 5). 

This is because the asymmetrically located pigment is most efficiently used with illumination 

of the pigmented side: the light backscattered by the unpigmented layer traverses the pigmented 

layer twice. Pollinators are capable of detecting very small differences in floral spectra and are 

especially sensitive for the degree of saturation (Lunau 1990, Renoult et al. 2013, Rohde et al. 

2013). Obviously, for flowers that will be visited by pollinators from only one side the most 

efficient strategy is an asymmetrical deposition of pigment. 

 In conclusion, the combined Kubelka-Munk-layer-stack model allows a heuristic 

quantitative understanding of flower coloration. It enables a quantitative analysis of the 

relative importance of pigmentation and scattering. The approach presented here will help us 

to understand how plants can optimize their coloration for attracting pollinators as well as to 

explain the functional causes as to why plants use various flower coloration strategies.

Appendix 

Kubelka-Munk theory of absorbing and scattering media

The light flux in a flower was modelled by using the Kubelka-Munk theory for absorbing and 

scattering media (Kubelka and Munk 1931), which assumes a homogeneous, pigmented slab 

with thickness d, and with absorption coefficient K and scattering coefficient S for randomly 

propagating light (Fig. 6a). Light entering the medium will be partly absorbed and scattered, 

resulting in a diffuse forward propagating light flux I and a backward propagating light flux J. 

The change in these light fluxes in an infinitesimal layer with thickness dx is described by:

( ) ( ) ( ) ( ) ( )+ = − − +I x dx I x KI x dx SI x dx SJ x dx     (1a)

( ) ( ) ( ) ( ) ( )= + − − +J x J x dx KJ x dx SJ x dx SI x dx     (1b)

or,

( )= − + +dI dx K S I SJ/        (2a)
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( )= − + +dJ dx SI K S J/        (2b)

The general solution of the two coupled linear differential equations is, assuming a unit incident 

light flux, I0 = 1 at x = 0, and a zero backward light flux Jd = 0 at x = d:

{ }( ) ( ) ( ) ( ) ( )= + − − − − −I x a b c d x a b c d x Nexp exp /    (3a)

{ }( ) ( ) ( )= − − − −J x c d x c d x Nexp exp /     (3b)

with 

( ) ( ) ( ) ( )= + − − −N a b cd a b cdexp exp      (3c)

and    

= +a K S1 / , = −b a 12 , =c bS                (3d)

Normalizing all parameters to the total thickness d, Eqs. 3a-d yield 

( ) ( ) ( ) { }= − + − +I x A B x B B x A B B B{ sinh 1 cosh 1 }/ sinh cosh  * * * * * * * * * * * . (4a)  

( ) ( ) { }= − +J x S B x A B B Bsinh 1 / sinh cosh* * * * * * * *    (4b)

where

=S Sd* , =A aS* * , = =B bS cd* * , x* = x/d    (4c)

 As an example, Figs. 6b,c present the forward and backward light fluxes, calculated 

with Eqs. 4a-c, as a function of the normalized distance x* for a number of values of the ratio 

of the absorption coefficient and scattering coefficient, r = K/S = 2n, with n varying between -4 

and +4, assuming a scattering parameter S* = 1. It follows from Eqs. 4a-c that the reflectance R 

= J0 and the transmittance T = Id are:

( ) ( )= +R S B A B B Bsinh / sinh cosh* * * * * *      (5a) 

( )= +T B A B B B/ sinh cosh* * * * *       (5b)
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Figure 6: (a) Diagram for the 
light flux in a homogeneous, 
but scattering medium in a 
plate with thickness d, used 
in Kubelka-Munk theory. I is 
the light flux in the forward 
direction with I0 the incident 
light. J is the flux in the 
backward direction. (b) The 
forward light flux, I, in a 
homogeneous but absorbing 
and diffusively scattering 
medium, with thickness 
d, absorption coefficient K 
and scattering coefficient S, 
presented as a function of the 
normalized depth x* = x/d. 
In this example, a unit light 
flux enters the medium, the 
scattering parameter S* = Sd 
has the value S* = 1, and 
the ratio of the absorption 
coefficient and scattering 
coefficient is r = K/S = 2n, 
with n varying between -4 
and +4; in the absence of 
absorption n = -∞: K = 0. (c) 
The backward light flux, J, 
associated with the forward 
light flux of (b).
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From Eqs. 5a,b the scattering and absorption parameters can be derived (Yamada and Fujimura 

1991):

{ }( )( )= − −S a b R T b[ln 1 / ] /*       (6a)

and

( )= −K a S1* * ,       (6b)

with 

( ) ( )= + −a R T R1 / 22 2 , = −b a 12      (6c)

Therefore, when the thickness d is known, the scattering and absorption coefficients, S and K, 

can be obtained by measuring the reflectance and transmittance spectra. 

 The general Kubelka-Munk case has two extreme limits, namely no scattering (S 

= 0) and no absorption (K = 0). When S = 0, there is only a forward light flux, or J(x) = 0 

throughout the medium. Then Eq. 2a yields ( ) ( )= −I x Kxexp , the classical Lambert-Beer law. 

The absorbance (or optical density) of a layer with thickness d then is  D = -log10( ( )−Kdexp  = 

0.4343Kd = 0.4343K*, with Kd = K*.

 When K = 0, Eqs. 2a and 2b yield 

( )= = − =dI dx dJ dx S J I/ / const      (7)

Hence, with I0 = 1 and Jd = 0, it follows that

( ) ( )= +I x Sx Sd/ 1        (8a)

( ) ( ) ( )= − +J x S d x Sd / 1         (8b)

or, with Eq. 4c:

( ) ( )= − +I x S x S1 / 1* * * *        (9a)

( ) = −J x S x(1* * * )/ ( )+ S 1 *        (9b)

The reflectance and transmittance of the slab then are 

( )= +R S S/ 1* *        (10a)
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T  = 1/(1+ S* )       (10b)

For a non-absorbing medium, the scattering parameter thus follows directly from its reflectance

  ( )= −S R R/ 1*        (11)

and, when the thickness d is known, the scattering coefficient S = S*/d is immediately obtained.

Reflectance and transmittance of a stack of layers

We consider a stack of n layers, where each layer i has a characteristic reflectance ri and 

transmittance ti for forward propagating light Ii, and si and ui for backward propagating light Ji 

(Fig. 7a,b). Hence

= ++ +I t I s Ji i i i i1 1        (12a)

Figure 7: Light propagation in a stack of four layers as a model for the flower of N. paradoxa. (a) 
The model flower consists of an upper surface (ups), a pigment layer (pig), an unpigmented layer 
(unp), and a lower surface (los). (b) Each layer in (a) (with number i = 1-4) has characteristic 
reflectances ri and si and transmittances ti and ui, with forward incident and transmitted light fluxes 
Ii and Ii+1 and backward incident and transmitted light fluxes Ji+1 and Ji. The forward and backward 
light fluxes between the layers are sums of transmitted and reflected components.
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and = ++J u J r Ii i i i i1           (12b)

Eqs. 12a,b are equivalent to (see Yamada and Fujimura 1991)

Ii+1
Ji+1

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
= Mi

Ii
J j

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

,  with   Mi =
1
ui

uiti − risui si
−ri 1

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

  (13)

Although in general the reflectance values ri and si as well as transmittance values ti and ui may 

differ, we may assume that layers can be chosen so that si = ri and ui = ti. The layer transfer 

matrix then is

Mi =
1
ti

ti
2 − ri

2 ri
−ri 1

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

       (14)

 

For a stack of n layers Eq. 13 yields

In+1
Jn+1

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
= Ms

I1
J1

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

,  

with Ms = MnMn-1...M1  = Mn+1−i =
m11 m12
m21 m22

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥i=1

n

∏    (15)

For illumination from above (the side of plate 1 in Fig. 7a), the stack transmittance is 

= +T I I/na 1 1 and the stack reflectance is =R J I/a 1 1 . With =+J 0n 1  and det(Ms) =det(Mi) = 1 it 

then follows that =T m1/a 22  and = −R m m/a 21 22 . For illumination from below, i.e., the side of 

plate n, Eq. 15 also holds, because of reversibility of light rays, but now the stack transmittance 

is = +T J J/ nb 1 1  and the stack reflectance is = + +R I J/n nb 1 1 . With =I 01  it then follows that 

=T m1/b 22  and =R m m/b 12 22 . In other words, the transmittances are the same for illumination 

from either side of a stack, T = Ta = Tb, but the reflectances may be different. 

The stack transfer matrix Ms , defined by

T
0

⎛

⎝⎜
⎞

⎠⎟
= Ms

1
Ra

⎛

⎝
⎜

⎞

⎠
⎟  or  

Rb
1

⎛

⎝
⎜

⎞

⎠
⎟ = Ms

0
T

⎛

⎝⎜
⎞

⎠⎟
,   (16)
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can be determined by measuring the transmittances and reflectances, because

Ms =
1
T

T 2 − RaRb Rb
−Ra 1

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

.      (17) 

We note that this matrix has the same formal shape as that for a single layer (Eq. 14) when the 

reflectances for illumination from above and below are equal, Ra = Rb. Finally, when the optical 

properties of a single layer with number j are unknown, its transfer matrix Mj can be derived 

from M j = Mi
−1Ms Mi

−1

i=1

j−1

∏
i= j+1

n

∏      (18)

so that the transmittance and reflectance of layer j then can be obtained with i = j from Eq. 14.

 As an alternative to the above formal analysis, a slightly more intuitive approach is 

outlined below. Eqs. 12a,b yields that the transmittance parameter of each layer is 

τ ρ( )= = −+ +I I t s/  / 1i i i i i i1 1        (19a)

and the reflectance parameter is

ρ ρ τ= = + +J I r u / i i i i i i i1        (19b)

With si = ri and ui = ti

ρ ρ τ= + +r ti i i i i1        (20a)

and

τ ρ( )= − +t r/ 1i i i i 1        (20b)

From Eqs. 20a,b it follows that

ρ ρ ρ= + −+ +r t r  /(1 )i i i i i i
2

1 1        (21a)
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and equivalently that  

ρ ρ ρ )= − + −+ r t r r ( ) / (  ]i i i i i i i1
2       (21b)

 With light incident only from one side, Jn+1 = 0, or, ρn+1 = 0, so that, when the reflectance 

and transmittance values for all layers are known, the stack reflectance Rs = J1/I1 = ρ1 is obtained 

by subsequently calculating ρi for i = n, n-1,.., 2, 1. The transmittance Ts ∏τ= =+I I /n

n

i1 1
1

 

follows from Eq. 20b by subsequently calculating τ i  for i = 1, 2,.., n.

 For the special case of N. paradoxa, layers 1 and 4 are the surfaces of the adaxial and 

abaxial epidermis. Layers 2 and 3 are inhomogeneous and thus will scatter propagating light. 

Layer 3 is assumed to be unpigmented, and therefore the reflectance and transmittance values are 

determined by only the scattering coefficient, which will be about constant, that is, independent 

of the light wavelength. The reflectance and transmittance of layer 3 hence are described by Eqs. 

10a,b. However, in the pigmented layer 2 the absorption and scattering coefficient, and thus its 

reflectance and transmittance, will be wavelength dependent.

 We can estimate the reflectance and transmittance of layer 2 with the procedure outlined 

below. We therefore consider again a stack of n layers, but now the reflectance and transmittance 

of all layers are known except one, that with number j. Then, with illumination from the side of 

layer 1, by measuring the stack reflectance Rs = ρ1, we can calculate ρi with i = 2, 3…j by using 

Eq. 21b with i = 1, 2,…j-1. The other reflectance parameters ρi can be calculated by using Eq. 

21a and ρn+1 = 0, going from i = n, n-1, …to i = j+1. Subsequently, with Eq. 20b we can calculate 

τi for i = 1…j-1 and i = j+1…n. By measuring the stack transmittance Ts, we then can calculate 

∏ ∏τ τ τ=
−

+
T /  j

j

i
j

n

is
1

1

1

.

 Having thus obtained the compound reflectance and transmittance parameters ρj and 

τj, we can derive the reflectance and transmittance of layer j, rj and tj, because Eqs. 20a,b are 

equivalent to

 t j = τ j (1−ρ jρ1τ j
2( ) / 1−ρ j+12 τ j2⎡
⎣⎢

⎤
⎦⎥      (16a)

and

 ρ ρ τ= − +r tj j j j j1        (16b)

Finally, with rj = R and tj = T we derive from Eq. 6a-c the scattering and absorption parameters of 

layer j, S* and K*, and with the thickness d of layer j, the scattering and absorption coefficients 

S = S*/d and K = K*/d are obtained.
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Chapter 3

How to color a flower - On the optical 
principles of flower coloration

Abstract

The coloration of flowers is an important component of plant-pollinator signaling. In order 

to understand the ecology and evolution of floral visual signals, a clear characterization of 

the optical principles of flower coloration is essential. The coloration of flowers is due to the 

wavelength-selective absorption by pigments of light backscattered by structures inside the petals. 

We investigated the optical properties of flower coloration using (micro)spectrophotometry, 

anatomical methods and optical modeling. We show that the intensity of the reflected light 

(brightness), which is characterized by the flower’s reflectance, is the combined effect of the 

flower’s thickness as well as the inhomogeneity of the interior. Despite large between-species 

differences in flower physiology and floral pigments, the fractions of reflected and transmitted 

light are similar between the studied flowers. Our optical model showed that the absorption by 

pigments and the strength of the visual signal strongly depend on the localization of pigment, 

suggesting different pigment localization strategies are optimal under different ecological 

circumstances. We use insect vision models to interpret the effect of thickness, inhomogeneity 

and pigment localization of flowers on optimal floral signaling. 
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Introduction

Plants attract pollinators by displaying distinctly colored flowers (Faegri and Van der Pijl 1979, 

Chittka and Menzel 1992). The colors of flowers and their pollination system have been studied 

in many experiments, providing valuable insight into the complex nature of plant-pollinator 

interactions (e.g. Menzel and Shmida 1993, Chittka et al. 1994, Lunau et al. 2011, Dyer et al. 

2012, Ohashi et al. 2015, Papiorek et al. 2015, van der Kooi et al. 2015b). Accordingly, the 

colors of numerous flowers, characterized by their reflectance spectrum, have been reported, but 

the underlying optics, i.e. the complex interaction of light with the inner components of flowers, 

has so far received much less attention. A quantitative understanding of flower coloration is, 

nonetheless, essential in order to understand the ecology and evolution of flower coloration.

 Flower coloration is due to the combined effect of wavelength-selective absorption by 

pigments and light scattering by the petal interior (Kay et al. 1981, Lee 2007, van der Kooi et al. 

2014). As every color signal, the color of a flower has three characteristics, namely hue (e.g. blue, 

yellow or red), saturation (spectral purity) and intensity (brightness). The hue and saturation of 

flowers are determined by wavelength-selective absorption by pigments. The reflected light in 

the complementary wavelength ranges thus determines the color of the flowers. Specifically, 

flowers with a low concentration of pigments have a pale color and the effectiveness of the 

pigmentary filtering depends on the localization of the pigment (Chapter 2). Backscattering of 

light occurs through the irregularly structured inner petal components (e.g. the vacuoles and air 

spaces) and will in general increase with petal thickness or inhomogeneity (Fig. 1). Transmission 

of light will decrease with increasing petal thickness or inhomogeneity. Flower coloration is thus 

due to a combination of pigment concentration, pigment localization, scattering structures and 

flower thickness, yet the contribution of these different aspects to the overall visual signal of 

flowers remains unknown. 

 In this study, we illustrate and quantify different aspects of flower coloration with 

the aim to gain insight into how flower coloration is achieved. We first provide an overview 

of the general optical characteristics of flowers (i.e. the fractions of reflected, transmitted and 

absorbed light), absorbance spectra and different types of pigment localization. To understand 

the functional consequences of different pigment localizations and amounts of scattering, we 

use an optical model where we treat a petal as a stack of layers, where each layer has specific 

absorption and scattering characteristics (Chapter 2). We calculate the scattering for each 
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layer using the Kubelka-Munk theory for absorbing and scattering media, which has proven 

to be useful in modeling plant leaf optics (e.g. Yamada and Fujimura 1991). The differences in 

reflectance spectra due to changes in pigment localizations and reflectance values are interpreted 

with theoretical models for bee vision.

Materials and Methods

Plant material and photography

Flower samples were obtained from meadows and roadsides around Groningen, grown from 

seeds (obtained from the Botanical Garden of Nijmegen, the Netherlands and De Bolster, Epe, 

the Netherlands) and taken from the Botanical Garden in Haren, the Netherlands. Flowers were 

photographed with a Nikon D70 digital camera equipped with an F Micro-Nikkor (60 mm, 

f2.8) macro objective (Nikon, Tokyo, Japan). Petal details were photographed with an Olympus 

SZX16 stereomicroscope equipped with an Olympus DP70 digital camera (Olympus, Tokyo, 

Japan) or a Zeiss Universal Microscope (Zeiss, Oberkochen, Germany) with a Mueller DCM510 

camera (Mueller Optronic, Erfurt, Germany). 

Spectrophotometry

To quantify the total reflectance and transmittance of the floral elements, we used an integrating 

sphere (AvaSphere-50-Refl). The dominant colored flower areas were mounted with the display 

Figure 1: Directional and diffuse reflection 
by a flower. Simplified diagram of the 
propagation of incident light in a flower petal. 
A small part of the light is reflected by the flat 
surface (Rs) of the adaxial side of the petal 
(ad), but reflections and refractions inside the 
petal at the boundaries of irregularly arranged 
petal cell components of the mesophyll layer 
(ml) result in diffusely scattered light (Ri). 
The light that is not reflected or absorbed is 
transmitted (T) through the abaxial side of the 
petal (ab).
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side (generally the adaxial surface) facing the detector. For reflectance measurements the floral 

element was about perpendicularly, directionally illuminated via an optical fiber from within the 

sphere, on the middle of the flower sample, with diameter of the illuminated area about 5 mm. 

A white diffuse tile (Avantes WS-2) was used as reference. For transmittance measurements the 

petal was perpendicularly illuminated from outside the sphere, with diameter of the illuminated 

area about 1 mm. The spectrometer was an Avaspec-2048 CCD detector array spectrometer 

(Avantes, Eerbeek, the Netherlands) and the light source was a deuterium-halogen lamp (Avantes 

AvaLight-D(H)-S). We measured the reflectance (R) and transmittance (T) of the flowers, and we 

calculated the absorptance of the pigments with A = 1-T-R. Several measurements were taken 

from floral elements of two to five plants; the shape of the spectra was virtually constant and the 

amplitude varied a few percent. 

 The absorbance spectra of flowers were measured with a microspectrophotometer 

(MSP). Prior to the measurement, the petals were immersed in water or immersion oil; both 

immersion methods yielded very similar results. The measurement area was a square with side 

length ~10 µm.  The MSP consisted of a xenon light source, a Leitz Ortholux microscope and the 

spectrometer. The microscope objective was an Olympus 20x (NA 0.45) and the white diffuse 

tile served as reference. 

Floral anatomy

The thickness of the floral elements was measured using a caliper. We placed a piece (one petal/

ligule for small flowers or 1 cm2 for a large flower) of the element in between two cover glasses 

and measured the thickness at five points. Similar as reflectance and transmittance measurements, 

thickness values were obtained for floral elements from at least two different plants. To test if the 

caliper systematically overestimated the thickness of the floral element because the cover glasses 

rested on the veins of the flower, we verified the thickness values obtained for floral elements 

from five species using the Zeiss microscope (objective Epiplan 16/0.35). The microscope was 

focused on the surface in between two veins and the difference in focus needed to obtain a sharp 

picture of a nearby vein was used to calculate the thickness difference. Although sometimes 

veins were indeed thicker than areas in between veins, in some cases the veins were lower than 

the surface of the surrounding cells. More importantly, the difference in thickness between 

veins and areas in between veins was always < 30 µm, which was well within the variation of 
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the thickness values measured with the caliper. Furthermore, thickness values similar to those 

measured with the caliper were obtained from cross sections, so we concluded that the caliper 

yielded reliable thickness values. 

 To assess the pigment distribution within the floral elements, we examined cross 

sections of several flower pieces. We embedded small pieces of the flower in a 6% solution of 

agarose (Duchefa, Haarlem, The Netherlands) at a temperature near the point of solidification 

(approx. 55 ºC), to provide mechanical support to the small floral elements and thereby preventing 

the sample from rotating or curling (following Zelko et al. 2012). The floral elements were 

positioned parallel to the longitudinal axis of the mould, and after removing the mould samples 

were cut together with the agarose using a sharp razor blade. This resulted in a transverse cross 

section of the floral element, which was then examined under the Zeiss microscope using the 

Olympus 20x (NA 0.45) objective. 

Modeling petal reflectance and transmittance

We modeled the reflectance and transmittance of the petals by considering a petal as a stack of 

absorbing and scattering layers. We therefore combined the Kubelka-Munk theory (Kubelka and 

Munk 1931), with a calculation procedure for a stack of absorbing and reflecting layers (Yamada 

and Fujimura 1991, Stavenga et al. 2006, Chapter 2). Although the Kubelka-Munk theory was 

developed for diffuse light, and the illumination applied in the integrating sphere was directional, 

we assume that the incident light becomes readily diffuse, due to the highly irregular surfaces 

and interiors found in virtually all flowers (Kay et al. 1981, Wehner and Bernard 1993, Horváth 

et al. 2002, Lee 2007, van der Kooi et al. 2014, van der Kooi et al. 2015a). 

 In our optical model, we used a wavelength-independent scattering coefficient that was 

uniform for the different layers of the flower. It should be noted, however, that the scattering 

parameter between different layers and pigmented vs. unpigmented layers can be different (for 

details, see Chapter 2). Although a fully quantitative, detailed optical analysis requires much 

more exhaustive anatomical and optical studies, the present heuristic modeling allows semi-

quantitative insight into the optics of flower petals. 

Vision models

The reflectance spectra for differently pigmented model flowers were interpreted with a bee-

subjective view using two well-established vision models, i.e. the color hexagon (CH) model 
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(Chittka 1992) and the receptor noise-limited (RNL) model (Vorobyev and Osorio 1998), using 

the AVICOL software (Gomez 2006). In both models crucial quantities are the quantum catches 

by the set of photoreceptors. For a visual system viewing a colored surface, the photoreceptor 

quantum catches are given by:

∫ λ λ λ λ( ) ( ) ( )=Q k S R D di i i
       (1)

where Si(λ) denotes the spectral sensitivity function of photoreceptor type i (UV, blue and green), 

R(λ) denotes the spectral reflectance function of the stimulus, and D(λ) denotes the spectral 

distribution of the illuminant. We used the bee photoreceptor sensitivity spectra measured 

by Peitsch et al. (1992) fitted with the Govardovskii et al. (2000) rhodopsin template and the 

daylight spectrum D65 (Wyszecki and Stiles 1982). We performed the calculations over the 

wavelength range 300-700 nm using dλ = 1 nm bins. ki is a scaling factor chosen so that quantum 

catches equal 1 for the background spectrum to which the photoreceptors are adapted:    

 
∫ λ λ λ λ( ) ( ) ( )=k S R D d1 /i i b        (2)

The photoreceptor’s relative quantum catch (qi), i.e. the photoreceptor-specific contrast of a 

stimulus ( Qi
s  ) against a background (Qi

b ), is given by

=q
Q

Q
 i
i

i

s

b          (3)

We used a standard background of green leaves. The excitation level of the photoreceptors, Ei, is 

calculated according to the equation
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         (4)

From the photoreceptor excitations the hexagon coordinates, X and Y, are calculated:

( )= −X E E 3  / 2G UV  and ( )= − +Y E E E  0.5  B UV G     (5)

The color contrast values are subsequently calculated as the Euclidean distance between two 

points in the color hexagon.

