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A B S T R A C T  

 

Flowers interact with several flower-visitors that remarkably differ, among others, in 

their morphologies, foraging strategies, and nutritional requirements, and thus in their 

efficiency to act as pollinators. In order to forage as effective as possible, flower-visitors rely 

on specific floral traits to detect and handle flowers in the heterogeneous environment they 

inhabit. Classical pollination syndromes comprise the identity and combination of specific floral 

traits, e.g. long corolla tubes or sweet scent. These flower traits are traditionally assumed to 

bear an adaptive value in relation to those flower-visitors that act as pollinators. However, the 

network between flowers and flower-visitors includes mutualistic as well as antagonistic 

relationships. Hence, floral traits may have not solely evolved to attract pollinators, but rather 

evolved to diminish antagonistic relationships with non-pollinating flower-visitors, and thus 

structure competitive pollination networks. Due to striking differences in colour vision systems, 

neural processing, and colour choice behaviours across flower-visitor taxa, floral colouration 

may have developed private communication channels between flowers and selective flower-

visitors.  

Focusing on bees and birds as flower-visitors and on bee- and bird-pollinated flowers, 

the present study reveals that floral colouration partially acts as such a floral filter structuring 

pollination networks. Choice experiments show that specific colour parameters selectively 

attract bees. Thereby bees prefer colours of high bee-subjective spectral purity, whereas 

flower-visiting birds do not show any preferences for colours or specific colour parameters. 

Consequently, the colour choice behaviour of flower-visitors affects the colouration of flowers 

pollinated by them. The comparison of flower colours reveals marked differences between 

those flowers pollinated by either bees or birds. We found that the floral colouration is well 

adapted to the visual capabilities of pollinators, but, at times, in addition negatively affects the 

visitation frequency of antagonistically operating visitors due to comparably less attractive 

colours. This is true for red and white flowers, which differ in their spectral reflectance 

depending on the pollinator guild, i.e. bees or birds. We show that the main differences in 

spectral reflectance arise in ultraviolet (UV)-reflectance properties. Here, the amount of UV-

light determines bee-subjective spectral purity, making red and white bee-pollinated flowers 

more attractive for bees than red and white bird-pollinated ones, respectively. Red and white 

colours of bird-pollinated flowers display such a low spectral purity and low colour contrast to 

the background that the flowers are difficult to detect for the bees’ eye. Hence, the red and 

white colouration of bird-pollinated flowers acts as a sensorial floral filter, almost exclusively 

attracting the beneficial visitors. The attractive function for birds has not arisen from colour-



 

 

preferences per se, but has rather result from learning in birds that associate these colours 

with higher amounts of nectar rewards, which are not depleted by bees. In contrast, for yellow 

flowers we show that the main colour does not differ between those pollinated exclusively by 

either bees or birds, and that yellow bird-pollinated flowers do not create a private niche for 

birds via a colour-based communication channel. However, we show that intra-floral colour 

patterns exclusively appear in yellow bee-, but not in yellow bird-pollinated flowers. 

Nonetheless, bees are known to prefer colour patterns as they guide them to the site of reward 

and thus, enhance their foraging efficiency due to decreased handling time. Hence, we 

conclude that yellow bee-pollinated flowers and their pollinators are well adapted to each other 

and that yellow bird-pollinated flowers hamper bees as antagonistically operating non-

pollinating visitors from effective foraging. 

 Furthermore, the present study investigates the impact of pigment chemistry and cell 

morphology on floral colouration. We show that an increase of pigment concentration causes 

a parallel increase of the bees' subjective spectral purity. However, this is true only up to 

intermediate concentrations, with even higher concentrations the spectral purity decreases. In 

accordance, choice experiments show that bees prefer colours of intermediate rather than of 

low or high pigment concentration. In addition, the flowers’ epidermal cell structure may affect 

floral colouration and structure the network of flowers, their mutual pollinators and antagonists. 

We show that bee-pollinated flowers on average possess more often conical epidermal cells, 

whereas bird-pollinated ones possess flat epidermal cells. Conical epidermal cells are 

assumed to act as light traps, enhancing the strength of the flowers’ colour signal. However, 

we show that the ambiguity of epidermal cell shape depends on the main pollinator as well as 

on the flower part, but does not affect the petals’ colouration as predicted. Nevertheless, 

epidermal cell shape affects mechanical properties in respect of floral grip, which influence the 

handling by bees that land on flowers, but not that by hovering birds. It is known that the 

possession of conical epidermal cells facilitates the bees’ grip, whereas flat epidermal cells 

cause a slippery surface. As grip is furthermore important for nectar robbing bees, the 

possession of flat epidermal cells on those flower parts that are vulnerable to nectar robbing 

is assumed to represent a mechanical floral filter. In fact, this is the case for bee- as well as 

bird-pollinated flowers.  
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CHAPTER 1 

GENERAL INTRODUCTION  

Competitive Pollination Networks 

Nowadays, more than 350,000 species of angiosperms are known worldwide and are 

a result of evolution and adaptive radiation involving, beside others, interactions between their 

flowers and flower-visitors (Lunau 2004; Ollerton et al. 2011). Flowering plants possess a large 

number of different lifestyles and reproductive strategies, but 90% of the todays’ present 

angiosperms are pollinate by animals (Tepedino 1979; Buchmann and Nabhan 1996; Barrett 

1998; Bascompte and Jordano 2007; Ollerton et al. 2011). Plants and animals are in direct 

relationships, and thus form networks of interdependences (Memmott 1999; Ings et al. 2009). 

Two-mode pollination networks include interactions between flowers as reproductive organs 

of plants on the one hand and pollinators on the other hand (Jordano 1987; Jordano et al. 

2003; Bascompte and Jordano 2006, 2007; Olesen et al. 2006; Olesen and Jordano 2002). 

The relationships between these two partners are mutualistic in respect of the flowers’ as well 

as the pollinators’ reproductive success (Jordano 1987; Olesen and Jordano 2002). On the 

one hand, zoophilous flowers rely on pollinators ensuring their reproductive success. The 

pollinators effectively deposit pollen from conspecific flowers on the flowers’ stigma and 

remove the flowers’ own pollen from stamina in order to transfer the paternal reproductive 

material to other conspecifics. In doing so, pollinators ensure recombination of the genetic 

material and promote genetic variability of the offspring (Bawa and Beach 1981, and 

references within). The degree of adaptability of these plant species towards changing 

environmental conditions is enhanced compared to other plant species with an asexual 

reproduction strategy (Bawa and Beach 1981). Moreover, pollinators that promote cross-

pollination, i.e. the pollination with pollen from other plant individuals, rather than self-

pollination, i.e. the pollination with conspecific pollen from the same flowers or from other 

flowers of the same individual, additionally enhance the genetic variability of the offspring 