 Color contrast values were also calculated using the RNL model (Vorobyev and Osorio 

1998). The basis of the RNL model is the noise to signal ratio of each photoreceptor, denoted by 

ω. We used the values accepted for the three honeybee photoreceptors (ωUV = 0.13; ωB = 0.06; ωG 

= 0.12; Vorobyev et al. 2001). The color contrast, dS, between two spectral stimuli is then given 

by 
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          (6)dS = (
ωUV

2 (∆QG − ∆QB)2 + ωB
2  (∆QG − ∆QUV )2 + ωG

2 (∆QUV − ∆QB)2

(QUV  QB)2 + (QUVQG )2 + (QB QG )2
)

1
2

 Behavioral tests with bees showed that a minimum color contrast is needed in order for 

a bee to discriminate the stimulus from the background, and that larger color contrast values are 

discriminated with more accuracy. For the CH model the threshold value is generally assumed to 

be 0.07 hexagon units (Dyer 2006) and for the RNL model the threshold value is 2.3 (Vorobyev 

et al. 2001). 

Results

Reflectance, transmittance and absorptance of flowers

We investigated the flowers of 38 plant species from 22 angiosperm families (Table 1). Figure 2 

presents the spectra of four differently colored exemplary flowers. Flowers that appear white to 

the human eye had always a low UV reflectance (Fig. 2a, S1; see also Chittka et al. 1994, Kevan 

et al. 1996). The blue, yellow and red flowers yielded a high reflectance in the short, medium 

and long wavelength range, respectively, and occasionally featured an additional high ultraviolet 

(UV) reflectance (Figs. 2, S1). Interestingly, the absorptance spectrum of many yellow flowers 

had a minor, yet consistent peak at 660 nm, presumably due to the presence of α-chlorophyll (Fig. 

2c, S1; see also Chapter 4).

 

Scattering in flower petals

Despite the great differences in peak absorption of the pigments, we found that pigment 

absorption becomes always negligible in the long-wavelength range (i.e above 700 nm; Figs. 

2, 3, S1). The reflectance in the long wavelength range thus is solely determined by the flowers’ 

scattering structures. The lowest reflectance value was obtained for the flowers of Echium 

vulgare (20%), the highest reflectance value was for the flowers of Caltha palustris (49%) and 

all other flowers had reflectance values within this range (Figs. 2, S1, Table 1). In order to 

quantitatively assess the scattering of flowers we heuristically considered the petals as a single, 

homogeneously diffusing plate and we neglected the surface reflections, as these are generally 

very small (i.e. < 5%; Chapters 2, 5 and 6). As explained in Chapter 2, when the absorption is 
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negligible (i.e. at wavelengths > 700 nm), the scattering parameter S* then follows from the 

reflectance value, R: S* = R/(1-R). The lowest and highest scattering parameters were, similar as 

the reflectance values, obtained for the flowers of E. vulgare and C. palustris, respectively. The 

flower’s thickness values, d, were more variable and ranged from 0.075 mm (Papaver rhoeas) to 

0.418 mm (Nuphar lutea). To disentangle the number of scattering structures from the flower’s 

inhomogeneity, we calculated the scattering coefficient: S = S*/d. The scattering coefficient, 

which is correlated with the inhomogeneity of the flower’s interior, varied considerably (Table 1).

Table 1: Parameters of floral elements from different species and families. d: thickness; R: 
reflectance value at 800 nm; S*: scattering parameter; S: scattering coefficient; sd: standard 
deviation. 

Family Species name R sd R d (µm)
sd d 
(µm) S* S (mm-1)

Apiaceae Astrantia major 0.36 0.01 246 21 0.56 2.28
Apocynaceae Vinca minor 0.48 0.01 222 44 0.92 4.16
Asteraceae Cichorium intybus 0.37 0.01 146 53 0.59 4.04
Balsaminaceae Impatiens glandulifera 0.39 0.05 127 16 0.64 5.03
Balsaminaceae Impatiens parviflora 0.36 0.02 164 17 0.56 3.43
Boraginaceae Borago officinalis 0.32 0.01 162 23 0.47 2.91
Boraginaceae Echium vulgare 0.20 0.02 209 58 0.25 1.19
Caryophyllaceae Silene dioica 0.42 0.03 102 17 0.72 7.08
Caryophyllaceae Silene latifolia ssp. alba 0.47 0.02 200 38 0.89 4.44
Cleomaceae Cleome spinosa 0.43 0.01 184 17 0.75 4.11
Colchicaceae Colchicum autumnale 0.46 0.00 327 58 0.85 2.61
Convolvulaceae Convolvulus sepium 0.33 0.01 128 17 0.49 3.85
Fabaceae Lathyrus pratensis 0.24 0.01 162 38 0.32 1.95
Fabaceae Phaseolus coccineus 0.41 0.02 379 17 0.69 1.83
Geraniaceae Geranium robertsianum 0.47 0.01 100 26 0.89 8.84
Hypericaceae Hypericum calycinum 0.46 0.05 254 75 0.85 3.36
Hypericaceae Hypericum perforatum 0.44 0.00 180 34 0.79 4.37
Lamiaceae Salvia guarantica 0.26 0.00 109 22 0.35 3.23
Malvaceae Hibiscus trionum 0.35 0.01 186 22 0.54 2.90
Malvaceae Malva moschata 0.31 0.01 146 30 0.45 3.08
Malvaceae Malva sylvestris 0.28 0.03 139 36 0.39 2.79
Nymphaceae Nuphar lutea 0.45 0.03 419 71 0.82 1.95
Onagraceae Epilobium hirsutum 0.30 0.02 96 17 0.43 4.48
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Onagraceae Oenothera biennis 0.45 0.03 220 75 0.82 3.73
Onagraceae Oenothera glazioviana 0.46 0.02 190 85 0.85 4.48
Onagraceae Oenothera lindheimeri 0.43 0.01 154 46 0.75 4.89
Papaveraceae Chelidonium majus 0.37 0.02 98 29 0.59 6.02
Papaveraceae Papaver rhoeas 0.31 0.01 75 12 0.45 5.99
Plantaginaceae Linaria vulgaris 0.32 0.01 97 48 0.47 4.85
Ranunculaceae Caltha palustris 0.49 0.01 304 65 0.96 3.16
Rosaceae Geum urbanum 0.44 0.03 104 9 0.79 7.54
Solanaceae Browallia americana 0.42 0.02 172 24 0.72 4.21
Solanaceae Nicotiana tabacum 0.40 0.01 210 23 0.67 3.18
Solanaceae Nolana paradoxa 0.40 0.01 139 58 0.67 4.80
Solanaceae Petunia nyctaginiflora 0.38 0.04 200 48 0.61 3.07
Solanaceae Physalis philadelphica 0.25 0.01 132 27 0.33 2.52
Solanaceae Solanum trisectum 0.25 0.05 326 90 0.33 1.02
Tropaeolaceae Tropaelum majus 0.46 0.02 228 26 0.85 3.73

 The lowest scattering coefficient was obtained for flowers of Solanum trisectum, which 

have a reflectance value R = 0.25 and thickness d = 0.33 mm, yielding S = 1.0 mm-1. The small 

thickness (d = 0.075 mm) and fairly high reflectance (R = 0.31) of P. rhoeas flowers yielded a 

high scattering coefficient of S = 6.0 mm-1. The scattering coefficient was even more extreme for 

flowers of Geranium robertsianum, which were slightly thicker (d = 0.10 mm) but considerably 

brighter (R = 0.47), resulting in a very high scattering coefficient of S = 8.8 mm-1. In other words, 

the moderately thick flowers of S. trisectum are inefficient reflectors and the flowers of P. rhoeas 

and G. robertsianum, which consist of very few cell layers, are very efficient reflectors.

Absorption of light by different pigment concentrations

From the reflectance and transmittance spectra the absorptance spectra can be derived, but these 

are not fully representative for the absorption spectra of the floral pigments, because scattering 

inside the petal can considerably distort the spectra. To suppress the scattering contribution, we 

immersed the flowers in a refractive index matching fluid and then measured the absorbance 

of the floral pigments with a microspectrophotometer (MSP). This revealed the presence of 

a diverse set of pigments (Fig. 3). The white area of the Hibiscus trionum petals yielded an 

absorbance spectrum with a high, narrow-band peak in the (ultra-)violet wavelength range. The 
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Figure 2: Spectral characteristics of four differently colored flowers. (a) Hibiscus trionum; 
(b) Borago officinalis; (c) Oenothera biennis; (d) Papaver rhoeas. The transmittance (T) and 
reflectance (R) spectra of single petals were measured with an integrating sphere, and the 
absorptance was calculated from A = 1-T-R. Green curves: reflectance; red curves: transmittance; 
blue curves: absorptance.
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yellow Oenothera biennis flowers featured an absorbance spectrum with three small peaks in 

the blue wavelength range, similar to that of β-carotene. The red flowers of Papaver rhoeas 

were densely pigmented by a broadband absorbing pigment with maximal absorption at 

approximately 500 nm. The spectra of the blue flowers of Borago officinalis and Cichorium 

intybus indicated the presence of a similar pigment that strongly absorbs in both the ultraviolet 

and long wavelength range (Fig. 3). However, the amount of pigment of the two blue-flowered 

species differed considerably, as the peak absorbance of B. officinalis’ flowers (~0.75 at 600 nm) 

was approximately threefold the peak absorbance of flowers of C. intybus (~0.25 at 600 nm; Fig. 

3). 

 Accordingly, the blue flowers of B. officinalis are more deeply colored than the flowers 

of C. intybus (compare Fig. 2b and S1a). A similar saturation effect is prominent in the flowers 

of Papaver rhoeas. The very high, broadband absorption causes minimal reflection in the visible 

wavelength range, except for the red part of the spectrum. An extreme case of dense pigmentation 

is the deeply red-colored proximal area of H. trionum petals, where the absorbance peak value 

is ~2.5 (Fig. S2).

Localization of floral pigments

Previous studies showed that the localization of floral pigments varies among plant species 

(Brehm and Krell 1975, Kay et al. 1981, Lee 2007). Generally, pigments can be localized  

throughout the floral elements in three ways (Fig. 4): (i) the pigment is rather evenly distributed 

Figure 3: Absorbance spectra 
of petals in immersion 
oil measured with a 
microspectrophotometer. Ht: 
Hibiscus trionum; Bo: Borago 
officinalis; Ci: Cichorium 
intybus; Ob: Oenothera 
biennis; Pr: Papaper rhoeas. 
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throughout the petal, that is, there is no clear distinction between the pigmentation of different 

layers in the flowers (e.g. Oenothera biennis, Fig. 4a); (ii) the upper and lower epidermises 

are pigmented, whereas the layer in between (mesophyll or starch layer) is unpigmented (e.g. 

Phaseolus coccineus, Fig. 4b); (iii) the pigment is localized in only one of the two epidermises, so 

that the flower is asymmetrically pigmented (e.g. Browallia americana, Fig. 4c). The functional 

implications of the different pigment localizations will be discussed below.

Modeling flower optics

To illustrate the consequences of different pigment localizations on flower coloration, we 

conceived a simple optical model of a flower petal. For the model petal we assumed a thickness 

of 0.25 mm and a wavelength-independent scattering coefficient S = 4 mm-1, resulting in a 

scattering parameter S* = 1. We considered four different cases, all having an equal amount 

of blue-absorbing carotenoid pigment and featuring a maximal reflectance of 50% at 600 

nm. The transmittance spectra were identical for the different types of pigmentation, as for 

transmission the pigment localization is unimportant (see Chapter 2). The flowers’ reflectance 

spectra, however, strongly depended on the localization of the pigment (Fig. 5). In case 1, the 

pigment was homogeneously distributed throughout the petal, resulting in fairly high ultraviolet 

reflectance and more moderate reflectance of blue light (absorptance in the blue wavelength 

range was ~20%; Fig. 5). In case 2, an equal amount of pigment was distributed in the top and 

lower 50 μm of the petal, yielding a reflectance spectrum similar to case 1, but with slightly lower 

ultraviolet and blue reflectance (Fig. 5). In case 3 the pigment was located only in the top 50 μm 

of the petal, which resulted in a low reflectance in the ultraviolet and a very low reflectance in 

the blue wavelength range. However, the reflectance of the lower side of this model petal (as in 

case 4; Fig. 5), is virtually wavelength independent, because the light is backscattered before it 

reaches the pigmented layer. 

Insect visual system

The spectral purity of a visual signal is determined by the relative excitations of the different 

photoreceptors, which means that for visual signals with a high spectral purity only one 

photoreceptor will be strongly excited. We interpreted the consequences of the different pigment 

localizations for visibility with a bee-subjective view, by calculating the relative excitations 

of the set of bee photoreceptors (Fig. 6a) by the different reflectance spectra of Figure 5. The 
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Figure 5: Reflectance (R) and transmittance (T) of four model petals with different types of 
pigment localization. The four petals have the same thickness, d = 0.25 mm, and scattering 
coefficient, S = 4 mm-1, so that the scattering parameter S* = 1. As blue absorbing pigment 
the carotenoid pigment of Oenothera biennis (Fig. 3) is used. The pigment is in case 1 
homogeneously distributed, with absorption coefficient K = 6.9 mm-1. The Lambert-Beer law 
yields with this value an absorbance 1.0. Case 2 has the same amount of pigment, but equally 
distributed in both a top and bottom layer of 0.05 mm. In case 3 and 4, the same amount of 
pigment exists in a layer of 0.05 mm on the top or bottom layer, respectively.

Figure 4: Localization of pigments in flower petals. (a) Oenothera biennis; (b) Phaseolus 
coccineus; (c) Browallia americana. Scale bar: 50 µm.
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overall hue of the model petals was yellow, hence the strongest excitation always occurred in the 

green photoreceptor (Fig. 6b). The excitation of the ultraviolet and blue photoreceptors strongly 

varied with the different types of pigment localization. Low reflectance in the short wavelength 

range resulted in lower excitations of the ultraviolet and blue photoreceptors (Fig. 6b). Hence, 

for the spectra of Figure 5, the very weakly modulated reflectance (case 4) resulted in the highest 

excitation of the ultraviolet and the blue photoreceptor, and excitation of these photoreceptors 

was less for a homogeneous (case 1) as well as symmetrical (case 2) pigmentation. The excitation 

of the ultraviolet and blue photoreceptors was very low for the spectrum of the model petal 

where pigments were localized asymmetrically at the side of viewing (case 3, Fig. 5), showing 

that this type of pigment localization yields a visual signal with the highest spectral purity.

 We interpreted the visual signal of the model spectra of Figure 5 against a green 

background with two models for insect vision, namely the CH model (Chittka 1992) and the 

RNL model (Vorobyev and Osorio 1998). Overall, the two models yielded similar perceptual 

Table 2: Color contrast values for model petals with different types of pigment localizations as 
depicted in case 1-4 in Figure 5. The reflectance spectra of the model petals are compared against 
a green background and between each other. Color contrast values (H) are given in hexagon units 
calculated using the color hexagon (CH) model (Chittka 1992), and in just noticeable difference 
units (dS) using the receptor noise-limited (RNL) model (Vorobyev and Osorio 1998). rHdS is the 
ratio of H and dS normalized to the mean. The detection threshold values are 0.07 hexagon units 
(Dyer 2006) for the CH model and 2.3 for the RNL model (Vorobyev et al. 2001), so only cases 1 
vs. 2 (in bold) are below the visual detection thresholds.

Stimulus H dS rHdS
Case 1 0.12 5.6 0.94
Case 2 0.15 7.0 0.95
Case 3 0.24 9.6 1.10
Case 4 0.09 5.0 0.79
Case 1 vs. 2 0.05 2.0 1.12
Case 1 vs. 3 0.17 5.9 1.26
Case 1 vs. 4 0.09 4.7 0.84
Case 2 vs. 3 0.12 4.1 1.30
Case 2 vs. 4 0.14 6.7 0.92
Case 3 vs. 4 0.25 10.6 1.04
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differences between the types of pigment localization, that is, both models showed low or high 

contrast values for specific spectra, shown by the ratio of values normalized to the mean, which 

was always close to 1 (Tables 2, S1). The vision models’ results showed that the color contrast 

of the flower against a green background increases when the spectral modulation of the reflected 

light increases, i.e. when absorption in the blue wavelength range increases. Consequently, 

against a green background the spectra of Figure 5 yield contrast values that are low for the 

asymmetrical pigmentation observed on the unpigmented side, moderate for homogeneous and 

symmetrical pigmentation, and very high for asymmetrical pigmentation at the side of viewing 

(Table 2). Clearly, symmetrical and homogeneous pigment localizations yield a moderately 

distinct coloration that is similar on both sides of the flower, whereas asymmetrical pigment 

localization yields strongly and weakly colored opposite sides of the flower. 

Figure 6: Honeybee photoreceptor 
spectral sensitivities and quantum 
fluxes. (a) Normalized spectral 
sensitivities of the honeybee 
photoreceptors used in the vision 
models. (b) Bar plots of the relative 
excitation of the set of photoreceptors 
for reflectance spectra of the model 
petal with the different types of 
pigment localization as shown in 
Figure 5. 
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 Pairwise comparisons of the different reflectance spectra by the model petals yielded 

similar results: larger differences in the fraction of blue light absorbed between the model spectra 

resulted in larger contrast values (Table 2). The visual signals of petals with homogeneous and 

symmetrical pigmentation are very similar (Fig. 5), and, when compared (independent of a green 

background), the resulting contrast value is indeed below the threshold value for both vision 

models (Table 2, bold). In other words, although a symmetrical distribution of pigments yields 

a slightly higher color contrast with the background, for the chosen set of model parameters 

homogenously and symmetrically pigmented flowers are not visibly different.

 To investigate the effect of the inhomogeneity of the flower interior on different 

pigment localizations, we also conceived an optical model with the same pigment localizations 

and thickness value as before (d = 0.25 mm), but with a lower scattering parameter, S* = 0.5 (Fig. 

S3). The differences in photoreceptor quantum catches and the color contrast values were very 

similar (Table S1), illustrating that the pigment localization strongly determines the visual signal 

also for flowers with a lower reflectance, i.e. for flowers with a not strongly inhomogeneous 

interior.

Discussion

The plant kingdom encompasses a bewildering array of differently colored flowers, but it is 

largely unknown how different components contribute to the visual signal of flowers. We 

measured the reflectance and transmittance of flowers of 38 plant species and found that in many 

cases the transmittance was larger than the reflectance (Figs. 2, S1, Table 1). This is somewhat 

surprising, as in many cases the transmitted light does not contribute to the flower’s visual signal. 

In order for the transmittance to be perceived by pollinators, the flower needs to be positioned 

in between the pollinator and the sun. Although this might occur under specific circumstances, 

such as shortly after dawn or before sunset, in most cases flowers are illuminated by the sun that 

is high in the sky so that pollinators will mainly perceive the reflected light. For flowers that 

are positioned on a high petiole (e.g. Alcea, Oenothera or Verbascum species) the transmission 

might sometimes contribute to the visual signal, but also in these cases structures surrounding 

the flower, such as the perianth, leaves and petiole, are likely to strongly reduce transmission. To 

our knowledge, only three other studies have reported the fractions of reflected and transmitted 

light by flowers, i.e. for Antirrhinum majus (Gorton and Vogelmann 1996), two Crocus species 
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(McKee and Richards 1998) and a few Convolvulaceae species (Patino and Grace 2002). 

Although the total number of species examined in these other studies is small, their reflectance 

and transmittance values are well in line with the values reported in this study, suggesting that a 

lower floral reflectance than transmittance is a common feature.

 In the flowers surveyed, we found that absorption by pigments can occur in the (ultra)

violet, short and medium wavelength range but not in the long wavelength range, i.e. above 700 

nm. Interestingly, in the long wavelength range, where absorption by pigments is negligible and 

flower reflectance is fully determined by scattering structures, the amplitudes of the measured 

reflectance spectra were rather similar between 20 - 50% (Figs 2, S1; Table 1). In many cases the 

reflectance above 700 nm (far-red) is of limited importance because many flower visiting insects, 

like bees (Fig. 6a), have negligible spectral sensitivity in this part of the spectrum. Yet, the 

reflectance in the long wavelength range can be used to calculate a scattering parameter, which 

is a quantification of the amount of scattering by the petal and can therefore be applied to assess 

the contribution of scattering structures to the visual signal. Increases in petal thickness and/or 

the number of backscattering components will increase the long-wavelength reflectance. 

 The scattering coefficient, the quotient of the scattering parameter and the flower’s 

thickness, serves as a quantitative measure of the inhomogeneity of the flower’s interior. We 

found an eightfold variation in the scattering coefficient as well as the thickness of flowers 

between species (Table 1). Such a wide variation in scattering coefficient values shows that 

there are considerable between-species differences in the inhomogeneity of the flower’s interior. 

The high scattering coefficients of some species show that, in principle, the interior of a flower 

can be very inhomogeneous, thus creating a highly effective backscattering structure. Thin 

flowers clearly are not necessarily dim flowers, that is, flowers with thin petals may have a 

very inhomogeneous interior so to enhance light reflection. The virtual absence of flowers with 

reflectance above 50% suggests that increasing the reflectance beyond 50% has negligible added 

benefit for increasing the visibility or thickness and inhomogeneity of the interior are inversely 

correlated, i.e. thick flowers generally do not have very inhomogeneous interiors.

 The plant’s physiology or ecology can impose restrictions on flower thickness and 

inhomogeneity of the interior, thereby limiting the brightness of the visual signal. For instance, 

because thicker flowers will need to have more mechanical strength, the thickness of a flower 

is presumably correlated with the flower’s size, similar as in leaves (Read and Stokes 2006). 

Nuphar lutea, the yellow water lily, may be an example of ecological and physiological factors 
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influencing the floral display. The flowers of N. lutea have a high long-wavelength reflectance 

(0.45) and consequently high scattering parameter (0.82), but because of the high thickness 

(0.42 mm), the flowers’ scattering coefficient is low (2.0 mm-1), which indicates that the density 

of scattering structures inside the flower is low. The flowers of N. lutea may be very thick with 

few vacuoles or air spaces because they have to be very robust, since the flowers are regularly 

submerged before and during anthesis (Schneider and Moore 1977). 

 The nature of the floral pigment determines the spectral composition of the reflected 

light, because it selectively filters the backscattered light (Figs. 2, S1). An obvious way to 

increase pigmentary filtering is by increasing the pigment concentration, which results in more 

absorption of specific wavelengths and thus in a higher spectral purity of the reflected light (Figs. 

3, S2). Exhaustive increases in pigment concentration might in some cases not be an optimal 

strategy, e.g. when the flower is very thick or large and would require a tremendous amount of 

pigment. An alternative way to increase the effect of pigmentary filtering is by deposition of 

floral pigments in specific layers of the flower. Our optical model showed that different pigment 

localizations (see Fig. 4) caused strongly different reflectance spectra (Fig. 5). Homogeneous or 

symmetrical pigment deposition resulted in similarly colored upper and lower sides of the flower, 

but a rather moderate modulation of the spectrum. Deposition of pigments solely in the upper 

epidermal layer resulted in a strongly modulated spectrum at the side of viewing, but a very weak 

modulation of the light reflected by the unpigmented, lower side of the flower. For viewing from 

the pigmented side, the pigment is most efficiently used, because the light backscattered by the 

lower, unpigmented layer traverses the densely pigmented top layer twice. 

 To understand the functional significance of different pigment localizations, we 

interpreted the reflectance spectra of the model petals with a bee-subjective view, using two 

commonly known vision models (i.e. the CH model, Chittka 1992 and the RNL model, Vorobyev 

and Osorio 1998). The CH and RNL models were used in many previous studies (e.g. Menzel 

and Shmida 1993, Dyer et al. 2012, Rohde et al. 2013, Hempel de Ibarra et al. 2014). In our 

analysis, both vision models yielded very similar results (Tables 2, S1). Previous studies using 

the CH model showed that two stimuli with perceptual differences smaller than 0.07 hexagon 

units are indistinguishable by bees, that color contrasts of 0.12 hexagon units are discriminated 

with 70% accuracy and for stimuli with > 0.16 hexagon units color contrast discrimination is 

above 90% accuracy (Dyer 2006). The reflectance spectra of the model petals strongly differed 

in their perceptual contrast from a green background (Table 2). A homogeneous distribution of 
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pigments resulted, despite its relatively high ultraviolet reflectance, in a moderate color contrast 

value of 0.12 hexagon units, because the reflectance of blue light is also high in this type of 

pigmentation (case 1, Fig. 5). When the pigment is located in both epidermal layers the reflected 

light is more strongly modulated (case 2, Fig. 5), and the visual signal consequently has a higher 

color contrast value of 0.15 hexagon units. When the pigment is distributed in one epidermal 

layer only, the light reflected by the unpigmented side is only very slightly modulated (Fig. 5) 

and will thus be only marginally discriminable from the green background (0.09 hexagon units; 

Table 2). The pigmented side, however, has a visual signal with a very high spectral purity, and 

strongly contrasts with the green background (0.24 hexagon units; Table 2). Similar differences 

in photoreceptor quantum catches as well as contrast values were obtained for different types of 

pigment localization in model petals with a lower scattering parameter (Table S1), underlining 

that pigment localization strongly determines the visual signal also when flowers have different 

a inhomogeneity. Hence, for flowers that are approached by pollinators from one side only, this 

type of pigmentation appears to be optimal.

The optical principles of flower coloration can be summarized as follows:

I. Backscattering of light by flowers occurs through irregularities inside the flower petals. 

Flowers with inefficient scattering structures can increase their reflectance by increasing 

their thickness and/or the inhomogeneity of the flower’s interior. 

II. Floral pigments modulate the spectral distribution of the reflected light, thereby creating 

spectral contrast with the surroundings. The efficiency of pigmentary filtering can be 

enhanced by increasing the concentration of floral pigments and by deposition of floral 

pigments to the visual display side, both yielding a visual signal with high spectral purity 

and thereby increasing contrast with the background.

 The deposition of floral pigments may serve an economical function. For example, for 

flowers that are only visited from one side, an asymmetrical pigmentation may be expected, 

as this results in a color with a high saturation, which is preferred by pollinators (Lunau 1990, 

Lunau et al. 1996, Rohde et al. 2013). For flowers that are visited from both sides, a more 

symmetrical or homogeneous pigmentation seems most efficient. Interestingly, comparing 

the model petals with homogeneous and symmetrical pigmentation independent of the green 

background yields a color contrast value below the threshold value for both vision models 
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(Tables 2; S1). This suggests that, with the current set of thickness values, the visual signal will 

not differ between homogeneous and symmetrical pigmentation, and therefore flowers that are 

visited from both sides may use either type of pigmentation. Future studies, for example via a 

modeling approach or via examination of many different species, will reveal whether pigment 

localization strategies are associated with specific flower thickness or scattering parameters. 

 The selective pressures imposed by the pollinator’s visual ecology might explain the 

virtual absence of very weakly and very strongly reflecting flowers. Hempel de Ibarra et al. (2000; 

2001) suggested that the brightness of flowers, detected by the insect’s green photoreceptor, 

plays a role in pollinator vision. However, the stimuli tested in their experiments also differed in 

hue, leaving the role of brightness per se unknown. Furthermore, the great luminance differences 

that insects experience while foraging (from moving between flowers, within an inflorescence 

or between types of vegetation), renders luminance – and thereby brightness – a much more 

variable cue than hue and spectral purity (see also Maximov 2000, Skorupski and Chittka 2010). 

The observed 20% as reflectance minimum in the long-wavelength range presumably prohibits 

sufficient modulation of the reflectance spectrum and thus creates a lower threshold for detection 

by pollinators. Conversely, the absence of flowers with a long-wavelength reflectance of more 

than 50% suggests that this level is sufficient for creating distinct colors, meaning that higher 

reflectance values will not enhance the visibility to pollinators. Further research will illuminate 

whether the reflectance values of flowers are correlated with the sensory capability of the 

pollinator’s visual sensitivity. .
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Supplementary material 

Figure S1: Reflectance, transmittance and absorptance spectra of twelve plant species. (a) 
Cichorium intybus; (b) Browallia americana; (c) Solanum trisectum; (d) Physalis philadelphia; 
(e) Nuphar lutea; (f) Oenothera glazioviana; (g) Petunia nyctaginiflora; (h) Convolvulus arvensis; 
(i) Lathyrus pratensis; (j) Geranium phaeum; (k) Caltha palustris; (l) Malva moschata.
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Figure S2: Red pigmentation of Hibiscus trionum petals. (a) Habitus picture of a H. trionum 
flower. (b) An isolated petal, showing a deeply colored red area at the proximal part. (c) 
Transmission microscopy picture of the pigmented cells. (d) Transverse section of the proximal 
part of a petal, showing that the pigments are confined to the adaxial epidermal layer. (e) 
Absorbance spectrum of the pigmented cells. Scale bars: (a) 2 cm; (b) 1 cm; (c) 50 µm; (d) 100 
µm. 

Figure S3: The visual signal of a flower with a low scattering parameter and different types of 
pigment localization. (a) The reflectance spectra of a model petal with S* = 0.5 at 700 nm and 
pigment localizations as in Figure 5. (b) Normalized excitation values for photoreceptors with 
maximal sensitivities in the UV, blue and green (see Fig. 6a), for the reflectance spectra in (a).
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Table S1: Color contrast values for a model petal with S* = 0.05 and different types of pigment 
localization. The types of pigment localization are as depicted in Figure 5; the reflectance 
spectrum of the model petal of Fig. S3a is compared against a green background and between 
different pigment localizations. Color contrast values (H) are given in hexagon units calculated 
using the Color Hexagon model (Chittka 1992), and in just noticeable difference units (dS) using 
the Receptor noise-limited model (Vorobyev and Osorio 1998).  rHdS is the ratio of H and dS 
normalized to the mean. Values below the detection threshold for the vision models are in bold.

Stimulus H dS rHdS
Case 1 0.15 5.9 0.98
Case 2 0.19 7.3 1.00
Case 3 0.27 10.4 1.01
Case 4 0.12 5.0 0.93

Case 1 vs. 2 0.05 1.8 1.05
Case 1 vs. 3 0.17 6.1 1.07
Case 1 vs. 4 0.12 5.2 0.89
Case 2 vs. 3 0.13 4.4 1.15
Case 2 vs. 4 0.17 7.0 0.93
Case 3 vs. 4 0.29 11.3 0.99
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The glossy display of buttercup flowers: 
thin film reflectors, filtering pigments 

and scattering granules

Abstract 

The coloration of flowers is virtually always due to wavelength specific absorption by pigments 

and backscattering of light by irregularly structured petal components. Buttercup flowers are 

an exception to this rule because they feature a distinct gloss in addition to their matte yellow 

coloration. Although several anatomical features have been documented, a detailed anatomical 

and optical analysis on glossy buttercup flowers has not been performed. We investigated 

the optical properties of glossy yellow petals of several Ranunculus species using (micro)

spectrophotometry and anatomical methods. The contribution of different petal components to 

the overall coloration was quantified using an optical model that treats the buttercup petal as 

a stack of absorbing and scattering layers, using the Kubelka-Munk theory for scattering and 

absorbing media. We found that the coloration of glossy buttercup flowers is due to a unique 

combination of structural and pigmentary coloration. A carotenoid-filled upper epidermis acts 

as a thin film reflector yielding the gloss and additionally serves as a filter for light backscattered 

by the strongly scattering underlying layers, resulting in the matte yellow color. Our optical 

model showed that the contribution of the gloss to the overall visual signal to insect pollinators 

is minor, whereas the intensity of the light reflected to the reproductive organs is large. A likely 

important function of the gloss is to increase light reflection to the center of the flowers, leading 

to a higher temperature of the reproductive organs so to enhance reproductive success.

Submitted
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Introduction

Plants display brightly colored flowers in order to distinguish themselves from their environment 

to attract pollinators (Faegri and Van der Pijl 1979, Schiestl and Johnson 2013, Shrestha et 

al. 2013, Papiorek et al. 2015, van der Kooi et al. 2015b). In virtually all plant species floral 

coloration is pigmentary, that is, the coloration is due to light scattering by irregularly structured 

cell complexes containing wavelength-selective absorbing pigments (Kay et al. 1981, Chittka 

and Menzel 1992, Lee 2007). Scattered light with wavelengths outside the absorption range of 

the pigment thus determines the color of the petals. For example, flowers with blue-absorbing 

carotenoids are yellow, and blue-green-absorbing anthocyanins yield purple colors (reviewed by 

Grotewold 2006). 

 In addition to pigmentary coloration, structural coloration can occur when structures 

exist that are (quasi-)regularly patterned with distances in the sub-micrometer range, that is, of 

the order of the light wavelength (Srinivasarao 1999, Kinoshita 2008). Structural colors arise in 

regularly ordered, nano-sized structures composed of materials with different refractive indices, 

and are common among animals, specifically birds, butterflies and beetles (Srinivasarao 1999, 

Vukusic and Sambles 2003, Kinoshita 2008, Seago et al. 2009, Stavenga et al. 2010, Pirih et 

al. 2011). The reflecting structure can be a single layer acting as a thin-film, such as in pigeon 

feathers and butterfly wing scales (Nakamura et al. 2008, Stavenga 2014), a multilayer, as in 

beetle elytra and fish scales (Seago et al. 2009, Yoshioka et al. 2011), or a complex photonic 

crystal, as in peacock feathers (Zi et al. 2003). Typical for structural coloration is that it is highly 

directional and angle-dependent, i.e. iridescent. 

 Recently, we studied the contribution of structural coloration to the overall coloration of 

flowers generated by different epidermal surface structures. We showed that in virtually all the 

plant species where structural coloration could be observed, this was only possible by applying 

very local and directional illumination. We therefore concluded that under natural viewing and 

illumination conditions floral coloration is almost exclusively due to absorption by pigments 

(van der Kooi et al. 2014, van der Kooi et al. 2015a). In other words, the coloration of the 

majority of flowers is pigmentary and not structural.

 The flowers of many buttercups (Ranunculus spp.) are a clear exception to this rule 

as they feature a distinct gloss in addition to their overall yellow color (Parkin 1928; 1931; 

1935, Galsterer et al. 1999, Vignolini et al. 2012, van der Kooi et al. 2014). Previous studies 
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demonstrated that the buttercup epidermis contains a carotenoid pigment that absorbs in the blue 

wavelength range and that the underlying diffusely reflecting starch layer causes an overall matte-

yellow color (Parkin 1931; 1935, Brett and Sommerard 1986, Galsterer et al. 1999). Vignolini et 

al. (2012) suggested that the buttercup’s gloss is due to a thin epidermis that is separated from 

the underlying structures by an air layer, together functionally acting as a multilayer. However, 

their study was based on a single species and, as discussed by Vignolini et al. (2012), an optical 

model of the whole complex petal structure is missing. Therefore, a comprehensive overview 

that quantifies the contribution of different petal components to the visual signal of Ranunculus 

flowers has not yet been developed, leaving the complex nature of the flowers’ coloration 

unknown.

 Inspired by the probably structural origin of the glossy color of the buttercups (Vignolini 

et al. 2012, van der Kooi et al. 2014), we here present an in-depth study of the reflection 

characteristics of several buttercup species. The genus Ranunculus comprises more than 500 

species with a cosmopolitan distribution (Hörandl and Emadzade 2012). We investigated 

the detailed spectral characteristics of three short herbaceous annual meadow buttercups, i.e. 

Ranunculus repens L., R. acris L. and R. lingua L., as well as the related non-glossy flowers 

of the kingcup Caltha palustris L. (all Ranunculaceae). We applied various spectrophotometric 

methods, anatomy, and optical modeling to assess the different contributions of the petal 

components to the buttercups’ bright-yellow coloration. We conclude that the coloration of 

buttercup flowers is due to a unique combination of a plate-like, pigmented upper epidermis, 

acting as a thin film reflector, with backscattering starch, mesophyll and lower epidermal layers, 

and we discuss the functional significance of the gloss. 

Materials and Methods

Plant material and photography

All flower samples were obtained from meadows around Groningen, the Netherlands. Flowers 

were photographed with a Nikon D70 digital camera having an F Micro-Nikkor (60 mm, f2.8) 

macro objective (Nikon, Tokyo, Japan). Petal details were photographed with an Olympus SZX16 

stereomicroscope equipped with an Olympus DP70 digital camera (Olympus, Tokyo, Japan) and 

a Zeiss Universal Microscope (Zeiss, Oberkochen, Germany) with a Mueller DCM510 camera 

(Mueller Optronic, Erfurt, Germany). 
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Spectrophotometry

The overall reflectance and transmittance spectra of the petals were measured with an integrating 

sphere. For reflectance measurements the flower was directionally illuminated from within the 

integrated sphere (AvaSphere-50-Refl; Avantes, Eerbeek, the Netherlands); the illuminated area 

had a diameter of about 5 mm. For transmittance measurements the petal was illuminated from 

outside the sphere with an optical fiber at an area with diameter ~1 mm. The spectrometer was an 

Avaspec-2048-2 CCD detector array spectrometer and the light source was a deuterium-halogen 

lamp (Avantes AvaLight-D(H)-S). A white diffuse reflectance tile (Avantes WS-2) was used as 

reference.

 The spectral characteristics of very small petal areas (5-10 µm diameter) were 

measured with a microspectrophotometer (MSP). The MSP consisted of a xenon light source, 

a Leitz Ortholux microscope and the spectrometer. The microscope objective was an Olympus 

LUCPlanFL N 20x/0.45 (Olympus, Tokyo, Japan). The white diffuse reflectance tile was also used 

as a reference. For measurements of the absorbance spectrum of the buttercup petal’s pigment, 

small pieces of petals were first immersed in water. Transmittance spectra were measured on the 

isolated tissues with the MSP, from which absorbance spectra were calculated. 

Cryo-electron microscopy

Cryo-electron microscopy was applied to study the anatomy of R. acris petals. Petals were glued 

in a special copper holder and quickly frozen in nitrogen slush. The samples were examined in 

a JEOL 5600LV scanning electron microscope (JEOL, Tokyo, Japan) equipped with an Oxford 

CT1500 Cryostation for cryo-electron microscopy (cryoSEM). Electron micrographs were 

acquired from uncoated frozen samples.

Thin film optics 

We calculated the reflectance of a thin film with thickness d and refractive index n in air using 

the classical Airy formulae. With normal illumination the reflectance spectrum has extrema at 

wavelengths λe = 4nd/u, with u integer; the reflectance is maximal when u is odd and minimal 

when u is even (Yeh 2005, Stavenga 2014). The wavenumbers of the extrema (ke = 2π/λe) hence 

are a linear function of u: ke = su, with slope s = π/(2nd). 

We assumed an upper epidermis with a refractive index of 1.4 (Vignolini et al. 2012), 

which contained β-carotene with peak absorbance 1.4 (at 448 nm; Results) and faced air on both 



6969

The glossy display of buttercup flowers

sides. In our model we considered a number of cases where the thin film had a Gaussian varying 

thickness with mean 2.7 µm and standard deviation σ = 0, 25, 50, 75, 100 and 125 nm. 

Modeling petal reflectance and transmittance

The diffuse coloration of flowers is due to the randomized pathways of light propagating in 

the petal interior (Supplementary Material, Chapter 2). We modeled the petal reflectance and 

transmittance by considering a petal as a stack of absorbing and scattering layers. We therefore 

combined the Kubelka-Munk theory for absorbing and scattering media (Kubelka and Munk 

1931) with a calculation procedure for a stack of absorbing and scattering layers (Yamada and 

Fujimara 1991, Stavenga et al. 2006, Chapter 2). The parameters of the model were based on our 

anatomical findings, unless specified otherwise. We assumed for the upper epidermis a Gaussian 

varying thickness with a mean of 2.7 µm and standard deviation of 125 nm, for the starch layer 

a thickness 38 µm (Parkin 1935), and for the mesophyll and lower epidermis thicknesses of 100 

and 40 µm, respectively. For the pigment of the upper epidermis we estimated an absorption 

coefficient of 1.4/(0.4343*2.7) = 1.2 µm-1, and the mesophyll and lower epidermal layers were 

assumed to contain the pigment of the lower epidermis (obtained with MSP measurements) with 

a peak absorption coefficient 0.02 and 0.04 µm-1, respectively. The scattering coefficients of the 

starch layer, mesophyll and lower epidermis were heuristically assumed to be 10, 5 and 2 mm-1, 

respectively. Finally, the surface of the lower epidermis was assumed to be 0.1 (and hence the 

transmittance 0.9). Implementing these parameters in the model yielded identical transmittance 

spectra for illumination at the adaxial and abaxial sides (Tad and Tab), as expected from the 

reversibility of light rays (Supplementary Material, Chapter 2).

Results

Reflectance and transmittance spectra of buttercup petals indicate petal asymmetry

We investigated the general spectral characteristics of the petals of all four species with an 

integrated sphere. The reflectance and transmittance was low in the blue wavelength range and 

high above 500 nm (Fig. 1). The transmittance spectra showed a slight depression at ~680 nm, 

which is fairly common in yellow flowers (Chapter 3) and indicates the presence of α-chlorophyll. 

Whereas for the kingcup the reflectance and transmittance spectra were rather similar, for the 

buttercups these spectra differed from each other in the ultraviolet, suggesting that the petals are 
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asymmetric in pigmentation and/or anatomy (Parkin 1928; 1931; 1935, Brett and Sommerard 

1986, Galsterer et al. 1999). 

Buttercup petals are both specular and matte

The buttercups’ remarkable specularity is clearly visible in the distal part of the petal (Fig. 1a-c, 

2a,c). When observed with oblique illumination, neat rows of effectively scattering granules were 

discernible in the main petal area (Fig. 2b). While applying epi-illumination with polarized light, 

the surface reflections were fully extinguished by a crossed analyzer; only a weak backscattering 

from the inner petal structures remained (Fig. 2d). 

Figure 1: Reflectance and transmittance spectra of petals of four Ranunculaceae species. (a) 
Ranunculus repens; (b) R. acris; (c) R. lingua; (d) Caltha palustris. Green curves: reflectance, R; 
red curves: transmittance, T. 
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Figure 2: Coloration of a glossy Ranunculus acris petal. (a) The glossiness is restricted to the 
main distal area of the upper (adaxial) side, which is bright yellow, while the small proximal area 
lacks specularity. (b) Transition area, indicated by the rectangle in (a), showing granular rows in 
the main petal area with oblique illumination. (c) The same area with normal epi-illumination, 
showing the distinct glossiness of the main petal area. (d) The same area and illumination, but 
with crossed polarizer and analyzer, showing extinction of the surface gloss. (e) Close-up of a 
petal with disrupted upper epidermis, showing bare starch cells. (f) Isolated upper epidermis 
observed in transmitted light, showing the continuity of the yellow pigment. Scale bars: (a) 1 cm, 
(b-d) 1 mm, (e) 100 µm, (f) 50 µm. 
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Below the upper epidermis the rows of scattering granules form together the starch 

layer (Parkin 1931; 1935). Removing the upper epidermis demonstrated that the starch granules 

are white (Fig. 2e), indicating that the yellow color of the petals is due to a short-wavelength 

absorbing pigment concentrated in the upper epidermis. Indeed, the isolated upper epidermis 

with transmitted light shows a bright, yellow color, clearly due to a homogeneously distributed, 

blue-absorbing pigment (Fig. 2f). 

 A somewhat homogeneous yellow coloration was seen when focusing at the lower 

epidermal layer (Fig. 3a). Close-up views of the petal’s abaxial side showed yellow reflections 

with bright contours shining through. The cell contours became distinctly visible when focusing 

at the mesophyll layer (Fig. 3b), suggesting that the boundaries of the mesophyll cells are 

strongly scattering. In addition, buttercup petals contain numerous air spaces, which markedly 

contribute to the light scattering (Fig. S2b-e). Reflectance spectra measured from a fully water-

filled petal were about a factor 2 smaller than the spectra measured from a dry petal, highlighting 

the major contribution of the intercellular air spaces to the overall reflectance (Fig. S2a).

We applied imaging scatterometry to visualize the spatial reflection properties of the 

specular gloss and the backscattering from the petal interior (Fig. S1a). The scatterogram of 

the adaxial side of the Ranunculus flowers yielded a bright spot created by the specular upper 

epidermis together with a wide-field yellow light distribution due to the backscattering petal 

interior (Fig. S1b; see also van der Kooi et al. 2014). Interestingly, the abaxial side of the petals 

did not show the gloss, which can be immediately understood from the convex surface of the 

epidermal cells that reflect light into a wide angular space (Fig. S1c,d). Similarly, the adaxial 

side of the flowers of the related kingcup, Caltha palustris, featured a matte-yellow coloration 

without any gloss, due to the conically shaped epidermal cells (Fig. S1e,f; see also Papiorek et 

al. 2014). 

The lower epidermis and mesophyll contain various pigments

To investigate the spectral characteristics of the pigmentation of the adaxial and abaxial 

sides, we measured reflectance spectra of very small areas (diamteter 5-10 µm) with a 

microspectrophotometer (MSP). The shapes of the spectra measured abaxially from the bright 

contours and in between the contours were different (compare Fig. 3c, mesophyll and lower 

epidermis), which is possibly due to wavelength-dependent scattering of the mesophyll cells. 

Nevertheless, both spectra prominently showed a distinctly depressed reflectance at ~680 nm, 
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suggesting the presence of α-chlorophyll, which was virtually absent in the spectra measured 

from non-glossy areas at the adaxial side (Fig. 3c, upper epidermis), indicating an asymmetrical 

deposition of pigments in the petal. 