(Bawa and Beach 1981). On the other hand, pollinators rely on food sources supplied by 

appropriate flowers. Adult bees for example rely on nectar as energy-supply and their offspring 

need in addition pollen as protein source (for review, see Nicolson 2011). Moreover, some bee 

species collect essential resins, fragrances or oils offered as reward by specialized flowers and 

perform pollination service in doing so (Vogel 1971; Dressler 1982; Armbruster 1984; 

Buchmann 1987). Hummingbirds likewise rely on floral nectar as energy source in regular time 

intervals (Wolf et al. 1972; Hainsworth and Wolf 1972). Other flower-visiting species gather 
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also floral rewards and perform pollination, but mainly feed on other sources than flowers like 

fruits (Kevan and Baker 1983, and references within). Different flower-visitors remarkably 

differ, among others, in their morphological properties, habitat requirements, foraging 

strategies, and nutritional requirements. Hence, different flower-visitors also differ in their 

effectivity as pollen vectors for specific plant species (Schemske and Horvitz 1984). For 

example, plant species in habitats of rainy, cold conditions rely on pollinators which forage 

during appropriate weather conditions (Totland 1994; Dalsgaard et al. 2009; Ortega-Jimenez 

and Dudley 2012), and plant species whose conspecifics grow far away rely on pollinators, 

which are able to overcome long distances during their foraging activities (Gill 1988). However, 

the degree of specialisation of flowers towards selective flower-visitors varies among different 

plant species. Generalist plant species are frequently visited by many different flower-visitors 

and are quite common (Waser et al. 1996; Waser 2006). Thus, within a plant-pollinator network 

generalist plant species are highly linked with many flower-visitors (Olesen et al. 2007). 

However, other plant species are assumed to be highly specialized towards a restricted set of 

flower-visitors, and possess flowers, which show high degrees of specialization to one or a few 

specific flower-visitors or a guild of flower-visitors with similar characteristics crucial in 

determining their effectiveness as pollinators (Bastolla et al. 2009).  

The specialization of flowers towards specific flower-visitors is achieved by 

characteristic flower traits which promote the transfer of pollen between the flowers’ 

reproductive organs and the pollinators’ body parts (van der Pijl 1961; Stebbins 1970; Faegri 

and van der Pijl 1979; Crepet 1983). Flower traits include morphological parameters like corolla 

length or landing platforms as well as chemical parameters like floral colouration and floral 

scent bouquets (Faegri and van der Pijl 1979). Specific flower-visitors are commonly 

associated with a characteristic set of flower traits within a single flower, because specific 

flower-visitors selectively visit a few but not all flowering plants in their environment. The 

combinations of different floral characteristics, which are adapted to specific flower-visitors 

lead to the classical view of pollination syndromes in ecology (Vogel 1954; Faegri and van der 

Pijl 1979; Fenster et al. 2004). For example flowers with a melittophilous pollination syndrome 

are frequently visited by bees and share characteristic traits including a zygomorphic shape, 

structures serving as landing platforms, nectar guides, the emission of medium-strong fresh 

scents, within corolla concealed sexual organs, and moderate quantities of not deeply hidden 

nectar (Faegri and van der Pijl 1979). In contrast, flowers with an ornithophilous pollination 

syndrome, i.e. flowers pollinated by birds, have in general a long medium-wide corolla tube or 

are hanging and zygomorphic, no landing platforms, no nectar guides and no scent, the 

distance between reproductive organs and nectar is quite large that anthers and stigmas are 

by times exerted from the corolla tube, and bear abundant dilute nectar (Faegri and van der 
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Pijl 1979). However, different species of bees as well as different species of birds at times 

account for different characteristic flower traits within the same pollination syndrome and by 

times even the foraging behaviour of individual bees, i.e. the collection of pollen or nectar, 

account for different syndromes (Faegri and van der Pijl 1979; Rocca and Sazima 2010). The 

strong association of flower-visitors with specific flower traits and a specific set of flower traits 

within a single flower has been longstanding assumed to promote interactions between flowers 

and their pollinators (Sprengel 1793; Darwin 1862; Knuth 1908; Baker 1963; Faegri and van 

der Pijl 1979; Stebbins 1970; Crepet 1983). This assumption includes that flower traits evolved 

solely in order to attract pollinators (Sprengel 1793; Darwin 1862; Knuth 1908; Crepet 1983). 

In other words, floral traits are assumed to represent an evolutionary adaptation by flowers to 

a specific pollinator guild, which bases on convergent evolution of specific flower traits among 

different plant species (Baker 1963; Faegri and van der Pijl 1979; Stebbins 1970; Johnson and 

Steiner 2000; Schistl and Johnson 2013). Thus, the evolution of flower traits is assumed to be 

due to selective pressure exerted by the pollinators, only (Baker 1963; Faegri and van der Pijl 

1979; Stebbins 1970; Johnson and Steiner 2000; Schistl and Johnson 2013). Stebbins (1970) 

complements this common mind by claiming that only pollinators that are most effective and 

most abundant will exert the most important selective force on floral traits. However, the 

classical view of pollination syndromes has been criticized in several studies in the last years 

due to the disagreement of prediction and factual field-observations of pollinators and due to 

a large number of arising studies assessing widespread generalization across pollination 

systems (Waser et al. 1996; Ollerton 1998; Kingston and McQuillan 2000; Thomson et al. 

2000; Lázaro et al. 2008; Ollerton et al. 2009). Moreover, several other non-pollinating flower-

visitors are linked within the interactions between flowers and pollinators, and might affect the 

evolution of flower traits (Herrera 1996; Ollerton 1996; Waser et al. 1996; Memmott 1999; 

Strauss and Irwin 2004; Strauss and Whittall 2006; Santamaría and Rodríguez-Gironés 2007). 

In fact, once adapted to a specific pollinator, flowers might suffer from being visited by other 

flower-visitors than their pollinators (for review, see Irwin et al. 2010). For example, due to 

concomitant changes in the flowers’ morphology promoting contact between the plants’ 

reproductive organs and pollinators’ body parts, other visitors with differing morphology might 

fail to transfer pollen. This might have indirect or direct negative effects on the plants’ fitness, 

if these visitors remove pollen, which is no longer available for pollination (Westerkamp 1991; 

Waser and Price 1983) or remove floral rewards, which are no longer available for pollinators, 

which, in turn, might negatively affect the visitation-behaviour of pollinators (Irwin and Brody 

1998; Irwin and Brody 2000). Inouye (1980) categorized non-mutualistic operating flower-

visitor behaviours into two groups of floral larceny. Behavioural “robbers” are those flower-

visitors, which pierce flowers, most often basal parts of corollas, in order to extract nectar 

(Müller 1873; Darwin 1876; Inouye 1980; Irwin et al. 2001). In contrast, “thieves” are those 
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flower-visitors that enter flowers in the normal way but also provide little or no pollination 

service, as their body is not in contact with reproductive organs of the flowers (Inouye 1980; 

Irwin et al. 2001). However, the impact of robbers or thieves on the flowers’ reproductive 

success remarkably vary and can be negative, neutral or, by times, even positive (Inouye 1983; 

for review, see Maloof and Inouye 2000). Moreover, the same flower-visiting species can act 

as mutualist or antagonist depending on the plant species (for review, see Maloof and Inouye 

2000). At times, if a flower-visitor act as an mutualist or antagonist even depends on the nectar- 

or pollen-collecting strategy of the flower-visitors (i.e. nectar- or pollen-collecting; Waser 1979), 

or on the anthesis of a given plant species (Morris 1996). Moreover, there is variation in robbing 

rates on an annual basis, on a seasonal basis, among different sites, and within sites of specific 

plant species (Irwin and Maloof 2002).  