Transmittance measurements on isolated upper and lower epidermal layers of R. acris 

obtained with the MSP showed that the absorbance spectrum of the blue absorbing pigment in 

the epidermal cells (Fig. 2f) was very similar to the spectrum reported for β-carotene dissolved 

in hexane, yet the peaks in the measured buttercup spectra (at 425, 448, and 478 nm) were 

more pronounced (Fig. 3d). For the upper epidermis, the estimated absorbance value at the peak 

Figure 3: Coloration of the abaxial side 
of R. acris petals and pigmentation. (a) 
A small area observed with bright field 
illumination and focus at the lower 
epidermis. (b) Dark field illumination 
with focus at the mesophyll layer; scale 
bar: (a, b) 50 µm. (c) Reflectance spectra 
measured from 5-10 µm sized areas with 
the microspectrophotometer (MSP) of 
the lower and isolated upper epidermis 
and a boundary area of mesophyll cells. 
(d) Normalized absorbance spectra 
measured with the MSP from an isolated 
upper and lower epidermis, together 
with the spectrum of β-carotene in 
hexane (obtained from http://omlc.org/
spectra/PhotochemCAD/data/041-abs.
txt).
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wavelength 448 nm was 1.4 ± 0.3, whereas for the lower epidermis it was more variable: 0.8 

± 0.5. The distinct peak in the absorbance spectrum of the lower epidermis at around 680 nm, 

indicated again that the lower epidermis contained a minor amount of α-chlorophyll (Fig. 3d; 

see also Fig. S2a, dry).  

Anatomy of the Ranunculus petal

We examined the anatomy of buttercup flowers more closely by applying cryo-electron 

microscopy on R. acris petals. The upper epidermis thus appeared to have a very smooth surface, 

with a very constant thickness of ~2.8 µm (Fig. 4a). Air gaps separated the plate-like upper 

epidermis and the underlying starch granule layer; locally the upper epidermis touched the starch 

granules. The thickness of the air layer was variable, mostly due to the irregularly shaped starch 

cells (Fig. 4a). Figure 4b presents a diagram of the inner structure of the Ranunculus petals 

based on these new anatomical data combined with previous findings (Parkin 1928; 1931; 1935, 

Brett and Sommerard 1986, Galsterer et al. 1999). We consider a petal to contain four layers 

with different cell types and structures (Fig. 4b). The very thin upper epidermis (which contains 

highly concentrated carotenoid pigment) faces slanted palisade parenchyma cells, which are 

filled with grainy starch. The mesophyll and lower epidermis form additional layers and both 

contain carotenoid pigment and α-chlorophyll, mostly in boundary areas. Variably sized air 

spaces exist between the cells.

Figure 4: Anatomy of a R. acris petal. (a) Low-
temperature scanning electron micrograph of a cut 
petal. The upper epidermis (arrow) is a flat layer 
with thickness of a few micrometer. Below the 
epidermis are the randomly distributed starch cells 
(asterisk). The thickness of the air layer beneath 
the epidermis is variable and large air spaces exist 
between the starch cells and cells of the mesophyll 
layer (m). Scale bar: 10 µm. (b) Diagram of a 
Ranunculus petal; ue: upper epidermis, sl: starch 
layer, m: mesophyll, le: lower epidermis.
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The surface gloss is due to the upper epidermis acting as an optical thin film reflector

Figure 5 shows two flowers of the Lesser celandine, R. ficaria, where the lower flower has the 

common overall yellow color, and the upper flower is an occasional example where the petals 

are distally white (white glossy buttercup ‘morphs’ are found occasionally; Parkin 1928). The 

finding that the upper epidermis was a thin plate separated by air holes from the starch layer 

suggested that the upper epidermis acts as a thin film reflector. We therefore measured the adaxial 

reflectance spectra of very small areas with the MSP. The reflectance spectra revealed distinct 

oscillations, characteristic for a thin film reflector (Fig. 5b). In the yellow petals of Ranunculus 

species the oscillations were absent in the blue wavelength range, where the carotenoid pigment 

strongly suppressed the reflectance (Figs 5b, 6a, S3a,c). By fitting a linear function to the 

wavelengths of the reflectance extrema converted into wavenumbers (Materials and Methods; 

see also Stavenga 2014), we derived from the R. ficaria spectra a thin film thickness value of 

~2.6 µm (Fig. 5b, inset). Similarly, from R. repens, R. acris, and R. lingua thickness values of 2.3 

± 0.3 µm, 2.7 ± 0.4 µm, and 3.1 ± 0.5 µm, respectively, were obtained. These values are in good 

agreement with the thickness value obtained by anatomy (Fig. 4a). 

Figure 5: Thin film optics of the upper epidermis of R. ficaria. (a) Two R. ficaria flowers, the 
upper flower having petals with white areas. (b) Reflectance spectra measured with an MSP 
from a small area of a white (a, upper arrow) and yellow petal area (a, lower arrow). Inset: the 
wavelengths of the reflectance extrema converted into wavenumbers (closed symbols: maxima; 
open symbols: minima) fitted with a linear function.
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To ascertain our conclusion that the upper epidermis acts as a thin film, we performed 

optical modeling. We assumed an upper epidermis with a refractive index of 1.4, which contained 

β-carotene with peak absorbance 1.4 (at 448 nm), facing air on both sides. We applied classical 

thin film theory and considered a number of cases where the thin film had a Gaussian varying 

thickness with mean 2.7 µm and standard deviation σ = 0, 25, 50, 75, and 100 nm (Fig. 6c). In 

the ultraviolet and long wavelength range the reflectance featured strong oscillations, depending 

on the variation in the thickness, but in the blue wavelength range all calculated reflectance 

spectra exhibited a distinct trough, due to the absorbing β-carotene (Fig. 6c). The oscillations 

vanished when the standard deviation of the thickness exceeded ~5% (Fig. 6c, σ ≥ 100 nm; see 

also Fig. S4), explaining why the oscillations are only measurable from very small areas. We 

also considered a model incorporating the underlying air layer, thus causing a multilayer (sensu 

Vignolini et al. 2012). This yielded oscillating spectra with slightly higher peak values but the 

same periodicity as for the thin film (Fig. S4). However, because the air gap size is highly 

variable (Fig. 4a) and the starch layer will act as a wide-field scatterer rather than as a plane 

reflector, we conclude that multilayer interference is unrealistic. 

The buttercup petals can be treated as a stack of absorbing and scattering layers

Quantitative insight into flower coloration can be gained by treating the petals as a stack of 

layers, each characterized by its specific reflectance and transmittance spectra accounted for by 

using the theory developed by Kubelka and Munk (1931) for tissues that absorb and/or scatter 

(Chapter 2). Our anatomical studies showed that whereas the buttercup’s upper epidermis can 

be considered as a homogenous medium with negligible scattering, the starch, mesophyll and 

lower epidermal layers are distinctly inhomogeneous. We applied a Kubelka-Munk-layer-stack 

model to the four-layer stack of a R. acris petal. This yielded distinctly different adaxial and 

abaxial reflectance spectra (Fig. 6d). The adaxial reflectance (Rad) had a deeper trough in the blue 

wavelength range than the abaxial reflectance (Rab), due to the higher concentration of carotenoid 

pigment in the upper epidermis compared to the lower cell layers, whereas the abaxial reflectance 

spectrum had a pronounced dip at ~680 nm, due to the exclusive abaxial presence of chlorophyll 

(Fig. 6d). 
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Discussion

The coloration toolkit: a pigmented thin film and underlying backscattering layers

When directionally illuminated, buttercup flowers are exceptional because they display a distinct 

gloss in addition to an overall matte-yellow color (Figs. 1, 2). We found that the coloration of 

buttercup flowers is due to a unique combination of a pigmented thin film reflector and a strongly 

Figure 6: Measurements and modelling of a R. acris petal. (a) Reflectance spectra of small 
areas measured in the main distal area of the petal with an MSP. The oscillating spectra are 
from areas with gloss; the yellow curves were obtained from matte areas, that is, where the 
surface reflections were outside the aperture of the MSP’s objective. (b) Wavenumber values of 
the oscillation extrema. The linear fits to the extrema wavenumbers (closed symbols: maxima; 
open symbols: minima) yielded thickness values of the upper epidermis. (c) Modeling the 
reflectance of the upper epidermis with Gaussian varying thickness. (d) Modeling reflectance (R) 
and transmittance (T) spectra of a buttercup petal considered as a stack of layers with different 
absorption and scattering coefficients (ad: adaxial; ab: abaxial; ue: upper epidermis; sl: starch 
layer; m: mesophyll; le: lower epidermis).
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scattering underlying layer. The clearly oscillating reflectance spectra measured from very small 

petal areas of four Ranunculus species demonstrated that the epidermal layer acts as a thin 

film because it locally has a (quasi-)constant thickness. Therefore, the thickness of the upper 

epidermis can be directly derived from measurements of the petal reflectance (Figs. 5,6). 

The upper epidermis contains a high concentration of carotenoid pigment, most likely 

β-carotene, which creates an effective spectral filter for the light backscattered by the underlying 

cell layers. The backscattering starch layer in Ranunculus flowers was previously studied by 

Parkin (1928; 1931; 1935), who found that the starch cells were arranged in a slanted manner 

(Fig. 4b). The cells are ordered in parallel rows, and because of their irregular size and granular 

shape, the starch layer acts as a diffuse reflector (Figs. 2b,e). The optical model used in this study 

confirmed that the thickness of the upper epidermis, independent of the air gap and starch layer, 

determines the periodicity of the oscillations. Reflectance measurements from various areas of 

the same petal yielded thicknesses varying by >10%. Consequently, the reflectance spectra from 

larger areas are smooth (cf. Fig. 1, 6d). 

Functionally glossy?

Although seemingly prominent, the biological function of the gloss, which is very directional, 

has remained enigmatic. For about normally incident light, the gloss’ reflectance amplitude is no 

more than ~5% (Fig. 6c), meaning that the contribution of the surface reflections to the overall 

visual signal is minor. It therefore remains questionable whether the gloss will be observable 

by insects, also because insects have compound eyes with limited spatial acuity (e.g. Giurfa et 

al. 1996, Cronin et al. 2014, Hempel de Ibarra et al. 2014). Rather, mainly the diffuse yellow 

color will be visible to pollinators (cf. Figs. 1, 6d). Nevertheless, Parkin (1928) noted that the 

occurrence of glossy flowers is widespread amongst Ranunculus species, and given the vast 

number of species within this genus (Hörandl and Emadzade 2012), the number of Ranunculus 

species exhibiting glossy flowers is likely to be very large. 

 Are there other explanations as to why buttercups could exhibit this complex anatomy? 

It is important to realize that the reflectance amplitude of a thin film reflector considerably 

increases with an increasing angle of incidence (Fig. 7a). Interestingly, buttercup species 

are heliotropic (Stanton and Galen 1989, Kudo 1995, Totland 1996, Luzar and Gottsberger 

2001, Galen and Stanton 2003, Ida and Totland 2014) and often the flowers have the shape 

of a paraboloid, meaning that incident sun light will be notably reflected towards the central 
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flower area where the reproductive structures are located (Fig. 7b; see also Kevan 1975). 

Heliotropic Ranunculaceae species (Adonis ramose, Ranunculus adoneus, R. alpestris, R. 

montanus, R. glacialis) were found to exhibit increased flower temperature, which enhances  

pollen germination , increases seed weight and is preferred by pollinators (Stanton and Galen 

1989, Kudo 1995, Luzar and Gottsberger 2001, Galen and Stanton 2003, Ida and Totland 2014). 

A likely and important function of the glossy epidermis hence is to reflect incident sun light 

towards the center of the flower, so to achieve a higher reproductive success. 
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Supplementary material 

Modelling multilayer interference

To investigate the possibility of multilayer interference, we calculated the reflectance of a 

multilayer consisting of a carotene-filled thin film, with fixed thickness 2.7 µm, and an air layer 

with constant thickness 5.0 µm facing an underlying infinite (starch) layer with refractive index 

1.36. This yielded an oscillating reflectance spectrum with periodicity very similar as that for an 

isolated upper epidermis in air; yet, the peak values of the multilayer were distinctly higher (Fig. 

S4, m = 2, σ = 0 nm). We also calculated the reflectance spectrum for a multilayer consisting 

of a fixed thin film combined with an air layer with Gaussian-varying thickness with standard 

deviation 100 nm (Fig. S4, m = 2, σ = 100 nm). This slightly changed the overall shape of the 

reflectance spectrum, but the spacing of the reflectance extrema was affected negligibly (Fig. 

S4).

Optics of a stack of scattering and absorbing layers

The buttercups can be considered to consist of 5 layers: the upper epidermis: a pigmented thin 

film; the starch layer: an absorptionless, strong scatterer; the mesophyll and lower epidermis: two 

inhomogeneous, pigmented layers, i.e. with noticeable scattering; the lower epidermis surface 

facing air, i.e. a slighty reflecting layer. The reflectance and transmittance of tissues that scatter 

and contain pigment can be derived from Kubelka-Munk theory when the tissue’s thickness (d) 

as well as the scattering (S) and absorption (K) coefficients are known (for details, see Chapter 

2). We calculated the reflectance and transmittance spectra of the buttercup R. acris with the 

above combined Kubelka-Munk-layer-stack model (Fig. 6d).



8484

Chapter 4

Figure S1: Imaging scatterometry of the buttercup 
Ranunculus acris and the kingcup Caltha palustris. 
(a) Diagram of a reflecting and scattering buttercup 
petal. Incident light is partly specularly reflected 
(white arrows) and diffusely scattered and 
transmitted (yellow arrows). (b) Scatterogram of the 
smooth and flat adaxial side of a petal of R. acris, 
showing a local bright spot, indicating specular 
reflection, and a diffuse yellow scattering pattern. (c) 
Epi-illumination of the lower epidermis of R. acris, 
showing the slightly rough surface. (d) Scatterogram 
of the abaxial side of a petal of R. acris, showing a 
very diffuse yellow pattern. (e) The upper epidermis 
of the kingcup Caltha palustris illuminated from 
a slightly oblique side, showing the cone-shaped 
epidermal cells. (f) Scatterogram of the upper 
epidermis of C. palustris demonstrating very diffuse 
scattering. Scale bar (c, e): 50 µm. The red circles in 
(a), (b), (d) and (f) indicate angular directions of 5, 
30, 60 and 90º (for details, see Chapter 5).

Figure S2: Reflection changes induced by wetting cut buttercup petals. (a) Reflectance spectra 
measured with an integrated sphere from the adaxial and abaxial sides of a dry and fully internally 
wetted R. lingua petal. (b-e) Progressive capillary water uptake by a cut petal of R. repens after 
putting a water drop at the side of the cut (photographs taken with an interval of 15 s). 
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Figure S3: Reflectance spectra measured in the main distal area of buttercups with a 
microspectrophotometer (MSP) and wavenumber values of the oscillation extrema. (a, b) 
Ranunculus repens; (c, d) R. lingua. The oscillating spectra are from areas with gloss. The yellow 
curves were obtained from matte areas, that is, where the surface reflections were outside the 
aperture of the MSP’s objective. 

Figure S4: Reflectance spectra of: i) a thin film (m = 1) with Gaussian varying thickness (σ = 125 
nm) and mean thickness 2.7 µm; ii) a multilayer consisting of a thin film with fixed thickness 
2.7 µm and an air gap with thickness 5.0 µm facing an infinite (starch) layer with refractive 
index 1.36 (m = 2, σ = 0 nm); iii) the latter multilayer but where the air gap thickness varied in a 
Gaussian way (m = 2, σ = 100 nm). 
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Chapter 5

Iridescent flowers? - Contribution of 
surface structures to optical signaling 

Abstract

The color of natural objects depends on how they are structured and pigmented. For flowers, 

both the surface structure of the petals and the contained pigments determine the coloration. 

The aim of the present study was to assess the contribution of structural coloration, including 

iridescence, to the overall floral coloration. We studied the reflection characteristics of flower 

petals of various plant species with an imaging scatterometer, which allows direct visualization 

of the angle-dependence of the reflected light in the hemisphere above the petal. To separate 

the light reflected by the flower surface from the light backscattered by the inside components 

(e.g. the vacuoles), we also investigated surface casts. A survey among angiosperms revealed 

three different types of floral surface structures, each with distinct reflections. Petals with a 

smooth and very flat surface had mirror-like reflections and petal surfaces with cones yielded 

diffuse reflections. Petals with striations yielded diffraction patterns when single cells were 

illuminated. The iridescent signal however vanished when applying illumination similar to 

natural conditions. We conclude that pigmentary rather than structural coloration determines 

the optical appearance of flowers and therefore the hypothesized iridescent signaling by flowers 

with striated surfaces to attract potential pollinators seems presently untenable.

Published as: van der Kooi CJ, Wilts BD, Leertouwer HL, Staal M, Elzenga JTM, Stavenga 
DG. 2014. New Phytologist 203:667-673
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Introduction 

Many plants display bright flowers to distinguish themselves from their environment, thereby 

providing a strong signal for potential pollinators (Schiestl and Johnson 2013, Shrestha et al. 

2013, Renoult et al. 2014). Floral coloration is due to light scattering by irregularly structured 

cell complexes and wavelength-selective absorbing pigments (Fig. 1a). The (incoherently) 

scattered light in the complementary wavelength range thus determines the color of the petals. 

For example, flowers with the blue-absorbing carotenoids are yellow, and flowers with blue-

green-absorbing anthocyanins are purple (Grotewold 2006, Lee 2007). Pigmentary coloration 

commonly results in an angle-independent, diffuse distribution of the reflected light.

 In addition to this pigmentary coloration, structural coloration can occur when 

structures exist that are (quasi-)regularly patterned with distances in the sub-micrometer range, 

that is, of the order of the light wavelength, causing coherent scattering (Kinoshita et al. 2008). 

Structural coloration is common among animals, specifically birds, butterflies and beetles. The 

multilayer structures in Morpho butterfly scales, in beetle elytra, and in the barbules of bird of 

paradisfeathers create striking iridescences; that is, the color shifts when the angle of illumination 

or observation changes (Srinivasarao 1999, Vukusic and Sambles 2003, Kinoshita et al. 2008). 

 Some plants have leaves and seeds containing periodic structures, resulting in 

iridescence (Lee 2007, Vignolini et al. 2012a). Of specific interest are the highly structured 

surfaces of flower petals, due to cells with regular striations (ridges) of the cuticle or conically-

shaped epidermal cells (Kay et al. 1981). These structures can create iridescence, which has been 

reported to act as a cue for pollinators (Whitney et al. 2009, Fernandes et al. 2013). Furthermore, 

smooth petal surfaces create a glossy appearance, substantially adding to the flowers’ visibility 

(Galsterer et al. 1999, Vignolini et al. 2012b, Vignolini et al. 2012c). However, the relative 

contribution of surface reflection to the overall optical signaling of flowers has not been studied 

in detail. 

 Because of the interesting possibility of iridescence being a potential signal for 

pollinators, we wanted to make a quantitative assessment of the contribution of the surface 

structure of floral elements to the optical signal of the whole flower. Specifically we have 

investigated which floral surface structures produce iridescent signals and, if present, we have 

assessed the contribution of iridescence to the optical signaling of the whole flower. A growing 

number of studies report floral iridescence, however the iridescent signal is often not compared 
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with the overall floral reflection. This is the first study of plant coloration which visualizes the 

light scattering in the complete hemisphere above a flower, providing insight into the relative 

contributions of surface and petal interior to the flower color. 

 For our survey, we have investigated a large number of flowers across different 

flower families. We selected a set of flowers with distinct petal surfaces: smooth, conically-

shaped, and striated. We measured the angle-dependent reflection of the selected flowers with 

an imaging scatterometer, which allows the immediate visualization of the difference in the 

spatial distribution of the structural and pigmentary colorations (Stavenga et al. 2009, Stavenga 

et al. 2011). To separate the contribution of the flower surface to the total petal reflection, we 

also investigated casts of the petal surfaces with the scatterometer. We thus found that surface 

structures can create a minor optical signal, but a realistic contribution of iridescence could not 

Figure 1: Directional and diffuse reflection of light by a flat and smooth flower. (a) Simplified 
diagram of the propagation of incident light in a flower petal. Part of the light is reflected by the 
flat surface, but reflections and refractions inside the petal at the boundaries of the irregularly 
arranged petal cell components result in diffusely scattered light. (b) Diagram showing a 
Ranunculus ficaria flower petal of which a small area is illuminated with a narrow-aperture white-
light beam. The flat surface reflects the incident light directionally, but the inner components of 
the petal scatter the light. The reflected and scattered light is imaged with the scatterometer as a 
polar plot where the angular directions of 5º, 30º, 60º and 90º are indicated by red circles (see Fig. 
2, columns 3, 4).
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be detected. Iridescence is thus unlikely to be a component of optical signaling by flowers to 

attract potential pollinators.

Materials and Methods 

Plant material

Flower samples from 50 plant species from 17 families (see Table S1; summarized in Table 

1) were either locally obtained from meadows around Groningen, Netherlands, or were bred 

from seeds (obtained from Cruydt-Hoeck, Nijeberkoop, Netherlands), grown in a greenhouse 

(temperature day/night: 22/17 °C; L:D = 12:12) and watered daily. Adaxial and abaxial surface 

structures were determined using casts (see below). We selected four species with different 

surface structures: the lesser celandine buttercup, Ranunculus ficaria (Ranunculaceae), the wild 

chamomile, Matricaria chamomilla (Asteraceae), the common daisy, Bellis perennis (Asteraceae), 

and the Venice mallow, Hibiscus trionum (Malvaceae). Samples were photographed with a 

Nikon D70 digital camera equipped with an AF Micro-Nikkor (60 mm, f2.8) macro objective. 

Casts

To replicate the adaxial and abaxial surfaces of the investigated floral elements, the floral element 

was pressed gently in dental-impression medium of low viscosity (Provil novo, Heraeus Kulzer 

GmbH, Hanau, Germany). The floral element was peeled off as soon as the impression material 

had polymerized, leaving a negative image of the surface structures in the impression material. 

The resulting mold was filled with transparent nail polish and set to dry for at least five minutes. 

This generated a positive replica of the surface structure, i.e. a cast. The quality of the cast was 

visually compared with the structure of the flower. No differences between the surface structure 

of the fresh flowers and the casts were observed.

Imaging scatterometry

Flower casts as well as freshly cut flower pieces were examined with an imaging scatterometer 

(Stavenga et al. 2009, Vukusic and Stavenga 2009, Wilts et al. 2009). The scatterometer allows 

capturing of the hemispherically reflected light from an object (Fig. 1b; for details, see Fig. S1). 

The scatterograms shown were obtained with a primary and a secondary beam, both providing 

spectrally broad-band, white light. The primary beam has a narrow aperture (< 5º) and focuses 
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light onto a circular area of the object (diameter of the illumination spot: 13 µm, 40 µm or 140 

µm). The directional illumination of the primary beam thus is similar to that of a bright sunny 

day. The scatterometer’s secondary beam provides a full hemispherical illumination (aperture 

180º) as with the omnidirectional illumination of an overcast day.

Scanning Electron Microscopy (SEM)

Fresh flowers contain vacuoles with water and thus do not withstand the vacuuming process 

necessary for scanning electron microscopy (SEM), and therefore casts of the petal surface 

structures were investigated, using Philips XL-30S and XL-30 ESEM scanning electron 

microscopes. Prior to imaging, the casts were sputtered with gold to prevent charging effects. 

Reflectance spectra

Reflectance spectra of different floral elements were measured with a bifurcated optical probe. 

In addition, the reflectance spectra as a function of the angle of light incidence were determined 

with a setup consisting of two optical fibers, positioned at two separate, co-axial goniometers. 