Recent research focus on floral traits, which provide defence strategies of flowers 

against antagonistic flower-visitors, which raise the question if the selection on flower traits is 

always driven by pollinators alone, but rather by robbers or thieves (Brown 2002; summarized 

in Strauss and Whittall 2006). In fact, flower traits represent a compromise between attraction 

of pollinating visitors on the one hand and defence of non-pollinating ones on the other hand 

(Brown 2002; Irwin et al. 2004; Santamaría and Rodríguez-Gironés 2007), and thus influence 

competitive pollination networks. For example, Galen and Cuba (2001) show that floral traits 

represent a conflict between pollinator attraction and avoidance of flower predation, and 

influences the evolution of flower shape in Polemonium viscosum. Here, the formation of 

tubular flowers reduces the risk that nectar-thieving ants visit the flowers, but at the same time 

reduces the pollination effectivity of bumblebees (Galen and Cuba 2001). Strauss and Agrawal 

(1999) discuss the tolerance of flowers towards antagonists and give further examples that the 

selective pressure on flower traits, which is exerted by antagonists as well as pollinators leads, 

at times, into the same direction. In contrast, Johnson et al. (2006) show that the coloured 

nectar of the South African shrub Aloe vryheidensis filters selectively pollinators as visitors, but 

not antagonists. Here, phenolic compounds of the nectar reduce the visitation frequency by 

antagonistically operating flower-visitors due to a repelling effect, but at the same time do not 

affect the visitation rate by pollinators (Johnson et al. 2006). As the phenolic compounds 

colourise the nectar into dark-brown, the nectar colouration communicates the bitter taste for 

experienced antagonists before visiting the flowers again (Johnson et al. 2006). Junker and 

Blüthgen (2008) likewise show that floral traits by times rather filter out the flowers’ enemies 

than solely attract pollinators. This study gives evidence that floral scents repel nectar-thieving 

ant species from visiting specific flowers (Junker and Blüthgen 2008). At times, floral traits 

adopt simultaneously the function of attraction of pollinators on the one hand and defence of 

non-pollinating visitors on the other hand (Herrera et al. 2002; Irwin et al. 2004; Strauss and 
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Whittall 2006; Hanley et al. 2009; Junker and Blüthgen 2010). Thus, considering the complex 

combined effects of mutualistic and antagonistic interactions within competitive plant-pollinator 

networks is essential to understand the evolution of flower traits. Ornithophilous flowers are a 

good study system to investigate these questions.  

In ornithophilous flowers, the petals are often confused to long but narrow corolla tubes 

(Faegri and van der Pijl 1979). These long corolla tubes are assumed to constitute floral 

adaptations for the pollination by long-billed or long-tongued pollinators guiding the pollinators’ 

mouthparts to the floral reward located at the corollas’ basal part (Nilsson 1988). However, at 

the same time long corollas denying the access for other flower-visitors with inappropriate body 

morphometry, i.e. for example bees with body sizes exceeding the corollas’ width or short-

billed hummingbird species (Inouye 1980; Pleasants and Waser 1985; Lara and Ornelas 

2001). If bees visit hummingbird-pollinated flowers with long corolla tubes, they often rob the 

nectar by biting holes in the basal parts of the corolla, and thereby remove the floral reward 

without performing pollination service for the plant (Roubik 1982; Irwin and Brody 1998, 2000). 

Nectar robbing can lead to direct competition between bees and birds, if bees aggressively 

defend nectar sources (Roubik 1982), or to indirect competition, if birds avoid to visit flowers 

frequently visited by bees due to not sufficient amounts of reward left in the flowers by bees 

(Roubik 1985; Irwin and Brody 1998, 2000; but see Irwin 2009). Thus, although several floral 

characteristics seem to be well adapted to capabilities of birds as flower-visitors, maladaptation 

of the same floral characteristics towards non-pollinating visitors received growing attention 

(Castellanos et al. 2004; Rausher 2008). For instance, on the one hand the lack of scent in 

ornithophilous flowers might be explained by the underdeveloped olfactory sense of flower-

visiting birds, but on the other hand might hamper bees from detecting these flowers (Faegri 

and van der Pijl 1979; Goldsmith and Goldsmith 1982; Pleasants and Waser 1985; Knudsen 

et al. 2004). In this case, probably both, pollinators and non-pollinating antagonists, exert 

selective pressure (Knudsen et al. 2004). That the selective pressure on floral characteristics 

is exerted exclusively by non-pollinating visitors rather than by pollinators is more obvious for 

other floral traits of ornithophilous flowers. Hummingbirds prefer concentrated nectar over 

dilute one (Hainsworth and Wolf 1976; Stiles 1976), and if selective pressure is exerted by the 

pollinator hummingbird-pollinated flowers should be associated with concentrated nectars 

(Bolten and Feinsinger 1978). Instead, the sugar concentration of nectars in hummingbird-

pollinated flowers is low (Baker 1975). Hence, the prevalence of low nectar concentrations in 

hummingbird-pollinated flowers is assumed to evolve under selective pressure exerted by 

nectar robbing bees, which likewise prefer concentrated nectar sources, rather than exerted 

by pollinating hummingbirds (Bolten and Feinsinger 1978). Moreover, the nectar concentration 

of flowers pollinated by hummingbirds acquires the function of a floral trait evolved to deter 
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non-pollinating visitors rather than to attract the pollinators Bolten and Feinsinger (1978). For 

example in Penstemon, evolutionary adaptations of flowers towards hummingbirds as 

pollinators simultaneously appear with maladaptations to bees (Castellanos et al. 2004). 

Maladaptations include the degree of exposition of reproductive organs, the presence of a 

lower corolla lip, the width of the corolla tube, and the angle of flower inclination (Castellanos 

et al. 2004), but hummingbirds are at the same time still able to effectively pollinate bee-

pollinated Penstemon species (Castellanos et al. 2003).  

The investigation of floral traits in respect of their evolutionary drivers helps to 

understand whether and how the structure of an ecological competitive pollination-network 

affects its dynamics. More precisely, understanding the function of specific floral traits in their 

degree of attraction of pollinators and degree of defence function against non-mutualistic 

flower-visitors at the same time, aids to understand behavioural and ecological dynamics in 

competitive pollination networks. This thesis deals mainly with floral colouration of bee- and 

bird-pollinated flowers and investigates whether and how floral colouration act as a filter that 

selectively attracts flower-visitors. The following paragraph provides an overview of an ongoing 

debate whether and how the colouration of bird-pollinated flowers is involved in the attraction 

of pollinators and in the prevention of damaging by non-mutualistic operating flower-visitors.  

Visual Ecology in Competitive Pollination Networks 

Colour is probably the most striking attribute of flowers for humans and many flower-

visitors as well, and occurs in an enormous diversity among the plant kingdom. The 

associations between flower colours and specific flower-visitors in the literature is longstanding 

(Vogel 1954; Faegri and van der Pijl 1979). Harborne (1977, p. 38) noted, “there is clear 

evidence of natural selection for particular colours in different environments, according to the 

most active pollinators which are present”. It is commonly assumed that many flowers appear 

yellow when primarily visited by unspecialized insects like flies (Kevan and Baker 1983; Lázaro 

et al. 2008), white when primarily visited by nocturnal moths or bats (Faegri and van der Pijl 

1979; Grant 1992), red when primarily visited by birds (Porsch 1931; Grant 1966), red or 

pinkish when primarily visited by butterflies (Faegri and van der Pijl 1979; Johnson and Bond 

1994), and yellow or blue when primarily visited by bees (Faegri and van der Pijl 1979). It is 

noteworthy that the ultraviolet range of wavelength, although visible for most flower-visitors, 

has not been included into the hypothetical associations.  

The conventional wisdom about flower colours is that it serves as an attractant for 

pollinators (Sprengel 1793; Darwin 1876; Fenster et al. 2004). However, it is possible that the 
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floral colouration is under selective pressure by pollinators and non-pollinating, antagonistic 

flower-visitors as well (Strauss and Whittall 2006; Rausher 2008). Several studies show that 

flower colour transitions are concomitant with transitions in pollination syndromes, and reveal 

that the plants’ pollinator drives the evolution of flower colour (Waser and Price 1981; 

Melendez-Ackerman and Campbell 1998). On the other hand, in many other plant species 

pollinators do not drive the transition of flower colour, but the main driver is often unknown 

(summarized in Rausher 2008). The role of pollinators and non-pollinating visitors on the 

selection of flower colouration is however, still unknown (Fenster et al. 2004). Due to striking 

differences in colour vision systems and neural processing across animal species, flower 

colours might evoke specific behavioural responses by different flower-visitors. In turn, floral 

colouration might structure competitive pollination networks in a still unexplored manner. 

Studying interactions between flowers and mutualistic as well as antagonistic flower-visitors, 

might aid particular understanding of the impact of floral colouration in competitive pollination 

networks. Bird-pollinated flowers are particular suited as study objects as several flower traits 

of the ornithophilous pollination syndrome are suspected to represent maladaptation to non-

pollinating agents. 

“Ornithophilous flowers are predominantly red”. This is a common statement in the 

literature, and Porsch described this phenomenon 1931 for 370 genera in 75 plant families. 

The common explanation for this prevalence focuses on observed preferences of wild 

hummingbirds for red flowers as evolutionary driver (Raven 1972; Sutherland and Vickery 

1993). That the eyes of flower-visiting birds are comparably more sensitive in the red 

wavelength range supported this rationality (Kühn 1929; Herrera et al. 2008). However, other 

studies reveal that birds do not show innate preferences for red, but rather associate flower 

colours with rewards due to superior memory performances (Bené 1941; Miller and Miller 1971; 

Stiles 1976; Goldsmith and Goldsmith 1979; McDade 1983; Miller et al. 1985; Delph and Lively 

1989; Hurly and Healy 1996; Healy and Hurly 2004). For example, the hummingbird 

Phaethornis superciliosus does not show any colour preference in field-studies, but rather visit 

red and yellow colour morphs of Heliconia irrasa equally frequent (McDade 1983). In Fuchsia 

excorticata the flowers pass through a colour change from green in the nectar-producing phase 

of anthesis towards red colour in the post-reproductive and nectar-less phase (Delph and 

Lively 1989). Here, honeyeaters discriminate against the red morph and prefer green, nectar-

producing flowers (Delph and Lively 1989). Grant (1966) hypothesized that the prevalence of 

red colouration among the Californian flora is due to the fact that red might be the best colour 

for quick detection of suitable flowers. He argued that this region is perambulated by migrating 

hummingbirds, which need to locate food sources in permanently varying habitats along their 

migration route (Grant 1966). Other explanations for the strong association between red bird-
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pollinated flowers and birds as flower-visitors take into account, that the red-blindness in bees 

might exert selective pressure on floral colouration (Porsch 1931; Grant 1966; Grant und Grant 

1968; Raven 1972; Stiles 1976). Evolution towards reflectance of red wavelengths negatively 

affect interactions between these flowers and bees, leading to a reduced visitation frequency 

(Porsch 1931). As an example he refers to Hawaii as study system where bees are absent 

and bird-pollinated flowers are commonly blue (Porsch 1931). In fact, bird-pollinated flowers 

suffer from being visited by bees through direct as well as indirect competition between bees 

and birds as flower-visitors (Roubik 1982; Roubik 1985; Waser 1979; Irwin and Brody 1998, 

1999, 2000; Irwin et al. 2001; Navarro 2001; Irwin 2003, 2006; Pohl et al. 2006; Botes et al. 

2009). This has developed to the extent that hummingbirds use bite-marks left by nectar-

robbing bees as visual cue that communicates the amount of nectar reward and avoid visitation 

of flowers with insufficient energy supply (Irwin 2000). However, bees are able to detect red 

flowers, as the sensitivity of the green photoreceptor-type in the bees’ eye is comparably 

lesser, but to some extend still sensitive to red lights (Chittka and Waser 1997; Reisenman 

und Giurfa 2008). Rodríguez-Gironés and Santamaría (2004) made a further attempt to explain 

the mystery of red bird-pollinated flowers using the optimal foraging strategy hypothesis. 

Assuming that two equally abundant flower types differ exclusively in their colour but neither 

in their nutrition, morphology nor other floral traits, the authors suggest that there is complete 

resource partitioning, with bees foraging exclusively at blue flowers and birds exclusively at 

red flowers (Rodríguez-Gironés and Santamaría 2004). This is because bees more easily 

detect blue flowers as compared to red ones and hummingbirds prefer flowers with more nectar 

reward left (Rodríguez-Gironés and Santamaría 2004). Thus, the red colouration of bird-

pollinated flowers creates a private communication channel in which birds are free from 

competition for nectar (Rodríguez-Gironés and Santamaría 2004). In fact, the foraging ability 

of bees at red flowers is comparably less effective as detecting red targets needs comparably 

more time as compared to blue or yellow due to adjustment of flight speed (Spaethe et al. 