Generally three to five spectra were measured from different petal areas, which demonstrated 

that the shape of the measured spectra varied negligibly; the amplitude varied with the location, 

however by no more than 10%. The spectrometer was an Avaspec-2048 spectrometer (Avantes, 

Eerbeek, Netherlands), the light source was a deuterium-halogen lamp (AvaLight-D(H)-S), and 

a white diffuse tile (Avantes WS-2) was used as reference. 

Results

We investigated the flowers of 50 plant species from 17 families. The structure of their petal or 

ligule surfaces are listed in Table S1. We distinguished three surface types: smooth, conically-

shaped, and striated (Kay et al. 1981, Lee 2007). The surface of the conically-shaped cells was 

mostly flat, but sometimes the cone surface featured ridges. The spacing of the striations (ridges) 

was regular (25% of the cases) or irregular (17%; see Table 1). The regularly spaced ridges 

were oriented longitudinally (20%) or transversally (5%). The average distance of the regularly-

spaced ridges on both cones and flat cells varied between species (range 0.9 to 3.0 µm; Table S1). 

Notably, for all striated flowers, the ridge periodicity varied within one and the same petal; only 

very locally grid-like structuring of the striations could be observed.
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 We selected four species with different surface structures, for which we determined the 

reflection characteristics in detail: Ranunculus ficaria, having yellow petals with a smooth, flat 

surface (Fig. 2a,b); Matricaria chamomilla, where the white ligules have cones that are covered

by ridges (Fig. 2e,f); Bellis perennis, which has also white ligules but with longitudinal wrinkles 

 striated transversally (Fig. 2i,j); and Hibiscus trionum, which has deep-red colored petal areas 

with similar longitudinal protrusions, striated longitudinally (Fig. 2m,n; the white petal parts 

have a smooth surface). Scatterograms show the spatial reflection characteristics of the flower 

casts and the intact petals or ligules (Fig. 2, columns 3 and 4, respectively). Furthermore, we 

measured the reflectance spectra of the flowers (Fig. 3). The spatial and spectral properties are 

discussed below.

Smooth petal surface of R. ficaria 

The flowers of R. ficaria have yellow petals with a distinct gloss (Fig. 2a), suggesting a flat 

surface. Indeed, visual observation of the fresh material as well as scanning electron microscopy 

of casts revealed a very smooth surface (Fig. 2b). Accordingly, illuminating an area with 

diameter 13 µm (i.e. approximately one cell) of a petal cast with a narrow aperture light beam 

yielded a scatterogram with a single dot (Fig. 2c), similar to a mirror (Stavenga et al. 2009). The 

intact petal similarly yields a bright spot (Fig. 2d), although slightly larger, presumably due to 

reflections at the surface summated with reflections from more or less parallel layers beneath the 

surface (Vignolini et al. 2012c). The scatterogram of the fresh material shows in addition a wide-

field yellow light distribution (Fig. 2d), representing diffuse scattering, due to light scattered 

by the inhomogeneities inside the petal, which are filtered by a short-wavelengths-absorbing 

pigment (Fig. 1a). Reflectance spectra of the petals measured with a bifurcated probe indicate 

the presence of a blue-green absorbing pigment, probably a carotenoid (Fig. 3).

Conically-shaped surface cells of M. chamomilla

The white ligules of M. chamomilla have conically-shaped surface cells covered by ridges (Fig. 

2f). The scatterogram of the cast shows that the surface with cones reflects the narrow-aperture 

incident beam into a wide angular space (Fig. 2g). The multi-colored annulus with a large 

angular radius (at about 60º) is presumably due to diffraction effects at the more or less regularly 

arranged ridges adorning the cones. The central maximum represents reflections at the somewhat 

flattened cone top (Fig. 2f). The scatterogram of the intact ligule also shows a spatially wide-



9393

Contribution of surface structures to optical signaling

Figure 2: Flowers with structured perianth surfaces and scatterograms. Column 1: habitus 
pictures of the flowers; column 2: scanning electron micrographs of casts of the flowers’ surface 
structure; column 3: scatterograms of the casts; column 4: scatterograms of the petals. (a-d) R. 
ficaria. (e-h) M. chamomilla. (i-l) B. perennis. (m-p) H. trionum. Scale bars: (a, e, i, m) 1 cm, (b, 
f, j, n) 20 µm. The red circles in the scatterograms indicate angular directions of 5º, 30º, 60º and 
90º (see Fig. 1b). Illumination spot diameter: 13 µm (in both columns 3 and 4). The black bar at 9 
o’clock is due to the sample holder (see Stavenga et al. 2009). 
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field light distribution, but here local intensity maxima occur, which strongly vary upon slight 

changes of the illumination area (Fig. 2h). The scatterogram indicates rather diffuse scattering, 

where the spatial unevenness is created by the inhomogeneities of the cells within the ligule 

together with the irregularly arranged conical cells of the surface layer. The ligules appear white 

to the human eye, in agreement with the reflectance spectrum of Figure 3. The low reflectance 

in the ultraviolet wavelength range suggests the presence of an (unidentified) UV-absorbing 

pigment. 

Striated ligules of B. perennis

The white ligules of B. perennis (Fig. 2i) have distinct furrows, created by cylindrically curved 

cells, which have transversal striations. The striations are quite regularly spaced with ridge 

distances of d = 1.0±0.1 µm (Fig. 2j, Table S1). Local illumination of the vertically-oriented 

ridges creates a scatterogram with a striking, horizontal diffraction pattern (Fig. 2k). The 

diffraction pattern is spread vertically, due to the curved surface. For λ = 500 nm light, the first 

order diffraction maximum occurs at α = 30±3º, as expected from the diffraction formula 

sinα = λ/d. Yet, the scatterogram of the intact white ligule shows a wide-field, diffuse scatterogram. 

This diffuse scattering, which originates from the irregularly arranged cellular components inside 

the ligule (Fig. 1a), obscures the diffraction pattern, making it virtually invisible (Fig. 2l). The 

reflectance of the white ligule is again low in the ultraviolet (Fig. 3), indicating that the petals 

also in this case contains a UV-absorbing pigment. 

Striated petals of H. trionum

The petals of H. trionum are mainly white, but very proximally they have a deep-red colour 

(Fig. 2m). In the white part of the petal, the surface is smooth, that is, there are no ridges. The 

scatterogram of a white petal area only demonstrates diffuse white reflection, in accordance 

Table 1: Frequency of different forms of epidermal cells and structure of cuticles (summary of 
the results listed in Table S1).

Surface type Frequency 

(%)

Ridges
No Irregular Regular

Smooth, flat surface 23 - - -
Cones 35 18 9 8
Ridges, flat surface 42 - 17 25
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with the smooth surface (not shown). The deep-red area is more interesting, because of the 

petal’s dense pigmentation, absorbing virtually all the light in the visible wavelength range. 

In addition, the surface here shows shallow, longitudinal furrows, with parallel to the furrows 

distinct striations (Fig. 2n). Consequently, the light reflected by the striated surface will not be 

drowned by the light scattered from the petal interior, as was the case with the white petals of B. 

perennis. Potentially, therefore, the coloration of the proximal parts of the petals of H. trionum 

could be dominated by the surface reflections causing iridescence.

 As expected from the striations, the cast of the center of the flower reveals a clear, 

multi-colored diffraction pattern (Fig. 2o). The pattern is almost a line, perpendicular to the 

striations, but no clear diffraction orders are observed. This is not only due to the slightly curved 

surface, but also due to the varying spacing of the striations (see Table S1). Scatterograms of 

intact deep-red petal areas closely resemble that of the cast (Fig. 2p), however the diffraction 

pattern vanishes if the illumination spot size increases (Fig. 4). 

Figure 3: Reflectance spectra of four flowers with different surface structures. The reflectance 
of the petals of R. ficaria is low between 400 and 500 nm due to a blue-green absorbing pigment, 
possibly a carotenoid. The reflectance of both the M. chamomilla and B. perennis ligules is low 
in the ultraviolet wavelength range due to (unidentified) pigment absorption. The reflectance of 
the proximal petal parts of H. trionum illuminated from an axial direction and measured in the 
angular directions 0° (1), 30° (2) and 60° (3) was only appreciable in the far-red. No evidence for 
iridescence was obtained. The shape of the measured spectra varied negligibly, but the amplitude 
varied with the location, however by no more than 10%.
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 Reflectance measurements showed that the reflectance becomes only appreciable in the 

far-red (Fig. 3). To assess the contribution of iridescence relative to the pigmentary coloration, we 

measured the reflectance spectra of the deep-red petal area as a function of angle. We illuminated 

the deep-red, central part of an intact H. trionum flower, keeping the illumination parallel to the 

flower axis, hence normal to the plane of the flower (the on-view plane of Fig. 1m). The three 

reflectance spectra of H. trionum in Figure 3 were obtained for detection angles 0º, 30º, and 60º; 

intermediate spectra were obtained at intermediate angles. Except for the amplitude, all spectra 

strongly resembled each other; i.e., we were unable to find evidence for iridescent signals, partly 

due to the distinct inward curvature of the petal in the deep-red area, but mostly due to the 

blurring effects described above. 

Discussion

The visibility of the surface reflections of flower petals with respect to the total flower display 

will strongly depend on both the surface structure of the petals and the scattering and absorption 

properties of the petal interior. The four flower species investigated in this study feature four 

different surface structures that occur in many plant species (Fig. 2, Table 1). The results 

obtained for the selected species (scatterograms in Figs 2, 4 and 5) essentially hold for other 

flower species with similar surface structures.

 With a smooth and flat surface (as in the buttercup) the petals appear glossy, which is 

especially apparent when the illumination is unidirectional, as occurs with direct sunlight. In 

the example of R. ficaria (Fig. 2a), the overall appearance of the flower petals is nevertheless 

Figure 4: Scatterograms of a H. trionum petal under different illumination conditions. (a-c) 
Primary beam illumination (aperture 5º) with spot size 13 µm (a; same as Fig. 2p), 40 µm (b) and 
140 µm (c). (d) Illumination with the wide-angled (aperture 180º) secondary beam.
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dominated by the yellow colour resulting from the presence of blue-green absorbing pigment, 

such as a carotenoid (Fig. 3; cf. Fig. 1 of Vignolini et al. 2012c). 

 Petals with cone-shaped epidermal cells scatter light into a wide spatial angle, thus 

resulting in a matte coloration. Although some diffraction effects may occur at the cone ridges, 

these can be seen only with very local illuminations of casts (Fig. 2g). The diffraction phenomena 

vanish in intact flowers, and certainly with wide-field illuminations, and thus iridescence is 

invisible in cone-studded floral elements (Fig. 2h).   

 Diffraction phenomena, possibly associated with iridescence, can be seen on striated 

floral elements (Fig. 2k,o). As examples of iridescent flowers H. trionum and various Tulipa 

species have been reported, and the iridescence was claimed to be a cue for animal pollinators 

(Whitney et al. 2009, Fernandes et al. 2013). The described evidence was however obtained 

Figure 5: Striated petal cells of Tulipa linifolia and Oenothera biennis under different 
illumination spots and angles. Column 1: habitus picture of the flower; column 2: illumination 
with primary beam, illumination spot size 13 µm; column 3: illumination with primary beam, 
illumination spot size 140 µm; column 4: illumination with secondary beam. (a-d) T. linifolia has 
structured striated cells with an underlying broad-band absorbing pigment at the proximal part of 
the tepal (indicated by the arrow). (e-h) O. biennis has structured striations over the whole petal 
and was reported by Whitney et al. (2009) to be iridescent. Diffraction phenomena were observed 
under illumination of micrometer-size spots, but vanished under larger or wide-field illumination.
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under very unnatural conditions, with bumblebees trained to artificial objects with highly 

reflecting, diffracting surfaces instead of flowers (see also Morehouse and Rutowski 2009). 

 We have examined a large number of species including numerous species listed to 

be iridescent by Whitney et al. (2009). However, for all species with ridge-structured surfaces 

investigated (see Table S1) we conclude that under natural conditions iridescent signaling will be 

extremely unlikely. Surely, under idealized laboratory conditions clear diffraction patterns could 

be obtained from casts of flower petals with quasi-orderly striated, ridged surfaces. However, 

very local illumination (i.e. one or a few cells) with a narrow-aperture light beam focused at 

micrometer-sized spots is not representative for natural conditions. Furthermore, the ridge 

periodicity was never constant over a larger area, so that illumination of areas covering several 

cells rapidly yielded spectrally featureless reflections, resulting in a whitish gleam. Similarly, in 

both H. trionum as in other orderly-striated species, wide-aperture beam illuminations caused 

blurred diffraction patterns (Fig. 4, 5). Most importantly, the iridescence signal created by the 

structured petal surface was negligible compared to the diffuse reflection generated by the petal 

interior. In other words, pigmentary coloration determines the overall floral optical appearance 

(Figs. 2l, 4, 5). 

 Under ideal circumstances, a colorful diffraction pattern was obtained when the 

petal contained a high concentration of broad-band absorbing pigment, as was the case for the 

proximal petal parts of the Hibiscus flowers (Fig. 2p). However, in this exemplary case of floral 

iridescence, the morphology of the petal is another important point to consider. In H. trionum 

flowers, as in many flowers with striated surface structures, the potentially iridescent areas are 

strongly curved inwards towards the center of the flower (Fig. 2m), thus greatly reducing the 

possible illumination angles, so that surface reflections remain invisible for a reward-searching 

pollinator (Fig. 4). Yet, even in the exceptional cases where the petal is flat, the iridescence will 

be negligible, due to the blurring effects described above (Fig. 5). The Queen of the Night tulip 

matches the criteria to generate a potentially strong iridescent signal (i.e. broad-band absorbing 

pigment, flat surface, structured striations). However, this tulip variety is created by the tulip 

industry and thus does neither have any evolutionary nor ecological significance in natural 

situations.

 We conclude that flowers have interesting surface structures. Our study, which includes 

species reported for prominent floral iridescence, demonstrated that iridescence is absent under 

natural light conditions. Angle-dependent coloration effects can be observed under special, 
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idealized conditions, but their function for attracting pollinators must presently be considered as 

unrealistic. 

 The remaining intriguing question is why so many plants have different structured flower 

surfaces. Presumably these floral traits evolved, rather than for optical signaling to pollinators, 

because of other reasons (Galen 1999, Ellis and Johnson 2009, Campbell and Bischoff 2013; 

Chapter 9). For instance, buckling of the cuticle occurs when the flower unfolds (Antoniou 

Kourounioti et al. 2013). The principal function of the flower surface structures may therefore 

concern the mechanical properties of the flower. Although these structures can have other optical 

functions, like focusing incident light into the petal, pigmentary rather than structural coloration 

determines the visual appearance of flowers.
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Supplementary material

Table S1 is available on the website of New Phytologist and upon request from the author.

Figure S1: Diagram of the imaging scatterometer. The primary beam, delivered by light source S1 
and diaphragm D1, is focused by lenses L1 and L2, via a central hole in the ellipsoidal reflector, 
M, on the sample, positioned in the first focal point of the reflector, F1. The positioning of the 
sample is visually controlled with the epi-illumination microscope consisting of lenses L2 and 
L3 to which camera C1 is connected. The beam aperture is determined by diaphragm D2. The 
secondary beam, delivered by light source S2, via diaphragms D3-5 and lenses L4 and L5, is 
focused via a beam splitter, H, and the ellipsoidal reflector at the sample. Light scattered by the 
sample is focused at the second focal point of the reflector, I blocks the zeroth-order transmitted 
light. F2, which coincides with the front focal point of a large-aperture photographical lens, L6. 
The far-field scattering pattern, projected in plane I, is imaged by lens L7 at a digital camera, C2. 
A spatial filter in plane
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Is floral iridescence a biologically relevant 
cue in plant-pollinator signaling?

Flowers allure potential pollinators by displaying attractive colour patterns, which are generally 

created by their petal arrangement and pigmentation. In addition to the pigmentary coloration, 

in certain cases reflecting surface structures may contribute to the flowers’ appearance. For 

instance, a flower petal surface with periodic striations, acting as a grating reflector, can create 

an angle-dependent coloured reflection, i.e. iridescence. 

 A striking demonstration of this phenomenon is reported by Vignolini et al. (2014). They 

show that with specific illumination of a Hibiscus trionum L. flower, the proximal part of the 

petals, where the surface is regularly striated, displays an iridescent, bluish shine in addition to 

the deep-red pigmentary colour. Inspired by a previous study by (largely) the same team on floral 

iridescence across various plant species, entitled ‘Floral iridescence, produced by diffractive 

optics, acts as a cue for animal pollinators’ (Whitney et al. 2009), we investigated the surface 

reflections of numerous plant species and confirmed the widespread presence of striations that 

have diffractive properties in controlled conditions. However, the iridescent signal vanished 

under natural illumination, and therefore we concluded that in no case did surface reflections 

add a noticeable iridescent signal to the pigmentary coloration that could be utilized by an insect 

pollinator in a biologically relevant scenario (van der Kooi et al. 2014). 

 Here, we substantiate our previous statement that floral iridescence acting as signaling 

cue to pollinators is presently untenable by presenting photographs of a number of different 

flowers with striated epidermal cells and a new set of angle-dependent reflectance measurements 

Published as: van der Kooi CJ, Dyer AG, Stavenga DG. 2015. New Phytologist 205:18-20.
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Figure 1: A few flowers with distinct surface striations, which potentially could create noticeable 
iridescence, illuminated from a fixed position (40º from the normal) and observed from three 
different angular directions (0º, 25º, 40º). (a) Nolana paradoxa; (b) Tulipa kolpakowskiana; (c) 
Tulipa linifolia; (d) Hibiscus trionum. N. paradoxa and H. trionum have striated epidermal cells 
in the corolla tube and proximal part of the petal, respectively. T. kolpakowskiana and T. linifolia 
have striated epidermal cells over the whole tepal. Scale bars: (a) 1 cm; (b-d) 2 cm.
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on H. trionum flowers. Additionally, we discuss the contribution of (minor) visual signals to the 

overall floral coloration as perceived by insects under natural conditions. 

 To further illustrate that striated surface structures do not visibly contribute to the 

coloration, we show a few key flowers that were previously reported by Whitney et al. (2009) 

to display iridescence created by ordered surface striations: Nolana paradoxa Lindl. and Tulipa 

kolpakowskiana Regel (Fig. 1a,b). Naturally, their display size is angle-dependent, but their 

coloration is fully determined by the flowers’ pigmentation. Similarly, Tulipa linifolia Regel is a 

tulip with periodically ordered epidermal striations that create clear surface gloss, but its angle-

dependent reflections do not contribute a colour signal (Fig. 1c). 

 In our previous study, we paid specific attention to the proximal part of the petals 

of H. trionum, because we considered that its long-wavelength (deep-red) pigmentary colour 

could be combined with a short-wavelength (blue) structural colour, similar as occurs in the 

brightly coloured wings of some butterflies (Pirih et al. 2011). Yet, combined angle-dependent 

scatterometry and spectral measurements yielded no appreciable iridescence (van der Kooi et al. 

2014). The new, conflicting findings of Vignolini et al. (2014) caused us to repeat the detailed 

inspection of the H. trionum flowers. We examined many (>50) flowers of the different H. 

trionum plants from multiple origins (reared in our department’s greenhouse, botanical garden 

and a private collection), but under neither natural nor artificial illumination did the petals display 

noticeable structural reflections (Fig. 1d).

 We also repeated the measurements as reported by Vignolini et al. (2014) under 

identical conditions, but we obtained severely different reflectance spectra (Fig. 2). Furthermore, 

angle-dependent reflectance measurements with varying angles of illumination and detection, 

keeping mirror conditions, and measuring in planes perpendicular as well as parallel to the 

surface striations also yielded no appreciable iridescent signal (Fig. S1). The deviations between 

our results and those of Vignolini et al. (2014) can possibly be reconciled by assuming that we 

have studied different subspecies, meaning that the iridescence found by Vignolini et al. (2014) 

may not be generalisable to all H. trionum flowers, and also not to other species.

 Vignolini et al. (2014)  challenge our previous study by stating that we studied four 

species, whilst we actually investigated 50 different plant species (van der Kooi et al. 2014, 

Supplementary online material), including many species listed to be iridescent by Whitney et 

al. (2009). Furthermore, Vignolini et al. (2014) state that ‘optical scatterometry provides in 

only one measurement the directionality of the reflected light in all directions (i.e. an image 
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of the scattered light in the entire hemisphere), while with our optical goniometer we acquire 

spectrometric data’. Actually, our scatterometer allows both spatial and spectral measurements 

(Stavenga et al. 2009, Vukusic 2011, Constant et al. 2013), and we did include angle-dependent 

spectra (van der Kooi et al. 2014). 

 The finding of structural coloration of Hibiscus trionum flowers reported by Vignolini 

et al. (2014) is certainly interesting, but its relevance for pollination remains questionable, 

considering the low visibility of the proximal flower parts due to limitations in the spatial 

angle (Fig. 1d). Furthermore, when discussing whether a visual signal will be distinguished by 

insects, it is important to consider the limited spatial acuity of insect vision. Bee compound eyes 

have interommatidial angles of ~1º and therefore millimeter-sized visual patterns will only be 

discriminable at very short range, i.e. within a few centimeters distance (e.g. Hempel de Ibarra 

et al. 2014), especially when considering that bees need to pool signals from several ommatidia 

to detect and discriminate visual stimuli (Giurfa et al. 1996, Dyer et al. 2008). The visual signal 

Figure 2: Angle-dependent reflectance spectra of the proximal part of a Hibiscus trionum petal, 
using two optical fibers positioned at two separate, co-axial goniometers (for details: see van 
der Kooi et al. 2014). The angle of light incidence, θi (fixed at 15º), and angles of reflected light 
detection, θs (15º, 45º, 65º and 75º; gray, red, blue, and green curves, respectively), were chosen 
to be identical to the measurement conditions reported by Vignolini et al. (2014). 
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will be severely diminished if the structures are rather ‘hidden’ at the proximal end of the petal, 

as is the case with many striated parts on flowers (Fig 1a,d). Vignolini et al. (2014) nevertheless 

conclude ‘that a role for cuticular folding and iridescence in floral signalling is highly plausible’. 

How they reach this conclusion remains unclear however, and it is even contradictory with the 

added proviso that ’its distribution and significance remains to be explored’. 

 Studies presenting spectacular optical phenomena as being of major importance in 

plant-pollinator signaling are often widely perpetuated in both the popular and scientific press. 

Experiments performed with extraordinary experimental stimuli in comparison to the natural 

levels of the optical signal can easily cause a biased image for the general audience, however. 

Future studies on the biological significance of floral iridescence and structural coloration in 

flowers should therefore focus on whether pollinator visitation indeed depends on the structural 

coloration of real flowers, rather than only on laboratory-based psychophysics evidence using 

artificial stimuli that display highly constrained visual signals (also see Morehouse and Rutowski 

2009). Indeed, it is now well known that insects like honeybees and bumblebees have sufficient 

plasticity to learn a wide range of perceptually difficult visual tasks, like navigating mazes, 

complex rule learning, recognizing faces or categorizing painting styles if afforded the opportunity 

in controlled conditions (Zhang et al. 1996, Chittka and Walker 2006, Avarguès‑Weber et al. 

2010, Avarguès‑Weber et al. 2012, Wu et al. 2013). Whilst such studies are of high comparative 

value for understanding the cognitive abilities of insects, it is not necessarily possible to directly 

link such laboratory-based studies to how bee pollinators actually interact with flowers in very 

complex natural conditions (Dyer 2012, Avarguès‑Weber and Giurfa 2014). 