2001). Moreover, with increasing complexity of the background, red stimuli became more 

difficult to detect by bees as compared to blue ones (Forrest and Thomson 2009). Lunau 

(1990) hypothesized that beside red, other colours like ultraviolet (UV)-reflecting white likewise 

might lead to reduced visitation frequencies by bees due to comparably lesser performance of 

bees to detect such coloured stimuli. Compared to a mechanical exclusion, the sensory 

exclusion of bees by bird-pollinated flowers might be of advantage for the flowers’ reproductive 

success if visitation frequency by bees and concomitant nectar robbing by bees is reduced. 

Thus, flower colour might influence plant-pollinator interactions by creating communication 

channels between the flowers and their pollinators. However, the reason for the strong 

association between red floral colouration and bird-pollinated flowers is still unknown.   
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Regarding classical pollination syndromes, the correlation between flower colour and 

pollinator finds, by times, strong evidence (McCall and Primack 1992; Chittka et al. 2001; 

Danieli-Silva et al. 2012). In the genus Mimulus, evolutionary shifts from bee-pollinated 

ancestors towards bird-pollinated derived plants are well studied (Rausher 2008; Hopkins and 

Rausher 2012). Here, the floral colouration leads to reproductive isolation of closely related 

plant species, as it affects the visitation behaviour by different flower-visitors (Rausher 2008; 

Hopkins and Rausher 2012). In this genus, floral colouration undergoes an evolutionary shift 

from the blue-coloured bee-pollinated flowers of M. lewisii to pink-coloured bird-pollinated M. 

cardinalis flowers, which is a result of a mutation leading to the lack of pigments (Bradshaw et 

al. 1998; Bradshaw and Schemske 2003). When bees and bird forage in a common garden 

setup with both species and their hybrids present, bees visit blue flowers more frequently than 

pink flowers, whereas birds choose more often red anthocyanin-rich flowers (Schemske and 

Bradshaw 1999; Bradshaw and Schemske 2003). Due to this opposing colour choice 

behaviour of flower-visitors, reproductive isolation between the two colour types within a 

population takes place, as pollen flow between the different types is reduced (Bradshaw et al. 

1995; Schemske and Bradshaw 1999; Ramsey et al. 2003). That flower colour is an important 

cue determining the flower-visitor composition of bees and birds and that this influences 

reproductive isolation between plant species, could been assessed for other study systems, 

too (Wilson et al. 2004; Zufall and Rausher 2004; Gegear and Burns 2007; Rausher 2008; 

Thomson and Wilson 2008). However, shifts in flower colour between species pollinated by 

either bees or birds arising simultaneously with changes in other floral traits like morphological 

parameters (Castellanos et al. 2003, 2004; Wilson et al. 2004).  

Moreover, correlations between flower colour and flower-visitors are lacking in several 

other study systems (Waser et al. 1996; Kingston and McQuillan 2000; Chittka et al. 2001). 

The following paragraph gives an overview over principles in floral colouration, regarding 

pigment chemistry, physical properties of flowers influencing their colouration, and the further 

insight into the ecology of interactions between flower colours and flower-visitors.                

Flower Colours  

Flower colours result primarily from pigments located in flower petals (for review, see 

Mol et al. 1998; Grotewold 2006; Davies 2004). Flower pigments are complex and selectively 

absorb a specific range of wavelengths from the ambient light environment. The reflected light 

is not monochromatic, i.e. the reflectance of a single wavelength, but rather a step function of 

weak slope with reflectance over one or more wavelength ranges (Chittka and Waser 1997). 

Several different pigment classes from biosynthetic pathways are known and occur in different 



18 

 

concentrations and combinations among petals (Scogin 1983; for review, see Mol et al. 1998; 

Grotewold 2006). Main pigment classes in plants are flavonoids, carotenoids, betalains, and 

chlorophylls (Scogin 1983; Grotewold 2006; Davies 2004). The former three ones are common 

in flower tissues (Scogin 1983; Grotewold 2006; Davies 2004). Flavonoids are 

phenylpropanoid compounds and are the most common pigments in flowers as well as other 

showy plant organs (Scogin 1983; Davies 2004). Among the 7000 flavonoids known, 

anthocyanins are the most abundant and widespread pigments in flowers (Scogin 1983; 

Davies 2004). Flavonoids absorb light at the longest wavelengths, and appear thus pink, red, 

magenta, purple, blue and blue-black for the human observer (Scogin 1983; Brouillard and 

Dangles 1993; Davies 2004). Carotenoids are terpenoid structures (Davies 2004), and 600 

different carotenoids are known, including xanthophylls and carotenes, which are present in 

all photosynthetically active plants (Goodwin 1984; Davies 2004). In flowers, carotenoids 

evoke bright yellow, orange or red colourations for the human observer (Davies 2004). The 

less common betalains (including betaxanthins and betacyanins) generate a yellow and violet 

flower colouration and replace anthocyanins in most plant families of the order Caryophyllales 

(Clement and Mabry 1996; Davies 2004), as the biosynthetic pathways of both pigments 

cannot operate at the same time (Wyler and Dreiding 1961; Kimler et al. 1971). Additional co-

pigments, the prevalent pH in the vacuole, metal ions, pigment packaging, and tertiary 

structures arising from self-association and inter- and intramolecular interactions change the 

appearance of flower colours (Scogin 1983; Gottsberger and Gottlieb 1981; for review, see 

Mol et al. 1998; Davies 2004). Moreover, the cellular and subcellular localisation of the different 

pigment groups within the flowers’ tissue is also generally distinct and influences the visual 

appearance of the flower colour (Kay et al. 1981). Flavonoids occur in several subcellular and 

extra-cellular locations, but are most frequently located within vacuoles in epidermal cells (Kay 

et al. 1981; Bohm 1998; Brouillard and Dangles 1993). Carotenoids are, in general, lipid-

soluble and located within plastids. However, some carotenoids are water-soluble and located 

in the vacuole (Bouvier et al. 2003). The same is true for betalains (Davies 2004). Beside floral 

colouration, pigments adopt several other functions within plants. Among them, photo-

protection, protecting against pathogens, acting as antioxidants, handling of biotic and abiotic 

stress, influencing hormone transport, and enabling plant fertility are noteworthy (Gronquist et 

al. 2001; Davies 2004). Former research has focused on correlations between specific flower-

visitor groups and flower pigments (Scogin et al. 1977; Scogin 1980, 1983, 1988; Harborne 

and Grayer 1994). Scogin (1988) described a “bird-visitation pigment syndrome” and claimed 

that anthocyanidins, especially pelargonidins, are the most frequent flower pigments, at least 

among Neotropical flowers visited by hummingbirds.  
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Several recent studies focus on the impact of epidermal cell structure on floral 

colouration. Conical cells, which are common in epidermal cells among angiosperms, can act 

as lenses and light traps, directing the incident light into specific cell parts (Exner and Exner 

1910; Kay et al. 1981; Gorton and Vogelmann 1996). In the snapdragon Antirrhinum majus, 

conical epidermal cells direct incident light into basal parts of the epidermal cells (Gorton and 

Vogelmann 1996). The formation of conical epidermal cells is due to a single gene, called 

mixta (Noda et al. 1994). In contrast, flat epidermal cells in a mixta-mutant of the same species, 

focusing light beneath the epidermal cells into the mesophyll (Gorton and Vogelmann 1996). 

Depending on whether the pigments are located within the flower tissue the shape of epidermal 

cells affect the amount of incident light directed towards the pigments, and thus affect the floral 

colouration (Exner and Exner 1910; Noda et al. 1994). Several researchers have used 

snapdragon wild-types and mutants to study the interactions between flowers and pollinators 

in regard to epidermal cell structure. Bumblebees, which are the pollinators of Antirrhinum 

majus, are not able to visually detect differences in the floral colouration between wild-type 

and mutant flowers (Dyer et al. 2007), but prefer to visit wild-type flowers (Glover and Martin 

1998; Comba et al. 2000). Beside floral colouration, the epidermal cell shape additionally affect 

the floral temperature (Comba et al. 2000), floral shape (Baumann et al. 2007), floral wettability 

(Whitney et al. 2011b), presence of tactile nectar guides (Kevan and Lane 1985), and floral 

grip (Whitney et al. 2009a, 2009b; Rands et al. 2011; Alcorn et al. 2012). Moreover, the shape 

of epidermal cells affects the amount of gloss, which is reflected from the flower surface and 

might influence plant-pollinator interactions (Vignolini et al. 2012a, b). Gloss increases if the 

surface becomes flat, and thus flat epidermal cells in flowers might increase the amount of 

gloss of flowers (Parkin 1928; Galsterer et al. 1999; Vignolini et al. 2012a, b; Whitney et al. 

2011c, 2012). In turn, with increasing amounts of gloss a smaller amount of the incident light 

enters the flowers’ tissue and is directed towards the pigments. However, the behaviour of 

pollinators in respect of gloss is not well studied (Whitney et al. 2011c, 2012). In addition, 

surface structures on epidermal petal cells affect the flower colour impression and the amount 

of gloss (Bradshaw et al. 2010; Kourounioti et al. 2013). Besides evoked by pigment chemistry, 

floral colouration can also be generated by means of structural colours produced by coherent 

and incoherent scattering, but their role in floral colouration was investigated only recently 

(Vogelmann 1993; Glover and Whitney 2010; Whitney et al. 2011a; Vignolini et al. 2013). 

Colours generated by pigments result from a diffuse reflection of light, and thus do not change 

with the angle of view of the beholder. In contrast, structural colours might be angle-dependent 

and are of higher intensity due to reflective structures that are comparably more restricted in 

the wavelength regions that they reflect (Glover and Whitney 2010; Vignolini et al. 2013). At 

times, patterns of varying epidermal cell structures have the same contours than pigment-

based coloured flower patterns, and induce iridescence of restricted coloured patterns 
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(Whitney et al. 2009c). Several plant species are known to exhibit iridescent flowers produced 

by multilayers or diffraction gratings (for review, see Glover and Whitney 2010; van der Kooi 

et al. 2014a; Vignolini et al. 2012a, b, 2014a). However, there is an ongoing debate about the 

floral iridescence’ impact on interactions between flowers and their visitors (Morehouse and 

Rutowski 2009; Vignolini et al. 2014b). In fact, bumblebees are able to distinguish between 

optical signals arising from iridescent and non-iridescent petals, and moreover, bumblebees 

can be trained to use these signals as a cue to identify rewarding flowers (Whitney et al. 

2009c). However, other studies suggest that pigments rather than structural coloration 

determine the optical appearance of flowers for flower-visitors (van der Kooi et al. 2014b). 

Further research is needed to understand the complex relationships between pigment- and 

structure-based colours. As a whole, flower colours appear in a remarkable diversity among 

angiosperms, and this diversity is even more remarkable when the diversity of visual systems 

among animals is considered.  

Flower-visiting species, including bees and flower-visiting birds (Peitsch et al. 1992; 

Herrera et al. 2008; Ödeen and Håstad 2010), can detect UV-light, which is commonly reflected 

by flowers (Kühn 1924; Silberglied 1979; Chittka et al. 1994; Kevan et al. 2001; Bennett and 

Cuthill 1994). Chalcone- and flavonol-type flavonoids absorb UV-light, and, together with UV-

reflecting carotenoids, often form colour patterns within flowers, which are invisible for the 

human observer (Harborne and Grayer 1994; Bohm 1998). This is especially the case in yellow 

flowers, which often show distinct intra-floral colour patterns in the UV (Horovitz and Cohen 

1972; Guldberg and Atsatt 1975; Primack 1982), but floral colour patterns are also common in 

other wavelength ranges and are thus, at times, also visible for the human observer (Sprengel 

1793; Lunau 2006). Nectar guides are most noteworthy, as interactions between them and 

flower-visitors, especially bees, are well studied, suggesting that nectar guides increase the 

attractiveness of the flower (Free 1970a; Jones and Buchmann 1974; Waser and Price 1985; 

Lunau 1993; Lehrer et al. 1995; Lunau et al. 1996; Heuschen et al. 2005; Owen and Bradshaw 

2011; Orbán and Plowright 2013).  

Among flower colours, blue is assumed to be more common in the temperate 

ecosystems, in which bees are the most important pollinators (Weevers 1952; Ostler and 

Harper 1978; Gottsberger and Gottlieb 1981; Menzel and Shmida 1993). In contrast, a red 

flower colour is assumed to be more common in tropical or mediterranean ecosystems, in 

which beetles or birds are more important (Grant 1966; Dafni et al. 1990). Floral colouration, 

whether it is pigment- or structure-based, is not a static flower trait, but rather might changes 

during floral anthesis. Flowers or flower parts of at least 456 species in 253 genera in 78 plant 

families undergo ontogenetic colour changes, which are assumed to play important roles in 

flower-animal interactions, especially between flowers and their pollinators (Weiss and Lamont 
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1997). In the majority of cases, floral colour change take place after the flowers became 

pollinated (Delph and Lively 1989; Harborne and Grayer 1994; Weiss 1995; Weiss and Lamont 

1997; Bohm 1998; Oberrath and Bohning-Gaese 1999). The retention of older, already 

pollinated flowers by plants is assumed to increase the attractiveness from a distance, and 

direct flower-visitors to rewarding and sexually viable flowers while near-orientation (Delph and 

Lively 1989; Weiss and Lamont 1997).    