 The hypothesis of iridescent signaling of flowers is very interesting. Currently 

however, there is no evidence to suggest that structural coloration and its angle-dependence 

(i.e. iridescence) of flowers act as a signaling cue to pollinators under natural conditions. Future 

studies should focus on whether pollinator visitation indeed depends on structural coloration 

and possibly even iridescence. These studies should be performed using wild flower species, 

rather than artificial objects with extreme visual signals or flower varieties (e.g. the tulip variety 

“Queen of the Night”) as varieties created by the plant industry lack ecological and evolutionary 

significance. Before that is achieved, caution with claiming that plant-pollinator signaling occurs 

through floral iridescence seems to be in order.
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Competition for pollinators and 
intracommunal spectral dissimilarity of 

flowers

Abstract

Competition for pollinators occurs when in a community of flowering plants several 

simultaneously flowering plant species depend on the same pollinator. Competition for 

pollinators increases interspecific pollen transfer rates, thereby potentially reducing the 

number of viable offspring. In order to decrease interspecific pollen transfer, plant species can 

distinguish themselves from competitors by having a divergent phenotype. Floral colour is an 

important signalling cue to attract potential pollinators and thus a major aspect of the flower 

phenotype. In this study we analysed the amount of spectral dissimilarity of flowers among 

pollinator-competing plants in a Dutch nature reserve. We expected pollinator-competing plants 

to exhibit more spectral dissimilarity than non-competing plants. Using flower-visitation data 

of two years we determined the amount of competition for pollinators by different plant species. 

Plant species that were visited by the same pollinator were considered specialist and competing 

for that pollinator, whereas plant species visited by a broad array of pollinators were considered 

non-competing generalists. We used principal component analysis to quantify floral reflectance 

and we found evidence for enhanced spectral dissimilarity among plant species within specialist 

pollinator guilds (i.e. groups of plant species competing for the same pollinator). This is the 

first study that examined intracommunal dissimilarity in floral reflectance with a focus on the 

pollination system.

Published as: van der Kooi CJ, Pen I, Staal M, Stavenga DG, Elzenga JTM. 2015. 

Plant Biology. In press, doi: 10.1111/plb.12328.
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Introduction

Community structures are shaped by many types of biotic interactions, e.g. plant-herbivore, 

plant-pathogen and plant-pollinator interactions (Gumbert et al. 1999, Sargent and Ackerly 2008, 

McEwen and Vamosi 2010). Plant-pollinator interactions are essential for many outcrossing 

plant species in order to set seed. Simultaneously flowering plant species that strongly depend on 

the same, shared pollinator are likely to experience competition for that pollinator. Competition 

for pollinators between neighbouring plant species will not only limit the number of pollinator 

visits, but will also enhance interspecific pollen transfer, which often reduces the amount of 

viable offspring (reviewed in Ashman and Arceo-Gomez 2013). Competition for pollinators 

might therefore influence the community assembly.

 Interspecific pollen transfer can be avoided by changing the flowering period, but if the 

flowering period is relatively fixed (e.g. by environmental factors, such as light, water and nutrient 

availability; Pleasants 1980), interspecific pollen transfer can be prevented by phenotypical 

differentiation from simultaneously flowering competitors (Heinrich 1975, Caruso 2001). The 

latter process is often referred to as character displacement (Wilson and Brown 1953, Heithaus 

1974, Pleasants 1980, Armbruster et al. 1994, Muchhala and Potts 2007). Character displacement 

is a change in appearance, effectively leading to a greater distinction between plants that flower 

simultaneously and share pollinators. In order to achieve character displacement, various floral 

features can be changed, e.g. corolla length (Armbruster et al. 1994, Eaton et al. 2012), corolla 

width (Caruso 2000), inflorescence height (Waddington 1979), nectar (Eaton et al. 2012) and 

pollen placement on the pollinator (Brown and Kodric-Brown 1979, Armbruster et al. 1994, 

Muchhala and Potts 2007). In addition to many morphological traits, floral colour is an important 

feature for pollinator attraction (e.g. Kevan and Baker 1983, Menzel and Shmida 1993, Lunau et 

al. 2011, Schiestl and Johnson 2013, Shrestha et al. 2013, Renoult et al. 2014; Fig. 1).

 An effective way to achieve character displacement can be via increasing floral colour 

contrast (i.e. increasing dissimilar spectral properties) between simultaneously flowering plant 

species (Levin 1985, Dyer and Chittka 2004, McEwen and Vamosi 2010, de Jager et al. 2011, 

Muchhala et al. 2014). In community-wide studies, reproductive character displacement by 

means of divergent floral reflectance has been relatively little studied (but see McEwen and 

Vamosi 2010, de Jager et al. 2011, Eaton et al. 2012, Muchhala et al. 2014). An elegant study 

on a subalpine plant community by McEwen and Vamosi (2010) reported significant spectral 
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differences among co-flowering plant species, presumably a result of character displacement. 

Yet, actual flower visitations by pollinators in this community were not recorded (as is often the 

case in studies on character displacement; see Waser 1983). 

 Plant-pollinator interactions can be either specialised, that is, a plant species is 

pollinated by a single pollinator species, or generalised, when a species is serviced by a broad 

range of pollinators (reviewed in Johnson and Steiner 2000, Ollerton et al. 2007). Compared 

to generalists, specialist plants, which depend strongly on a specific pollinator, are subjected to 

increased selection pressure for strong floral signalling (Heithaus 1974). Consequently, spectral 

dissimilarity is expected to be greater between specialists than between generalists (Waser and 

Ollerton 2006). 

 In this study we determined the spectral dissimilarity of flowers among specialists 

relative to generalists. We used detailed insect visitation data collected in the Dutch nature 

reserve “Drentsche Aa” (Hoffmann 2005). We grouped plant species into either the generalist 

Figure: 1 Flower reflectance spectra of four exemplary plant species: Lythrum salicaria (1), 
Jasione montana (2), Heracleum sphondylium (3), and Sonchus arvensis (4). 



114

Chapter 7

or a specialist guild based on their visitation by pollinator species. We expected that in plant 

species that heavily depended on only few pollinator species, competition for pollination 

would be stronger than between generalist species and that therefore flowers of specialist plant 

species would exhibit stronger spectral differences. Using principal component analysis (PCA), 

we found that the spectral dissimilarities of flowers within each specialist guild were indeed 

greater than those within the generalist guild. This is the first study that documents how character 

displacement by means of spectral characteristics of flowers may be related to the specialisation 

of plant species to pollinators.

Material and Methods

Flower visitation

Flower and inflorescence visitation data were obtained from a comprehensive database collected 

in 2000 and 2001 in the Drentsche Aa (Hoffmann 2005). This nature reserve is characterised 

by homogeneous, open grasslands that are separated by rows of trees. The Drentsche Aa is rich 

in flowering plants, including several rare plant species such as orchids (Grootjans et al. 2002). 

Observations of insects on flowering plants were done from May until October in 2000 and from 

May until August in 2001, respectively. In total, the database comprises observations of over 

38,000 individual insects visiting more than one million flowers of 88 different plant species (for 

details, see Hoffmann 2005). We pooled insect visitation data per plant species. We pooled only 

species with similar ecologies and avoided pooling of species with different spectral sensitivities 

(following Vogt 1989). To correct for rare flower morphs and species with reproductive systems 

that do not rely on pollinators per se (i.e. self-fertilization or apomixis), we included only plant 

species with a minimum of 20 individual insect visits (following Hoffmann 2005). In addition, 

we put various Diptera species together at the genus level since pollination is often achieved by 

groups of pollinators rather than by a single pollinator species (reviewed in Fenster et al. 2004). 

 To determine the importance of pollinators per plant species rather than per individual 

plant, we calculated the relative visitor numbers for all plant species. In the database the vast 

majority of insects visiting flowers were identified up to the species level, but for some visiting 

insects the species or genus could not be determined (Hoffmann 2005). Therefore, to avoid 

a bias of our analysis, we excluded plant species with more than 10% unknown visitors. The 

observations on Bombus terrestris include the less abundant B. lucorum because these bumblebee 
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species cannot be distinguished in the field (following Hoffmann 2005). Due to the large number 

of observations in the database it was impossible to determine whether all flower visitors in our 

study area are indeed pollinators, however, the effects of e.g. occasional visitation or pollen 

theft by insects will be negligible given the large number of visits recorded in the database. 

Most importantly, all insect species or genera that we considered as “specialist pollinators” were 

documented elsewhere to be indeed plant pollinators (D’Arcy-Burt and Blackshaw 1991, Barth 

1991, Goldblatt et al. 2005, Clement et al. 2007, Ssymank et al. 2008, Garibaldi et al. 2013). We 

therefore considered all flower-visiting insects as pollinators. 

Specialists and generalists 

The degree of specialisation of a plant species to a pollinator strongly depends on the plant’s 

habitat (reviewed in Richardson et al. 2000, Vázques and Aizen 2006). Preliminary analysis of 

the relative visitor numbers in our study area showed a distinct separation of generalists from 

specialists at ca. 40% visits (Fig. S1). This visit level has no fundamental justification but can 

nevertheless be substantiated. A lower threshold yields plant species that are simultaneously 

‘specialist’ for multiple insect guilds, e.g. plant species can be specialist for two insect guilds, 

each guild accounting for 30% of the relative visitation number. Using the 40% criterion, the 

remaining visitations (maximally 60%) always consisted of many different, non-related insect 

species. We thus considered plant species visited for at least 40% by one insect genus as specialist 

for that genus (for further details regarding this criterion, see the Discussion). We excluded one 

pollinator guild that comprised only one plant species that was “specialist” for the Apis mellifera 

honeybee, as it is impossible to compare plant species within a guild with only one plant species. 

After applying our criteria to the plant species in the Drentsche Aa data set 39 plant species 

remained, which were subsequently assigned to either the generalist guild or to one of the six 

specialist guilds. The remaining 39 plants had relatively long flowering periods, and based on 

the insect observations we found that the overlap of the flowering time for plants within the same 

guild was at least one month. 

Flower species and reflectance measurements

Flower samples were either collected locally from meadows around Groningen, Netherlands, 

or grown from seeds (obtained from Cruydt-Hoeck, Nijeberkoop, Netherlands). Reflectance 

spectra of the flowers were measured with a bifurcated fibre-optic probe (Avantes FCR-7UV200; 
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Avantes, Eerbeek, Netherlands), using an AvaSpec 2048-2 CCD detector array spectrometer. 

The light source was a halogen-deuterium lamp (AvaLight-D(H)-S); a white diffuse tile (WS-

2; Avantes) was used as a reference. We scanned the petals with the spectrometer and several 

measurements were taken from the dominant colour pattern (following McEwen and Vamosi 

2010). In this area, the shape of the spectra was constant and only the amplitude varied slightly. 

Additional reflectance spectra were obtained from the online floral database www.reflectance.

co.uk (Arnold et al. 2010).

 To correct for brightness and specifically compare spectral quality differences between 

flowers, we subtracted the mean per cent reflectance for each species (Cuthill et al. 1999, 

McEwen and Vamosi 2010). We analysed the wavelength range from 300 to 600 nm (which 

includes the ultraviolet light wavelength range and excludes the red wavelength range) as insects 

that are sensitive in the red part of the spectrum (e.g. beetles and butterflies; Briscoe and Chittka 

2001) only very rarely visited our plant species and were thus of marginal importance (Table S1). 

 Ideally, floral reflectance is analysed incorporating pollinator spectral sensitivity 

(Peitsch et al. 1992, Dyer et al. 2012, Shrestha et al. 2013, Burd et al. 2014). However, for 

many important flower-visiting insects (notably Diptera spp.) in our study area, we currently 

have insufficent reliable information to model colour vision for these species (Lunau 2014). We 

therefore strictly aim to describe the spectral properties of co-occurring plants, rather than floral 

colour as perceived by pollinators.

Statistical analyses 

Statistical analyses were conducted using R Statistical Software (R Core Team 2012). We 

analyzed the spectral differences using two complementary methods. The spectral differences 

were calculated based on the raw spectra and by transforming the spectra using principal 

component analysis (PCA) to the 39 standardized reflectance spectra with bins of 1 nm. The 

principal components 1 (PC1) and 2 (PC2) together largely explained the variance (see below), 

in accordance with similar studies (e.g. Grill and Rush 2000, Renoult et al. 2013, Sun et al. 

2014). To visualize the differences in spectra between guilds, we constructed a PCA scatterplot 

comprising all plant species using the PC1 and PC2 values of each plant species as x- and 

y-coordinates, respectively. To quantify the spectral contrast, we calculated the Euclidean pair-

wise distances between the plant species within each guild, resulting in a mean pair-wise distance 

(MPD) value per guild. To account for all variance and not only 93%, the MPDs were calculated 
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using all 39 principal components. As a test for randomization, we calculated the difference 

between the average MPD of the specialist guilds and the MPD of the generalist guild, denoted 

by ΔMPD. Based on our hypothesis, we expected ΔMPD to be positive (i.e. more spectral 

dissimilarity between the flowers that belong to a group of specialist plants, relative to generalist 

plants) and therefore we performed a one-tailed test. To test its significance, we generated 

1,000,000 ‘random’ plant communities by randomly assigning the 39 plant species to one of the 

six specialist guilds or the generalist guild, keeping the sample size for each guild identical to 

that in the original plant community (see Table 1). For each of the random communities we then 

calculated and stored ΔMPD, thus generating a null distribution of ΔMPD values. Finally, we 

tested if the observed spectral dissimilarity was greater than expected by chance, by inspecting 

the quantile of the observed ΔMPD value in the null distribution (Vázques and Aizen 2006).

Results

Specialists and generalists

Throughout our study period 39 simultaneously flowering plant species (from 14 angiosperm 

families) were frequently visited by insects (Table S1). 17 plant species were visited by many 

different insects, and were thus considered generalist (Table 1). Despite its apomictic mode of 

reproduction, Taraxacum officinalis was included in the generalist guild because it affects the 

community’s colour composition due to its frequent occurrence and high number of pollinator 

visitations in our study area (Table S1). 22 plant species were for at least 40% visited by one 

pollinator and accordingly assigned to one of the six specialist pollinator guilds (Table 1). The 

degree of specialisation of specialist plant species to an insect guild ranged from 43% (moderately 

specialised) to 93% (highly specialised).

Floral reflectance analysis

Flowers that appear white to the human eye are always low in ultraviolet reflectance (Kevan et 

al. 1996), but spectra with peaks in the medium or long wavelength range can co-occur with 

high reflectance in the ultraviolet wavelength range (depending on the nature of the pigment; 

Grotewold 2006, Lee 2007, van der Kooi et al. 2014, 2015; Fig. 1). The PCA of flowers in our 

study area yielded two principal components, PC1 and PC2, which accounted for 92.4% of the 

total variation in the reflectance spectra (53.7% and 38.7%, respectively). The two principal 
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components strongly depended on the different wavelength ranges of the reflectance spectra 

(Fig. 2a). Flowers with reflectance peaks in the ultraviolet or short wavelength range yielded 

a high PC1 score, and had low, medium or high PC2 scores. Flowers with high reflectance in 

the medium and long wavelength range yielded low PC1 scores and high and low PC2 scores, 

respectively. 

 A plot of PC2 versus PC1 thus formed a reflectance scatterplot, with different floral 

reflectance spectra clustering in different sections of the scatterplot (Fig. 2b). To quantify the 

spectral differences, we calculated the MPD between plant species belonging to the same 

pollinator guild. We calculated the MPD using both the PCA-transformed spectra and the raw 

spectra (Fig. 3b; for raw spectra, see Figure S2). This yielded very similar results. The MPDs 

within all six specialist guilds were larger than MPDs within the generalist guild (Fig. 3a), which 

is significant according to a binomial test (P = 0.017). Furthermore, the average MPD between 

Table 1: Assignment of generalist and specialist plant species to different pollinator guilds and 
the degree of specialisation (in parentheses).

Guilds Plant species

Generalists

Achillea millefolia; Aegopodium podagraria; Angelica sylvestris; 
Chamerion angustifolium; Cirsium arvense; Cirsium palustre; Epilobium 
hirsutum; Eupatorium cannabinum; Glechoma hederacea; Jasione 
montana; Lamium album; Lychnis flos-cuculi; Lycopus europaeus; 
Lythrum salicaria; Mentha aquatica; Rorippa amphibia; Taraxacum 
officinale

Bibio Heracleum sphondylium (47); Hieracium pilosella (45)

Musca Filipendula ulmaria (47); Hieracium aurantiacum (59)

Eristalis Nasturtium officinale (47); Sonchus arvensis (62); Succisa pratensis (69); 
Valeriana officinalis (46)

Rhingia campestris Ajuga reptans (86); Phyteuma spicatum (60); Silene dioica (59)

Bombus pascuorum
Galeopsis tetrahit (52); Linaria vulgaris (43); Lotus corniculatus (59); 
Stachys palustris (50); Symphytum officinale (62); Trifolium pratense 
(55); Trifolium repens (51); Vicia cracca (93); Vicia sativa (82)

Bombus terrestris Lupinus polyphyllus (86); Rhinanthus angustifolius (68)
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Figure 2: (a) Coefficients of the first two principal components of the PCA performed on the 
spectra of the species listed in Table 1. PC1 represents the relative amount of short- to long-
wavelength reflectance. PC2 represents the relative amount of medium to both short (<400 
nm) and long (>500 nm) wavelength reflectance. (b) Reflectance matrix based on the PC1 and 
PC2 values of our 39 plant species. Similarly as perceived by the human eye, different floral 
reflectance spectra cluster in different sectors of the matrix, as indicated by ellipses. The positions 
of the four exemplary plant species with different spectra (see Fig. 1) are indicated by numbers 
(1-4).
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the specialist guilds and the generalist guild was 7.1, which yielded a P-value of 0.050 according 

to our randomisation test (Fig. 3b). Similarly, the results based on the raw spectra were about 

significant, with a P-value of 0.052.

Discussion

The present investigation of the spectral properties of co-flowering plants within pollinator 

guilds lends support to the hypothesis that flower communities are, at least in part, structured by 

plant–pollinator interactions. The results obtained for lowland flowers are in fair agreement with 

Figure 3: Observed mean pair-
wise distance (MPD) between the 
floral reflectance spectra within 
each pollinator guild. (a) The MPDs 
between plant species in each 
pollinator guild were calculated using 
the Euclidean distance between plant 
species based on all 39 principal 
components. All plant species within 
specialist guilds have more spectral 
contrast than generalist plants. (b) 
Distribution of specialist – generalist 
spectral differences, calculated 
over the 1,000,000 communities 
with randomly assigned guild. The 
observed spectral contrast (vertical 
line) is greater than the spectral 
contrast expected by chance. 
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earlier findings in a subalpine study (McEwen and Vamosi 2010) and also with a recent study 

on hummingbird-pollinated Solanaceae (Muchhala et al. 2014). A novel finding is that spectral 

dissimilarity among plants depends on the pollination system. 

 We could distinguish several pollinator guilds in our study area. Some plants were 

pollinated by various insect species, others mainly by one out of six specialist pollinator guilds 

(Table 1). Three out of six specialist guilds are defined up to the genus level of insects, meaning 

that within these specialist guilds, plant species can be visited by different species from that 

genus. Nevertheless, a plant species visited by various insect species of one insect genus with 

similar ecologies is more specialist than a plant species visited by only a few insect species 

from distinct lineages with different ecologies (Gómez and Zamora 2006). The pollinator guilds 

observed in our study can thus be regarded as functional pollinator groups.

 The generalist flowers in our study are visited by a large array of insect species (Table 

S1). These generalists are not restricted to a certain region in the reflectance matrix, indicating that 

the generalist guild comprises plant species with different spectral properties (Fig. 2b). Spectral 

dissimilarity among generalists seems to contradict our hypothesis that generalist plants are 

more similar in spectral reflectance than specialists. However, the MPD value of the generalists 

is smaller than in any of the specialist groups (Fig. 3a), meaning that within the generalists 

the spectral properties (colours) are more similar than among specialists. Furthermore, the 

derived spectral dissimilarities are greater than that expected for a random assembly (Fig. S2), 

in accordance with McEwen and Vamosi (2010) and Muchhala et al. (2014). Interestingly, for 

generalists, spectral dissimilarity might not be a prerequisite for survival in the community – in 

fact, the opposite might be true, because similar reflectance spectra might increase visitation 

from generalist pollinators (Schiestl and Johnson 2013). Furthermore, generalist plants may 

have converged in floral coloration, but can nevertheless still be specialist, e.g. due to their floral 

morphology (Eaton et al. 2012). 

 The number of potential pollinators in a community is reduced if the morphology of 

the plant requires a specific morphological fit to the pollinator (Cresswell 1998, Schemske 

and Bradshaw 1999, Gómez and Zamora 2006, Murúa and Espíndola 2015). In other words, 

a ‘complex’ morphology might render a plant specialist. Complex morphologies are often 

associated with specific angiosperm families (e.g. in Fabaceae and Lamiaceae) where anthers 

and stigmas are not as easily accessible, e.g. in members of the Apiaceae and Asteraceae. In 

addition, synthesis of floral pigments, and thereby floral reflectance, might be conserved within 
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families (Levin 1985, Grotewold 2006). Floral reflectance and morphology might thus potentially 

be linked by ancestry, meaning that we could find less spectral dissimilarity within specialist 

guilds. However, generalist plant species are placed throughout the reflectance matrix and both 

the generalist and specialist guilds include multiple plant families, indicating no phylogenetic 

constraints (Fig. 2b). This is corroborated by many studies that report phylogenetic effects to 

be negligible in large communities (e.g. Schemske and Bradshaw 1999, Sargent and Otto 2006, 

McEwen and Vamosi 2010, Eaton et al. 2012, Muchhala et al. 2014).

 We note that a theoretical framework for the effects of plant-pollinator relations on plant 

community composition is not fully developed. A theoretical framework might provide a more 

solid basis for the criteria by which plant species can be grouped into generalist and specialist 

guilds. In the present study the grouping of plant species proved to be rather straightforward, 

since plants were either visited by numerous different insect species, or predominantly by a 

single group together with a limited number of other species. However, the minimal percentage 

of at least 40% visits covered by the principal pollinator is arbitrary and has no fundamental 

justification.

 We conclude that spectral dissimilarity is a prerequisite for pollinator-competing plants. 

Clearly, for specialists, spectral dissimilarity is an efficient signalling cue, as it can be perceived 

by insects from far greater distances than is the case with morphological traits such as corolla 

length (Schemske 1976). However, a study performed on a South African flower community 

showed that flowers with similar spectral properties carry a fitness cost, yet co-flowering plant 

species had rather similar spectral characteristics (de Jager et al. 2011). The latter might be 

explained by a high prevalence of a particular type of pollinator or by the species composition 

in that specific community, as it largely consisted of plant species that belong to the same genus. 

These latter speculations might indicate that the specific set of conditions present in the Drentsche 

Aa nature reserve (e.g. plant and pollinator species composition) create a level of competition for 

pollinators in which character displacement can be observed. 

 The dissimilarity in spectral properties between co-flowering plants in specialised 

pollinator guilds that we encountered in the present study may occur in other communities. 