Research on evolutionary tuning between the colour vision system (or innate colour 

preferences in bees) on the one hand and flower colours on the other hand has been carried 

out by a number of researchers (Goldsmith 1991; Menzel and Backhaus 1991; Chittka and 

Briscoe 2001; Chittka et al. 2001; for review, see Briscoe and Chittka 2001). Chittka and 

Menzel (1992) investigated the colouration of a large variety of flowers and found sharp steps 

in spectral reflectance at those wavelengths where bees are most sensitive to spectral 

differences. The set of photoreceptor-types found in hymenopteran species corresponds well 

with a calculated optimal set of photoreceptors crucial for the detection of flower colours 

(Chittka and Menzel 1992; Chittka 1996). However, the trichromatic set of photoreceptor-types 

known from hymenoptera was already present in ancestors, which did not visit flowers as a 

source of food, and thus these results suggest that the evolutionary tuning of the hymenopteran 

colour vision system is phylogenetically constrained (Chittka 1996). Moreover, the evolution of 

flower colours might be phylogenetically constrained due to restrictions of the plant species’ 

pigment-biosynthesis, or due to pleiotropic effects (Chittka et al. 2001). For example, Osche 

(1979) claimed that UV-absorbing yellow colouration produced by flavonoids in pollen was 

already present in primarily wind-pollinated ancestors. This yellow colouration might have 

shaped innate preferences of bees since it is assumed to represent the very first colour signal 

of flowers (Osche 1979). Thus, the yellow colouration of nectar guides, which has been 

assumed to evolve in order to replace the attractive function of anthers, when hidden in the 

flowers’ corolla, was probably predetermined (Osche 1979; Lunau 2000; Chittka et al. 2001; 

Heuschen et al. 2005). Other studies focus on the shaping of innate preferences of bees due 

to floral colouration. Studies including subspecies of the bumblebees Bombus terrestris reveal 

remarkably differences in innate preferences for specific hues among the subspecies (Briscoe 

and Chittka 2001; Chittka et al. 2004). Most of the tested subspecies exhibit strong preferences 

for different shades of blue and violet, but some island populations show an additional 

preference for red (Briscoe and Chittka 2001; Chittka et al. 2004). This is true for the island 

population of the subspecies B. t. sassaricus and the investigation of spectral sensitivity 

function in this subspecies reveal that the green photoreceptor-type is comparably shifted 

towards longer wavelengths (Skorupski et al. 2007). Moreover, the preference for red in the 

bumblebee Bombus occidentalis might facilitate the foraging efficiency of this species, as 
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workers of this species often rob the nectar of hummingbird-pollinated flowers exhibiting a red 

colouration (Chittka and Waser 1997; Briscoe and Chittka 2001; Chittka and Wells 2004). 

However, colour parameters other than hue were not considered in these studies and colours 

were, at times, colours were termed from the point of human observers. In fact, bees with 

preferences for violet over blue flowers gather comparably more nectar than bees possessing 

a preference for blue over violet in a specific field-site (Raine and Chittka 2007). The authors 

argued that local variation in floral colouration could drive the evolution for innate preferences 

in bees (Raine and Chittka 2007). In addition, Giurfa et al. (1995) found a good fit between 

colour preferences in bees and flowers with comparably higher rewards in a study site in 

Germany. The same is true for a study site in Israel (Menzel and Shmida 1993).   

Among different floral characteristics, flower colour is one of the most striking attributes 

of flowers for humans. As early as 1793, Christian Konrad Sprengel noticed the relationship 

between flower colours and flower-visitors, and Charles Darwin followed in 1876. However, 

the first evidence about colour vision in flower-visitors was verified much later. John Lubbock 

(1888) was the first to demonstrate colour vision in animals. Beside a positive phototaxis in the 

Crustaceaen genus Daphnia, he further investigated the preference for yellow and white light 

environments (Lubbock 1888). Kevan et al. (2001) cited Wallace with his words, “The primary 

necessity which led to the development of the sense of colour was probably the need of 

distinguishing objects much alike in form and size, but differing in important properties, such 

as ripe and unripe, or eatable and poisonous fruits, flowers with honey or without, the sexes of 

the same or closely allied species. In most cases the strongest contrast would be the most 

useful, especially as the colours of objects to be distinguished would form but minute spots or 

points when compared with the broad masses of tint of sky, earth, or foliage against which they 

would be set.” (Wallace 1878, p. 243), revealing the importance of flower-visitors to detect 

proper food sources via colours. In fact, floral colouration is a crucial parameter for the 

detection of food resources for different flower-visitors including bees (von Frisch 1914; Chittka 

and Menzel 1992; Menzel and Shmida 1993) as well as birds (Stiles 1976). As the visitation 

by pollinating flower-visitors is in turn also necessary for the plants’ reproductive success, 

mutually adaptations are conceivable. However, colour vision systems vary remarkably among 

flower-visitors and thus, flower colours selectively attract different flower-visitors.   

Colour Perception 

Colour is an attribute that results from the composition of reflected light by an object. If 

objects strongly reflect or transmit all wavelengths of incident light to an equal degree, then the 

beholder perceives the colour sensation “white”. In contrast, if objects absorb all wavelengths 
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of light, then it is perceived as black, and intermediate but equal reflectance of all wavelengths 

results in a grey colouration (Gegenfurtner and Kiper 2003). However, if an object absorbs all 

light except a specific set of wavelengths, then the object is chromatic (Gegenfurtner and Kiper 

2003). Colour is, however, not a property of the object, but emerges as a colour sensation in 

the eye of the beholder, and includes physical, physiological and psychological dimensions 

(Wyszecki and Stiles 1982; Vorobyev et al. 2001; for review, see Kelber and Osorio 2010). 

Thus, the beholder-subjective sensation depends on the visual system and further neural 

processing in the brain (Gegenfurtner and Kiper 2003). For example, an object that absorbs 

all light except blue wavelengths remains black, if the beholder does not exhibit a 

photoreceptor-type, sensitive for these blue wavelengths. Several definitions of colour vision 

for different coherences exist. A general definition applicable for all animals of variable colour 

vision systems is, “Colour is that aspect of visual perception by which an observer may 

distinguish differences between two structure-free fields of view of the same size and shape, 

such as may be caused by differences in the spectral composition of the radiant energy 

concerned in the observations.” (Wyszecki and Stiles 1982). Thus, colour vision is the ability 

to recognise objects of different spectral properties irrespective of their intensity (Wyszecki and 

Stiles 1982). The requirement for colour vision is the possession of at least two different 

photoreceptor-types of different sensitivity functions, and subsequent neural processing of 

receptor excitations (Gegenfurtner and Kiper 2003). Photoreceptor-types contain different 

visual photo-pigments, which are excitable by a restricted set of wavelengths, each. Then, 

retina-located, light-sensitive carotenoid chromophores absorb photons and consequently 

isomerizes (Aidley 1998). This, in turn, leads to a changing conformation of opsin proteins that 

are likewise located within the photopigments, and activates photo-transduction (Aidley 1998). 

Both, opsin proteins and chromophores, are associated with different amino acids, affecting 

the visual pigments’ sensitivity for specific wavelengths. The human colour vision system 

implies two different types of photoreceptors that are subsequently active, i.e. rods and cones. 