Future studies on character displacement by means of spectral dissimilarity and integrating other 

floral traits will improve our understanding of how plant-pollinator interactions shape plant 

communities. Comparisons with other habitats are particularly relevant, as plant reproductive 

strategies often differ between habitats (Linhart and Feinsinger 1980, Waser and Ollerton 2006). 
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In addition, since both plant and insect diversity are often different in other environments, the 

selective pressures on floral traits, such as reflectance, might be different between environments 

(Lázaro et al. 2015). Studies on plant-pollinator interactions can help explaining the differences 

in plant reproductive strategies between populations. 
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Figure: S1 Relative pollinator visitation of the plants used in this study. Plant species were 
assigned as specialist if they were visited for at least 40% by one group of insect species. The 
relative importance of the most important pollinator is coloured in each guild. For generalist 
plants the most frequent pollinator was different per plant species. Plants within one specialist 
guild are mostly visited by one and the same pollinator. The remaining, non-coloured sections of 
the charts are the relative frequency of other pollinator visits (for details see table S1). 
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Sexual sterility in diploid clonal plants

Abstract 

Many plants combine sexual reproduction with a form of vegetative, clonal reproduction. 

When environmental scenarios are unsuitable for sexual reproduction, plants can only 

reproduce clonally, meaning their sexual traits and plant fertility no longer contribute to plant 

fitness. Hence, their sexual traits and fertility are released from selection and expected to decay. 

The process of sexual trait decay in asexual lineages can occur via drift, selection or as a 

consequence of mutation accumulation due to the absence of recombination. Here, we review 

the fate of sexual traits and fertility of 23 diploid, non-apomictic clonal plant lineages. We first 

describe the ecological processes leading to obligate clonality and discuss how sexual trait 

decay of clonal lineages can be studied. We specifically focus to describe which evolutionary 

mechanism describes the trait decay as observed best. In the clonal lineages studied, sexual 

trait decay occurs frequently across various traits. Resource limitations seem of minor 

importance in clonal plant lineages, as the most frequently observed form of sexual trait decay 

is a reduction in fertility, rather than a reduction in the number and size of traits produced. 

The ubiquitous decrease of fertility in clonal plants is most likely due to deleterious somatic 

mutation accumulation, in combination with a genetic architecture that involves many targets 

for disrupting mutations. The high frequency of sterility amongst clonal plants suggests that 

once sexual reproduction is functionally lost, plant lineages accumulate deleterious mutations 

that rapidly impede a reversal to sexual reproduction. Sexual trait loss in diploid clonal plants 

is therefore best explained as the fate of, rather than an adaptation to, an asexual life.

Submitted



132

Chapter 8

Introduction

Many plants combine outcrossing with a form of clonal, vegetative spread, e.g. via rhizomes, 

bulbils or stolons. In situations where sexual plant reproduction is impeded, e.g. when 

environmental factors are unsuitable for outcrossing, offspring succession can only proceed 

via clonal growth. In these obligate clonal lineages, many formerly adaptive traits related to 

sexual reproduction lose their significance to the fitness of focal individuals (Carson et al. 1982). 

Because these sexual traits are non-functional, they are released from selection and thus expected 

to decay (Fong et al. 1995). For example, whereas pollinators exert a strong selective pressure 

for plants to display large, distinctly colored flowers (e.g. Dyer et al. 2012, Schiestl and Johnson 

2013, Bischoff et al. 2013, van der Kooi et al. 2015), large, colorful flowers are non-functional in 

plants that reproduce solely via selfing or asexual reproduction. Trait decay is likely to proceed 

more rapidly when production or maintenance of the trait (e.g. flowers) requires exhaustive 

amounts of water, nutrients and photosynthate (Niklas 1994, Galen 1999), or when large-

flowered phenotypes suffer from increased levels of mortality or herbivory (Parachnowitsch and 

Caruso 2008, Parachnowitsch and Kessler 2010, Mojica and Kelly 2010, Krizek and Anderson 

2013). 

 The fate of sexual traits has been extensively studied in selfing plant lineages showing 

the unequivocal regression of sexual traits once they are non-functional (e.g. Ornduff 1969, 

Cruden and Lyon 1985, Armbruster et al. 2002, Dart et al. 2012, Weber and Goodwillie 2013; 

for an angiosperm-wide screen, see Goodwillie et al. 2010). In asexual plants, traits essential 

for outcrossing (e.g. size and number of flowers) are also expected to decay (e.g. Stebbins 1950, 

Faegri and Van der Pijl 1979, Longton and Schuster 1983, Cook 1987). Furthermore, clonal 

propagation does not require fertile pollen and ovules, so mutations reducing plant fertility 

(hereafter: sterility mutations) might accumulate in clonal plants (Klekowski 1997, 2003). In 

addition to the expected reduction in floral display size, reduced pollen and ovule fertility are 

therefore also likely to occur in clonal plants. 

 In populations where sexual reproduction is prevented and plants only propagate via 

clonal growth, mutations affecting sexual traits or fertility can spread. Sterile genotypes and 

plants with decayed sexual traits arise through somatic mutations (Klekowski 1997). The ploidy 

of the tissue can determine the rate at which a mutation is expressed, e.g. recessive mutations 

cannot be masked in haploid tissue such as pollen (Bull and Charnov 1985, Ally et al. 2010). 
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Furthermore, the genetic architecture encoding for a trait affects the rate of trait decay once the 

trait is non-functional. If the genetic pathway involves many targets for disrupting mutations 

and a single mutation can render the trait non-functional, trait decay is likely to proceed rapidly 

(Prout 1964). On the other hand, if a trait is governed by many loci, that each have a small effect 

on expression of the trait, a single deleterious mutation might not be detrimental (Kondrashov 

1994). 

 Mutations affecting sexual traits and fertility can increase their frequency in a clonal 

lineage through four different mechanisms (Fong et al. 1995, Eckert 2002; Tabel 1). 

1. Sexual traits and fertility of clonal plants are released from selection and mutations in the 

genetic pathway coding for these traits can become fixed via drift, whereas in sexual species, 

these mutations would be kept at a frequency determined by mutation-selection balance. This 

hypothesis is referred to as the ‘neutral mutation hypothesis’ (Wilkens 1988), and as regression 

of the trait is not associated with a fitness gain (i.e. neutral) it likely proceeds slowly (Brace 1963, 

Teotonio and Rose 2000, Hall and Colegrave 2008). If the neutral mutation hypothesis holds for 

sexual trait decay in clonal plants, one would expect low levels of trait decay across different 

clonal plant lineages (e.g. flowers and fertility across different clonal lineages show little sign 

of decay, if at all). 

2. Expression of the trait is selected against, because the trait is maladaptive, e.g. the sexual 

trait is used by a predator (Zuk et al. 2006), or, a scenario probably more common for plants, 

the sexual trait requires a significant resource allocation (Prout 1964, McNab 1994, Fong et al. 

1995). Hence, in the ‘reallocation hypothesis’ reduction of a trait (e.g. flowers) allows limited 

resources to be reallocated to traits or functions that still increase fitness, such as vegetative 

growth (e.g. Herben et al. 2015). Accordingly, selection favors regression of the trait and hence 

its decay will proceed rapidly (Hall and Colegrave 2008). If so, for clonal plants a reduction 

in number and size of sexual traits (e.g. smaller and fewer flowers and pollen) is expected to 

correlate with increased vegetative vigor.

3. In populations with balanced sexual and vegetative reproduction, polymorphisms for 

alleles that increase vegetative growth and pleiotropically, proportionally decrease the sexual 

reproduction are selectively neutral and can persist. When sexual reproduction becomes limited, 

such alleles will be under positive selection because they increase vegetative growth, while 

their negative effect on sexual reproduction is no longer relevant. This hypothesis is called the 

‘antagonistic pleiotropy hypothesis’ (Wright 1964, Regal 1977). In order for this hypothesis to 
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hold, the regressive trait must be genetically correlated with the constructive trait (Borowsky and 

Wilkens 2002, Porter and Crandall 2003). Information on the genetic architecture that underlies 

the sexual traits is therefore essential in order to be able to disentangle the antagonistic pleiotropy 

hypothesis from the resource reallocation hypothesis.

4. Sterility mutations are part of an overall accumulation of many, generally deleterious 

mutations (as a consequence of the absence of recombination; Muller 1964, Felsenstein 1974). 

A distinguishing feature of this hypothesis is that high mutation accumulation reduces both 

functional as well as non-functional traits. Since in this hypothesis also fitness related traits 

decay, it will eventually lead to a ‘mutational meltdown’ (Lynch et al. 1993). In contrast with 

neutral trait decay, in this scenario clonal plant lineages are expected to have a higher mutation 

accumulation than sexual lineages. 

 Different mechanisms driving trait decay are not mutually exclusive but they can occur 

synergistically (Jeffery 2010). The relative importance of each mechanism could theoretically 

be disentangled, however, by comparing the sexual trait decay of many independently derived 

clonal plant lineages. Illustrations of clonal plants with floral elements and reproductive organs 

that become vestigial often involve sexual-asexual lineage comparisons with different ploidy. 

Despite the fact that polyploidy might be a result of asexuality rather than the cause of it (Neiman 

et al. 2014), diploid sexual and polyploid asexual plant lineages cannot easily be compared, since 

polyploids generally have a different flower morphology and growth rate (Stebbins 1950, Bell 

1982, Gao et al. 2014). In addition, for many species, polyploidy and sterility are confounded 

(Matzk et al. 2003, Ramsey et al. 2011, Guan et al. 2012, Marinho et al. 2014), as unequal 

ploidy levels lead to unbalanced chromosome numbers in gametes and hence sexual dysfunction 

(reviewed in Ramsey and Schemske 2002). 

 More than a decade ago, Eckert (2002) reviewed the concept of “the loss of sex in 

clonal plants”. New empirical studies and progress in genetic research on sexual traits allow an 

extension on Eckert’s review. In this review, we summarize cases of sexual trait decay in diploid 

non-apomictic plants that propagate only via vegetative, clonal propagation. We specifically 

test how the hypotheses posed by Eckert (2002) currently apply to cases of sexual trait decay in 

clonal plants. We systematically searched through Google Scholar using various combinations 

of the following search terms: clonal, diploidy, flowering, fertility, mutation, plant, pleiotropy, 

reproduction, rudiment, sex, sterility, trait decay, vegetative, vestigialization and the species 

names listed in our table. In addition, all references to and in the included studies were checked. 
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 The systematic search of the literature yielded results on 23 diploid clonal plant lineages. 

We realize there likely are many more cases of (near) obligate clonality in plants in which sexual 

trait decay did not occur or was not documented. The aim of our study, however, is to summarize 

the species in which sexual trait decay was described and, for these species, to inferthe likely 

evolutionary process that facilitated the decay. Because trait decay can occur at multiple levels, 

we divided observations on trait decay in the following levels: flower size, male vs. female 

reproductive components (anther size and pollen fertility vs. carpel morphology and fertility, 

respectively) and seed viability (following: Charlesworth and Charlesworth 1987, Lloyd 1987, 

Niklas 1994). In addition, the data were used to test whether sexual trait decay is accompanied 

by an increase in vegetative vigor, e.g. higher survival or enhanced growth. Before we discuss 

our findings, we will first briefly outline how ecological factors can render a plant lineage

When are plants obligatory clonal and how can their sexual 
functionality be tested? 

Well-known examples of uniparental reproduction are the cases of self-fertilization (selfing) 

plants. Selfing has evolved from outcrossing numerous times, in many cases because it provides 

reproductive assurance when outcrossing is unpredictable or unreliable (Pannell and Barrett 

1998, Vallejo-Marín et al. 2010, Pannell 2015). Similar as in selfing plants, obligate clonal plant 

populations are also often found in environments that disfavor sexual reproduction, e.g. due to 

environmental factors. An important determinant of sexual reproductive success is temperature, 

as it influences both pollinator presence and seed germination. Unsuitable (mostly: low) 

temperatures might lead to a deficit of viable pollen donors and minimal seedling recruitment 

(Lamont et al. 1993, Charpentier et al. 2000, Honnay et al. 2006, Berjano et al. 2013). Generally, 

in environments where sexual reproduction via outcrossing is limited (e.g. at higher altitudes 

or latitudes; Young et al. 2002, Dorken et al. 2004), transition rates from outcrossing to selfing 

or obligate clonal reproduction (for plants that have the ability to spread vegetatively) are high 

(Barrett 2002, Griffin and Willi 2014). Many obligate clonal populations therefore occur at the 

geographical margins of a species’ range. 

 To quantify changes in sexual traits in an asexual lineage, a related sexual lineage is 

required as reference. Ideally, in order to increase the number of replicates, multiple independently 

derived asexual lineages are compared with their sexual counterparts (Ritland and Ritland 1989, 
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Johnson et al. 2010, Schwander et al. 2013). In plant species where both sexual and obligate 

clonal populations persist, sexual traits and fertility can be compared. For species from which 

no sexual lineage is known, a closely related sexual sister-species can be used as a reference 

(Kimpton et al. 2002, Ortega-Baes and Gorostiague 2013). 

 In the next sections the contribution of different mechanisms causing sexual trait decay 

and fertility loss of diploid clonal plants is discussed.

Neutral mutation accumulation

Trait decay via neutral mutation accumulation relies on genetic drift, which is in evolutionary 

context a slow process (Table 1). In the evaluation of the neutral trait decay hypothesis it is 

important to consider that we only included reports on clonal plants where sexual trait decay 

occurred. Three arguments, however, substantiate the claim that drift alone is an unlikely driving 

force for the observed trait decay. Firstly, clonal plants frequently exhibit multiple decayed 

sexual traits, simultaneously, at various levels (Table 2). If mutation fixation were random, 

sexual trait decay would be expected to occur similarly frequent across different traits. However, 

trait decay shows a non-random pattern and notably male and female fertility are most frequently 

degenerated (Table 2). For example, although many lineages still flower, their pollen are infertile. 

Secondly, neutral trait decay proceeds very slowly and thus requires a lineage to exist millions of 

years, a timeframe seldom reached by asexual lineages (Schurko et al. 2009). Finally, trait decay 

was documented to occur in clonal plants of two relatively young populations (i.e. populations 

that were younger than 10.000 years; Dorken et al. 2004, Ally 2008). In these populations the 

observed trait decay seems unlikely to be solely caused by the accumulation of neutral mutations 

alone. In conclusion, considering the observed high rate of decay of sexual traits in the plants 

included here, the hypothesis of random fixation of neutral mutations therefore seems an unlikely 

scenario. 

 Similar to clonal plants, the effect of drift alone on sexual trait decay has recently been 

shown to also be unimportant in asexual animal lineages (van der Kooi and Schwander 2014a). 

Asexual animal lineages exist of females only, and thus only female-specific traits are exposed to 

selection. Accordingly, males that are being produced (e.g. by accident or via antibiotic treatment, 

in case of asexuality caused by an infection with bacterial endosymbionts) are fully functional, 

whereas females often show decay of various sexual traits (van der Kooi and Schwander 2014a). 
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Are resource limitations driving the decay of sexual traits?

Both the resource allocation hypothesis and the antagonistic pleiotropy hypothesis involve 

selection as the driving force and are therefore potentially faster mechanisms than neutral 

drift. According to both hypotheses the loss of sexual traits should be accompanied by a gain 

in nonsexual components of fitness. For some species resource reallocation has been indicated 

to be the evolutionary driving force for the observed trait decay, mostly regression of the floral 

display. In some cases clonal reproduction was associated with a (slight) increase in vegetative 

Hypothesis

Selection 
as driving 
force

Effect on 
vegetative 
growth

Expected observations References

Neutral 
mutation 
accumulation

No None

Sexual traits are not associated with a 
fitness gain or loss and are thus under 
relaxed selection.  Neutral mutations 
increase in frequency via drift and trait 
decay proceeds slowly.

Wilkens 1988, 
Teotonio and 
Rose 2000

Resource 
reallocation

Yes Increase

Trait decay releases constraints on 
resources that can now be used for 
other ends, e.g. small-flowered clonal 
plants have greater vegetative vigour. 
Because selection is driving trait decay, 
it proceeds rapidly.

Regal 1977, 
Fong et al. 
1995

Antagonistic 
pleiotropy

Yes Increase

Trait decay is correlated with an 
increase in vegetative vigour, through 
genetic linkage of regressive and 
constructive traits. Reduced expression 
of genes underlying sexual traits 
increases expression of genes coding 
for vegetative traits.

Prout 1964, 
Wright 1964, 
Regal 1977, 
Porter and 
Crandall 2003

Mutational 
meltdown

No Decrease

Clonal plants suffer from accumulation 
of deleterious mutations due to their 
non-recombining mode. Sexual trait 
decay is part of an overall decrease 
of plant fitness eventually leading to 
extinction of the clonal plant lineage.

Lynch et al. 
1993

Table 1: Hypotheses on mechanisms involved in sexual trait decay in clonal plant lineages.
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References

Rh Araliaceae Panax sikkimen-
sis - - - R - - Yes1 Sharma et al. 

2011

Rt Asteraceae Acanthocladium 
dockeri N - - R - Less germina-

tion Yes Jusaitis and 
Adams 2005

Rh Asteraceae Rutidosis leiolep-
is R - - - - - - Young et al. 

2002

St Cactaceae Echinopsis thele-
gona R I? - - - - -

Ortega-Baes 
and Gorosti-
ague 2013

Rt Cupressaceae Juniperus sabina - - - R? - Sterile? Less 
germination? ? Wesche et al. 

2005

St Dendrocerota-
ceae

Nothoceros aenig-
maticus - - R R N - -

Renzaglia and 
McFarland 
1999 

Rh Fabaceae Eremosparton 
songoricum R I - - R Smaller, less 

germination - Wang et al. 
2012

Bb Gesneriaceae Titanotrichum 
oldhamii - I - R R - - Wang et al. 

2004

Rt Lythraceae Decodon verticil-
latus - I2 - R R -

Eckert et al. 
1999, Dorken 
and Eckert 
2001, Dorken 
et al. 2004

Table 2: Case studies on the decay of sexual traits in clonal plants. Abbreviations: Rh = 
rhizomatous; Rt = via roots; St = via (creeping) stems; Bb = via bulbils; R = reduction / 
regression; N = normal; I = increase; - = no information on this trait available; ? = inference 
uncertain. 
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Rt Menyanthaceae Nymphoides mon-
tana3 I I R R R - Yes

Haddadchi 
2013, Haddad-
chi et al. 2014

Rt Myrsinaceae Lysimachia num-
mularia - - - R - - Yes Bittrich and 

Kadereit 1988

Bb Oxalidaceae Oxalis natans - - - - - Sterile - Zietsman et al. 
2008

Rt Protaceae Banksia elegans N N? R4 R N Sterile - Lamont and 
Barrett 1988

Rh Protaceae Grevillea al-
thoferorum R - - R R Sterile - Burne et al. 

2003

Rt Protaceae Grevillea 
infecunda N - N R N? - - Kimpton et al. 

2002

Rh Protaceae Grevillea 
rhizomatosa - - R4 R R - Yes5

Gross and Cad-
dy 2006, Gross 
et al. 2012

Rh Ranunculaceae Coptis teeta ssp. 
lohitensis R I? - R R - Yes1

Pandit and 
Babu 2000, 
Pandit and 
Babu 2003

Rt Salicaceae Populus 
tremuloides - - - R - - Yes5

Ally 2008, 
Ally et al. 
2010

Rt Santalaceae Santalum 
lanceolatum - - - R R - - Warburton et 

al. 2000

Rh Sparganiaceae Sparganium 
erectum R I - R R - - Piquot et al. 

1998

Rt Ulmaceae Ulmus minor I - N N R - Yes?6
López-
Almansa et al. 
2003

Rh Veronicaceae Veronica 
filiformis R - R4 R R Smaller, less 

germination Yes Scalone and 
Albach 2012

Rh Zingiberaceae Mantisia 
spathulata - - - R - - Yes1 Sharma et al. 

2011

Footnotes: 1 Synaptic mutation; 2 Higher survival; 3 The polyploidy of some clones can be 
excluded as origin of sterility; see Haddadchi et al. 2014; 4 Less pollen (release); 5 High somatic 
mutation rates; 6 Sterile genotypes raise both fertile as sterile sires, suggesting this species is at 
an intermediate stage of trait decay. 
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growth (Table 2), though there is no clear correlation between regression of the floral display 

and an increase in vegetative growth. Rather, the vast majority of lineages still flowers, which 

allowed examination of their fertility. Interestingly, clonal plants produce normal (high) amounts 

of pollen and carpels that are, however, mostly infertile (Table 2). If resource limitations would 

be the driving force of trait decay, clonal lineages are expected to stop flowering, or at least 

exhibit a reduction in the size of flowers, ovules or pollen, rather than the production of (many) 

infertile ovules or pollen. Because it remains possible that the plants are at an intermediate stage 

of trait decay (e.g. they flower less often or display a lower number of flowers) or that resource 

reallocation was not examined in the original studies (e.g. root growth), we cannot fully exclude 

that in some clonal plants reallocation of resources from reproductive to vegetative structures 

occurs. However, in species with sterile pollen, several female-specific fertility-related traits (e.g. 

the ability to support pollen tube growth) are not expressed and thus not exposed to selection, so 

their decay can thus not be driven by selection. Therefore the finding that in plants with sterile 

pollen also female fertility has degenerated supports the conclusion that non-selective processes 

are more important than selective processes in the observed trait decay. 

 Interestingly, there seems to be no relation between pollen viability and the number of 

pollen produced: in only two cases decreased pollen viability was associated with a reduction 

in pollen production (Gross and Caddy 2006, Scalone and Albach 2012). Whereas anther 

size is often used to estimate the number of pollen and thereby serves as an estimate of male 

reproductive output (e.g. Ritland and Ritland 1989, Johnson et al. 2010), Table 2 shows that a 

normal (high) production of pollen does not necessarily correlate with a high male fertility, as 

the pollen can still be infertile. Clearly, for clonal plants, resource limitations are not the primary 

mechanism driving sexual trait decay.

 In contrast with the clonal plant lineages discussed here, sexual trait decay via resource 

reallocation occurred frequently in a specific group of plants, i.e. in asexual evening primroses 

(Oenothera spp.; all diploids). The genus Oenothera comprises both sexual lineages and lineages 

characterized by a reproductive mode named permanent translocation heterozygosity, i.e. non-

apomictic, asexual reproduction via seeds. Asexual Oenothera species self-fertilize and therefore 

require functional male and female fertilities, but meiosis occurs without crossing over (Holsinger 

and Ellstrand 1984). Hence this mode of reproduction can be considered as functionally asexual. 

Johnson et al. (2010) studied many independently derived functionally asexual Oenothera 

lineages and found that the transition from sexuality to functional asexual functionally asexual 
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reproduction occurs via seeds, larger seeds can be considered a form of resource reallocation. In 

addition, functionally asexual Oenothera species show a wider geographical distribution relative 

to their sexual counterpart (Johnson et al. 2010), a pattern frequently observed in asexual species 

(e.g. Bell 1982, Law and Crespi 2002, Saleh et al. 2012, van der Kooi and Schwander 2014b). 

Functionally asexual Oenothera species furthermore show a higher diversification rate relative 

to sexual sister-species (Johnson et al. 2011), though the loss of sex in this group of species is 

also associated with deleterious mutation accumulation (see below). 

Antagonistic pleiotropy hypothesis

Plant sexual reproduction is a complex trait governed by many loci (O’Neill and Roberts 2002), 

which are potentially genetically correlated (Fischer et al. 2004). In six cases sterile plants 

exhibited higher vegetative growth (Table 2). Yet, only one experimental study has thoroughly 

assessed the effect of antagonistic pleiotropy on sexual trait decay, i.e. in the well-studied aquatic 

plant Decodon verticillatus (Dorken et al. 2004). Despite the relatively short evolutionary age 

of the clonal populations of D. verticillatus (i.e. approx. 8000 years, since the last glacial age; 

see Eckert and Barrett 1995), sterility has arisen repeatedly and thus most likely driven by 

selection. Dorken et al. (2004) performed an elegant experiment where they grew both fertile 

and sterile plants in uniform environments, while suppressing flowering and thereby eliminating 

resource competition between sexual and vegetative growth) Sterile plants had higher survivals 

during winter dormancy and, as resource competition could be excluded, this must be due to a 

pleiotropic effect (Dorken et al. 2004). 

 Studies that focused on the genetic architecture of different components of plant sexual 

traits are rather contradictory, and genetic correlations between different components of plant 

sexual reproduction seem to greatly differ between the species studied (reviewed in Sicard and 

Lenhard 2011, Krizek and Anderson 2013). The currently available data is insufficient to exclude 

or confirm an important role of antagonistic pleiotropy. Further in-depth genetic studies are 

needed to infer the genetic linkage between sexual and vegetative traits. Future studies should 

also involve experiments where clonal and sexual plants are grown under uniform environments 

(Dorken et al. 2004), in order to assess the importance of selective pressures on sexual trait 

decay.
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Mutational meltdown in clonal plants

The high frequency of sexual trait decay and the observation that decay is only in a few plant 

lineages associated with an advantage do not support the first three hypotheses (see Table 1). In 

order for the mutational meltdown hypothesis to hold, the effect of mutation accumulation via 

drift must outweigh the effect of diplontic selection (Klekowski 2003). The effect of mutation 

accumulation in clonal plant lineages can be accelerated in two ways, i.e. via high mutation 

rates and when the genetic architecture is easily disrupted by few mutations (it is ‘vulnerable’). 

In addition, the age of asexuality is expected to be correlated with the mutational load, because 

old asexual lineages have generally accumulated more mutations than recent asexual lineages 

(Scofield and Schultz 2006, Schultz and Scofield 2009). Several lines of evidence show that high 

mutation rates, a vulnerable genetic architecture and asexual age-effects occur in asexual plants.

 Many clonal plant lineages are documented to have accumulated more mutations 

than their sexual counterpart (Klekowski 1988, McKey et al. 2010, Ally et al. 2010, van der 

Merwe et al. 2010, Reusch and Boström 2011, Bobiwash et al. 2013; reviewed in Whitham and 

Slobodchikoff 1981, Klekowski 2003). For ten clonal lineages included in this study, the sexual 

trait decay was furthermore found to have a genetic basis (Table 2). For example, in the clonal 

lineages of Coptis teeta, pollen sterility was due to a synaptic mutation that leads to the unequal 

division of chromosomes to gametes during meiosis (Pandit and Babu 2003). 

 The prediction of higher mutation accumulation in older asexual lineages, relative to 

young asexual lineages is supported by the findings in clonal plant lineages. In clonal plants, a 

meta-analytical study comprising long-lived and short-lived clonal plants showed that long-lived 

clonal plants accumulated more mutations, and that this mutation accumulation also leads to 

lower fertilities (Lamont and Wiens 2003). The manifestation of pollen sterility (Table 2) can be 

explained by the haploidy of pollen in which sterility mutations are not being masked (Bull and 

Charnov 1985). Whereas in sexually reproducing plants the gametophytic (pollen) phase acts as 

purging selection on sterility mutations (Walbot and Evans 2003, Borg et al. 2009, Chibalina and 

Filatov 2011), sterility mutations can persist in clonal plants. The effect of sterility mutations in 

pollen will be greater when the genetic architecture of pollen function involves many targets for 

disrupting mutations, i.e. a single mutation can lead to sterility. Indeed, there are cases of single 

mutations that render pollen sterile (reviewed in Chaudhury 1993, Chase 2007). Possibly, the 

genetic architecture underlying fertility loss in clonal plants comprises a genetic architecture 
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with many targets for disrupting mutations. Similarly, in some asexual animals sexual trait decay 

was also found to be due to relatively few mutations (Pannebakker et al. 2004, Ma et al. 2014).

 The mutational meltdown hypothesis predicts that not only sexual traits decay, but 

that whole clonal plant fitness is reduced. A strong link between high mutation accumulation 

and reductions in whole plant fitness or extinction rates has not been demonstrated, but it 

remains possible that declines in plant populations previously attributed to environmental or 

anthropological causes might in fact have suffered from severe deleterious mutation accumulation 

(Klekowski 2003, Honnay and Bossuyt 2005). 

 In contrast to the clonal lineages, mutation accumulation was more thoroughly studied 

in the Oenothera system. A recent study by Hollister et al. (2015) showed that the loss of sex 

in this group of species is associated with higher mutation accumulation (see also Godfrey and 

Johnson 2014). Functionally asexual Oenothera lineages not only exhibited more mutation 

accumulation, many mutations were non-synonymous and functionally asexual lineages 

exhibited more premature stop codons in their transcriptomes, suggesting the mutational 

accumulation is deleterious (Hollister et al. 2015). Mutation accumulation tended to be higher 

in older Oenothera lineages (Hollister et al. 2015), although the number of old asexual lineages 

studied was low. Hence, despite several advantages that functionally asexual Oenothera lineages 

have compared to their sexual counterparts (see above), the long-term evolutionary potential and 

the fate of the functionally asexual lineages remains unclear.

The (ir)reversibility of the loss of sex in clonal plants

Asexual reproduction is generally considered an evolutionary ‘dead end’ (e.g. Stebbins 1950, 

Lynch et al. 1993). Due to the absence of recombination, asexual organisms are thought to 

accumulate deleterious mutations and thereby possibly suffer from reduced evolutionary potential 

and adaptability. Despite theoretical support, this hypothesis is built upon little empirical data 

(Vorburger 2001, Rice 2002, Paland and Lynch 2006, Neiman et al. 2010, Henry et al. 2012, 

Hollister et al. 2015). 

 The mutational meltdown hypothesis is not conclusively demonstrated in diploid 

clonal plant lineages, because the effect on whole plant fitness is unclear. However, the loss of 

fertility in many clonal plants rendered the lineages obligatory asexual. Sexual reproduction is 

a very complex trait, making a reversal to sex highly unlikely (Bull and Charnov 1985). The 
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loss of fertility will thus accelerate the effect of mutation accumulation because it impedes a 

reversal to sexual reproduction and hence recombination. Possibly, the mutation accumulation 

and loss of fertility in clonal lineages explains the virtual absence of ancient diploid clonal 

plant lineages. The adaptive potential of functionally asexual Oenothera species seems less 

narrow. All functionally asexual Oenothera species have arisen recently and are associated with 

increased diversification rate, relative to their sexual sister-species (Johnson et al. 2010, Johnson 

et al. 2011). Because functionally asexual Oenothera plants remain fertile, occasional cross-

pollination between different plants might occur, which can result in higher genetic variation. 

Concluding remarks

I. Various factors affect the balance between sexual and vegetative reproduction in plants, 

resulting in different selective pressures on reproduction-specific traits. In contrast to 

self-fertilizing plants, few studies have addressed the fate of sexual traits in clonal plants 

(Eckert 2002). In diploid clonal plants sexual traits and fertility degenerate simultaneously 

across different levels, thereby departing from the neutral mutation accumulation 

hypothesis. 

II. For few lineages a regression in floral display is correlated with an increase in vegetative 

growth, indicating resource reallocation from the former to the latter facilitates this form 

of trait decay. However, the majority of clonal lineages maintain flowering and exhibit 

no advantage parallel to trait decay, suggesting energy reallocation and antagonistic 

pleiotropic effects between sexual and vegetative components are of minor importance. 

III. Clonal plants often maintain their floral structures but exhibit reduced fertilities, notably 

low pollen fertility, suggesting selection is an unlikely driver of this form of sexual trait 

decay. The high sterility of clonal plants is likely due to a combination of high mutation 

accumulation and a vulnerable underlying genetic architecture that allows many targets 

for disrupting mutations (Prout 1964). 

IV. For the plant species discussed, the frequently observed sexual sterility and its genetic 

basis are best supported by the hypothesis that they are the result of mutation accumulation 

as a consequence of the abandonment of recombination, and they should therefore not be 



145

Sexual trait decay in clonal plants

considered adaptations to a non-recombining life-style. Furthermore, the loss of fertility 

impedes a reversal to sexual reproduction, thereby limiting the plant’s future adaptability.
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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. 



162

Chapter 9

 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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Summary 
This thesis treats a wide range of different aspects of flower coloration, that is, the optics 

underlying coloration, the significance of pigmentary coloration vs. structural colours, 

iridescence, fluorescence and polarization for pollination, and the fertility of clonal plants. 

Chapter 1 introduces the concepts of flower coloration, i.e. wavelength-selective absorption by 

pigments and backscattering by irregularly shaped inner components of flowers. In addition, the 

mechanisms of structural coloration are introduced.

Chapter 2 presents a quantitative optical model that considers flowers as a stack of layers, 

where each layer can be treated with the Kubelka-Munk theory for diffusely scattering and 

absorbing media. In this chapter the flowers of the Chilean bellflower, Nolana paradoxa, serve 

as an exemplary case. The presented model allows quantitative insight of transmittance and 

reflectance spectra and will aid in understanding the optimal pathways for plants to achieve 

bright coloration. 

Chapter 3 outlines the optical principles of flower coloration. Floral pigments can be localized in 

the petal in several ways and the thickness of flowers also differs between species. The effect of 

different localizations of pigments as well as the thickness of flowers on the overall visual signal 

of flowers is illustrated and quantified using the model described in chapter 2. 

Chapter 4 shows an in-depth study of the coloration of the glossy flowers of buttercups 

(Ranunculus spp.). Using various spectrophotometric methods, anatomy and optical modeling, 

it is shown that the buttercup’s gloss is due to the petal’s upper epidermis that acts as a thin-film 

reflector. The upper epidermis furthermore contains a carotenoid pigment that effectively filters 

the light backscattered by the underlying structures, that is, the starch layer and intercellular 

air gaps. These measurements together with the optical model presented in chapter 2 allowed a 

quantitative understanding of the contribution of the flower’s different components to the visual 

signal.
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Chapter 5 studies the contribution of structural coloration, including iridescence, to the overall 

visual signal of flowers. Imaging scatterometry was used to study the spectral and spatial 

reflectance of flowers, and casts of flower surfaces were used to separate the reflection by 

the petal’s surface from the petal’s interior. Smooth flower surfaces reflect light directionally, 

whereas conically shaped surfaces reflect light diffusely. Under laboratory conditions striated 

surfaces can create an iridescence signal, but the iridescence vanishes when illumination similar 

to that in natural conditions is applied. 

Chapter 6 shows that floral iridescence is unlikely to be a biologically relevant cue in plant-

pollinator signaling. Measurements on flowers of key species that were previously claimed to be 

iridescent reveal that in all cases the iridescence signal is overruled by the visual signal due to 

pigmentary coloration. The biological relevance of (minute) visual signals to the overall visual 

signal of flowers is discussed.

Chapter 7 investigates the importance of flower color and pollination system in a large plant 

community. An exhaustive, previously published database was used to determine the degree of 

competition for pollinators among plants in a Dutch nature reserve and the spectral characteristics 

of flowers of pollinator competing and non-competing plants were compared. Pollinator-

competing plants were found to be more dissimilar in floral reflectance than non-competing 

plants. 

Chapter 8 outlines the fate of sexual traits in clonally propagating plants. A literature survey 

revealed that a decrease in fertility, specifically pollen fertility, is the most frequently observed 

form of sexual trait decay in clonal plants. The evolutionary mechanisms behind this observed 

trait decay are discussed.

Chapter 9 discusses the biological relevance of (spectacular) visual signals in plant-pollinator 

interactions. Under laboratory conditions, flowers can be found to fluoresce and feature a 

polarization pattern. Similar as for the iridescence signal of flowers, fluorescence and polarization 

signals must be considered to be negligible compared to the visual signals due to pigmentary 

coloration. 
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Het kleurenpalet van bloemen: filterende pigmenten, reflecterende structuren en 
biologische functies

Het plantenrijk biedt ons een overweldigend breed palet van bloemkleuren. Het centrale thema van 

dit proefschrift is bloemkleur. De eerste vijf hoofdstukken gaan over de optische mechanismen 

waardoor bloemkleur tot stand komt, de zogenaamde proximate aspecten. Hiermee wordt de 

waardoor-vraag beantwoord. Hoofdstukken zes tot en met negen behandelen de functionele 

aspecten van bloemkleur en reproductie van planten, oftewel de ultimate aspecten. Hiermee 

wordt de waartoe-vraag beantwoord.

 Het eerste hoofdstuk is een algemene inleiding in de rol van bloemkleur bij 

bloembestuiving. Verder worden de algemene optische principes van bloemkleur behandeld. 

In een groot aantal studies is de relatie tussen de kleur van bloemen en hun bestuivers 

onderzocht. Veel minder is echter bekend over mechanismen die de bloemkleur veroorzaken. 

Twee typen van kleurvorming worden onderscheiden: pigmentkleur en structuurkleur. De meest 

voorkomende kleurvorming bij bloemen is via pigmenten. Bloembladeren bestaan uit cellen 

met een inhomogene structuur en tussen de cellen zitten (kleine) luchtholtes. Door deze opbouw 

werkt een bloemblad als geheel als een verstrooiend medium, oftewel het licht wordt diffuus 

weerkaatst. Zonder pigment is de bloem wit. Als de bloem wel pigmenten bevat, absorberen de 

pigmenten een specifiek deel van het spectrum en geven daarmee de bloem een bepaalde tint. Een 

andere vorm van kleurvorming ontstaat wanneer het bloemblad regelmatig geordende structuren 

heeft, waarvan de periodiciteit ligt in de orde van een micrometer. Dan kan een zogenaamde 

structuurkleur ontstaan door interferentie van licht met die geordende structuren. Hoewel deze 

vorm bij planten minder voorkomt, is hij zeker niet minder interessant. Structuurkleuren zijn vaak 

intens en hun tint is veelal hoekafhankelijk, oftewel iriserend. Bekende voorbeelden van media 

met structuurkleuren zijn: olie op water, zeepbellen, de onderkant van een cd en pauwenveren.

 Hoofdstukken twee en drie behandelen de bloemkleuren die veroorzaakt worden door 

pigmenten. In hoofdstuk twee presenteren we een optisch model, dat de bloem beschouwt 

als een opeenstapeling van lagen, waarbij iedere laag een andere structuur, pigmentatie en/of 
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homogeniteit heeft. De fractie van het weerkaatste licht drukken we uit in reflectantie, de fractie 

geabsorbeerd licht in absorptantie. Het gemeten reflectantiespectrum geeft het deel van het 

gereflecteerde licht bij verschillende golflengten weer. Door de reflectantie en absorptantie van 

iedere laag te berekenen kan het reflectantiespectrum van de gehele bloem kwantitatief begrepen 

worden. In het door ons gebruikte model staat de theorie van Kubelka en Munk centraal. Waar in 

de alom bekende wet van Lambert-Beer enkel de absorptie van een medium wordt beschouwd, 

betrekt de Kubelka-Munk-theorie zowel de absorptie als de reflectie van het medium. We 

testen ons model op de bloemen van het zonnedauwtje, de Nolana paradoxa. We laten zien 

dat het gecombineerde Kubelka-Munk-gestapelde-lagen-model een inzichtelijke, kwantitatieve 

benadering van bloemkleur mogelijk maakt. 

 In hoofdstuk drie gebruiken we het optische model uit hoofdstuk twee om het visuele 

signaal dat bloemen naar hun bezoekers uitzenden te onderzoeken. We laten zien dat bloemen 

van ongelijke plantensoorten sterk kunnen verschillen in pigmentlokalisatie, dikte van het 

bloemblad, en homogeniteit binnenin het bloemblad. De variaties in anatomie kunnen leiden tot 

enorme verschillen in het visuele signaal. We interpreteren de contrasterende visuele signalen 

met behulp van modellen van het visuele detectiesysteem van insecten, om zo een beter beeld 

te krijgen van de strategieën die planten gebruiken om hun zichtbaarheid zo groot mogelijk te 

maken. 

 In hoofdstuk vier en vijf worden enkele speciale gevallen van bloemkleur behandeld, 

namelijk de glans van boterbloemen en de iriserende kleuren bij bloemen. In hoofdstuk vier 

onderzoeken we de kleur van boterbloemen. Boterbloemen zijn bijzonder omdat ze, naast hun gele 

kleur, een zeer prominente glans hebben. De glans van boterbloemen is het gevolg van een unieke 

anatomie. De gepigmenteerde bovenlaag van de bloem (de epidermis) is zeer vlak, zeer dun en 

door een luchtlaag gescheiden van de onderliggende lagen. Hierdoor werkt de gehele epidermis 

als een dunne film; dit is hetzelfde optische principe als bij olie op water of een zeepbel. Het licht 

dat niet door de epidermis wordt weerkaatst, wordt alsnog verstrooid door de zetmeelkorrels 

onder de luchtlaag. Het verstrooide licht passeert dus tweemaal de gepigmenteerde epidermis en 

krijgt daardoor een zeer verzadigde gele kleur. Met behulp van een optisch model laten we zien 

dat de glans die voor mensen duidelijk zichtbaar is, waarschijnlijk tot weinig extra zichtbaarheid 

voor bestuivende insecten leidt. Integendeel: omdat de boterbloemen bij lage temperaturen de 

vorm van een parabool aannemen en sterk heliotroop zijn, weerkaatst de epidermis het licht 

hoofdzakelijk naar het hart van de bloem, waar de reproductieorganen liggen. Waarschijnlijk 
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bevordert dit de opwarming van de reproductieorganen en daarmee de ontwikkeling van zaden. 

 In hoofdstuk vijf onderzoeken we hoe hoekafhankelijke kleur bijdraagt aan het 

visuele signaal van bloemen. Eerder was gesuggereerd dat microscopisch kleine richels op 

bloemoppervlakken een tralie-werking op het licht zouden hebben. De tralie-werking zou te 

zien zijn in de vorm van een hoekafhankelijke kleur, waarvan dan gedacht werd dat dit een 

sterk visueel signaal naar bestuivende insecten zou zijn. We bepaalden daarom de spectrale en 

ruimtelijke verdeling van licht dat gereflecteerd wordt door verschillende bloemoppervlakken. 

Zeer gladde oppervlakken, zoals dat van de boterbloem, werken als een spiegel. Kegelvormige 

oppervlakken, zoals die van het zonnedauwtje, werken als verstrooiende structuren. Geribbelde 

oppervlakken, indien voldoende regelmatig geordend en met geschikte periodiciteit, kunnen 

onder specifieke belichting hoekafhankelijke kleuren genereren. Bij de door ons onderzochte 

bloemen is de iriserende kleur echter louter waarneembaar bij zeer lokale en gerichte belichting. 

Onder natuurlijke belichting (belichting onder een brede hoek en van meerdere cellen tegelijk) 

blijkt het iriserende effect niet waarneembaar. 

 In hoofdstuk zes en zeven bespreken we de biologische relevantie van bloemkleur. 

Hoofdstuk zes vervolgt het thema van de hoekafhankelijke kleur in relatie tot het visuele 

signaal van bloemen. We presenteren foto’s en reflectantiespectra van bloemen met geribbelde 

oppervlakken, waaronder bloemen die eerder als iriserend waren beschreven. We laten zien 

dat daarbij de hoekafhankelijke kleur in geen enkel geval bijdraagt aan het visuele signaal van 

bloemen en daarmee dus een biologisch irrelevant fenomeen is. 

 In hoofdstuk zeven bespreken we de rol van bloemkleur in een grote plantengemeenschap 

in het natuurgebied de Drentsche Aa. We vergelijken de bloemkleur van planten die elkaar 

beconcurreren voor bestuivende insecten (specialisten) met bloemkleur van planten die niet 

concurreren (generalisten). We laten zien dat bloemkleur gemiddeld genomen meer verschilt 

tussen specialisten dan tussen generalisten. Waarschijnlijk is het voor specialisten belangrijk om 

zo veel mogelijk onderling te verschillen, zodat ze alleen een selecte groep insecten aantrekken. 

Generalisten daarentegen lijken juist op elkaar, zodat ze de meer algemene insecten aantrekken: 

zij staan ‘samen sterk’. 

 In de laatste twee hoofdstukken wordt de ecologische en evolutionaire relevantie van 

plantenstructuren besproken. Hoofdstuk acht is een literatuurstudie waarin het evolutionaire ‘lot’ 

van vegetatieve (klonale) planten wordt besproken. We kijken specifiek naar voortplantingsorganen 

van klonale planten. Planten die zich uitsluitend vegetatief verspreiden, bijvoorbeeld via uitlopers, 
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knollen of wortels, hebben geen voortplantingsorganen en bloembladeren nodig. Hierdoor 

zijn bij klonale planten de voortplantingsorganen en bloembladeren ‘bevrijd’ van natuurlijke 

selectie, waardoor deze (waarschijnlijk) degenereren en tenslotte verdwijnen. Het is voor planten 

waarschijnlijk kostbaar om bloemen te maken en te behouden gedurende de bloeifase, en daarom 

zou verwacht mogen worden dat bij klonale planten bloemen volledig afwezig zijn. Verrassend 

genoeg degenereren echter vooral de vruchtbaarheid van het stuifmeel en het vruchtbeginsel en 

blijven bloemen behouden. Een verklaring is dat dit komt door een opeenhoping van schadelijke 

mutaties in klonale planten die zich hoofdzakelijk uiten in de reproductieorganen. Mutaties 

accumuleren doordat klonale planten niet meer voortplanten via seks en er dus geen genetische 

vermenging meer plaatsvindt. 

 In het laatste hoofdstuk, hoofdstuk negen, bespreken we de ecologische en evolutionaire 

relevantie van spectaculaire visuele fenomenen van bloemen. We bespreken hoe frequent 

voorkomende structuren van bloemen een hoekafhankelijke kleur, gepolariseerde lichtreflecties 

en fluorescentie-effecten kunnen produceren en waarom deze visuele fenomenen onder 

natuurlijke omstandigheden vrijwel nooit waarneembaar zijn. De mechanismen die deze optische 

fenomenen genereren hebben bovendien vaak, zo niet altijd, een andere primaire functie. De 

richels op bloemen zorgen voor een kleiner contactoppervlak van water en stofdeeltjes op de 

bloem en dragen dus waarschijnlijk bij aan het zelfreinigende effect van bloemen. Fluorescentie 

in het zichtbare golflengte gebied is veelal een bijproduct van de absorptie-eigenschappen van 

pigmenten. Polarisatie effecten, waarneembaar bij alle spiegelende oppervlakken, zijn voor de 

bestuivende insecten waarschijnlijk niet waarneembaar. Hieruit blijkt dat spectaculaire optische 

fenomenen een complexe oorzaak en een vaak nog veel complexere functie kunnen hebben.
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