Rods are uniformly constituted and are maximally sensitive for wavelengths of 498nm 

(Bowmaker and Dartnall 1980). Rods are active under dim light-conditions and serve for the 

detection of brightness, only. In contrast, three different types of cones with sensitivity peaks 

at 420nm, 534nm, or 563nm exist and accomplish colour vision tasks (Bowmaker and Dartnall 

1980). Specific cone-types occur in different quantities and with an irregular distribution across 

the retina (Bowmaker and Dartnall 1980). Depending on the beholders’ brain capacities, the 

quantum catch in the different photoreceptor-types will be neural processed, evoke a colour 

sensation in the beholders’ brain and might affect specific reactions and behaviours.  

A concept of colour vision is that a specific colour can be defined by three distinct colour 

parameters, i.e. dominant wavelength, spectral purity, and intensity (Wyszecki and Stiles 1982; 
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Kelber et al. 2003). This concept derived from investigations of human-subjective perception 

and the physical properties of dominant wavelength, spectral purity, and intensity, correspond 

to colour qualities of hue, saturation, and brightness in humans, respectively and determine a 

specific colour (Wyszecki and Stiles 1982; Kelber et al. 2003). The dominant wavelength can 

be described by the wavelength of maximal reflectance within the visible spectrum of the 

beholder (Wyszecki and Stiles 1982; Kelber et al. 2003). Spectral purity increases when only 

a few wavelengths are reflected or, in other words, decreases when objects additionally reflect 

higher amounts of white light (Wyszecki and Stiles 1982; Kelber et al. 2003). Thus, 

monochromatic lights that only reflect a single wavelength are of highest spectral purity 

(Wyszecki and Stiles 1982; Kelber et al. 2003). Intensity describes the strength of reflected 

light over the visible spectrum (Wyszecki and Stiles 1982; Kelber et al. 2003). The higher the 

cumulative reflectance over the visible spectrum of the beholder, the higher is the intensity of 

an object and is thus in contrast to dominant wavelength and spectral purity, an achromatic 

rather than a chromatic aspect of colour (Wyszecki and Stiles 1982; Kelber et al. 2003). 

However, whether and how animals respond to underlying properties of colour is not well 

studied. Bees and flower-visiting birds are well-known groups of visually oriented pollinators 

that differ in their capabilities of colour perception as well as in their foraging abilities. In the 

following, principles of colour vision and colour perception by these two flower-visitor groups 

are summarized. 

Colour Vision in Bees and their Implication for Foraging Strategies 

Foraging bees rely, among others, on visual cues including shape, pattern, size and 

colour to detect flowers (Menzel and Shmida 1993; Giurfa et al. 1994). Beside three dorsal 

ocelli (Goldsmith and Ruck 1958), bees possess two apposition compound eyes consisting of 

several hexagonal optical modules, called facets or ommatidia (Lehrer 1998; Jander and 

Jander 2002). Each ommatidium consists of optical systems including a laminar, chitinous, 

transparent cuticular lens, a crystalline cone, and light receptive pigment cells, which built the 

rhabdom (Varela and Wiitanen 1970; Land and Nilsson 2012). Thus, except ommatidia in the 

dorsal rim which contribute to polarized light detection only (Wehner and Bernard 1993), 

ommatidia serve as basis for colour vision in bees (Varela and Porter 1969; Varela and 

Wiitanen 1970; Gribakin 1975; Wakakuwa et al. 2005). Already Lubbock (1888) investigated 

the ability of bees to possess colour vision, but his experiments did not exclude that bees 

associate rewards with colour solely on differences in their brightness. Karl von Frisch (1914) 

was the first to demonstrate the ability of colour vision in bees by training honeybees to 

discriminate specific colours from different shades of grey. By using specific sets of colours, 
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von Frisch (1914) concluded that the visual spectrum in bees covers the wavelength ranges 

from about 300 to 650 nm. Years later, intracellular electrophysiological recordings approved 

his results (Autrum and von Zwehl 1964; Menzel and Blakers 1976; Peitsch et al. 1992), and 

the colour vision in bees is well studied nowadays (for review, see Menzel and Backhaus 1991, 

and Hempel de Ibarra et al. 2014; Vorobyev and Brandt 1997; Dyer et al. 2010).  

Bees, as all other hymenopteran insects except ants, have a trichromatic colour vision 

system with three different photoreceptor-types possessing sensitivity peaks in the UV, blue, 

and green wavelength range, respectively (von Helversen 1972; Menzel and Blakers 1976; 

Briscoe and Chittka 2001). The sensitivity of UV-receptors peak around 350 nm, of blue-

receptors around 440 nm, and of green-receptors around 530 nm, and thus fell well within the 

range of most insect species yet investigated (Briscoe and Chittka 2001). Trichromaticity 

appears to date back at least to the Devonian ancestor of all winged insects (Pterygota), but 

was more probably already present in the common ancestor of crustaceans and insects 

(Chittka 1996; Briscoe and Chittka 2001). Differences in peak sensitivities among different 

species of bees are known (Peitsch et al. 1992), and even small changes of a few nanometres 

can lead to varying discrimination tasks by these species. However, the shift of UV-receptor 

peak sensitivities to longer wavelengths in stingless bees as proposed by Peitsch et al. (1992) 

due to inhabitation of forests in these bees, could not been verified in further studies (Briscoe 

and Chittka 2001). In fact, the possession of three photoreceptor-types with more or less 

similar peak sensitivities the UV, blue, and green is the basic set-up in bees, although different 

bee genera and even different bee species within a single genus differ in their lifestyle (Briscoe 

and Chittka 2001). In contrast, the possession of an additional photoreceptor-type which is 

sensitive to red wavelengths is a derived trait in bees (Briscoe and Chittka 2001), and has 

been exclusively found in the andrenid species Callonychium petunia (Wittmann et al. 1990; 

Briscoe and Chittka 2001). This solitary bee is a specialist solely foraging at red-flowering 

Petunia species (Wittmann et al. 1990). However, all other bee species are also more or less 

able to detect red colours due to the fact that the sensitivity of the green photoreceptor-type 

extends slightly into the red wavelength range (Chittka and Waser 1997; Reisenman und 

Giurfa 2008). Moreover, UV-receptors seem to be involved in detecting of polarized light, 

besides being involved in colour-vision (von Frisch 1960; von Helversen and Edrich 1974; 

Labhart and Meyer 1999). Green-receptors promote motion-dependent behaviour and thus, 

the detection of shapes and position (Srinivasan and Lehrer 1988). The honeybees’ eyes 

contain more than 5000 ommatidia (Lehrer 1998; Jander and Jander 2002) and possess three 

different types of ommatidia, differing in the presence and number of photoreceptor-types 

(Spaethe and Briscoe 2005; Wakakuwa et al. 2005). All three types of ommatidia contain six 

green photoreceptor-types, but differ in their presence and number of blue and green 
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photorecptor-types: Type I ommatidia contain one ultraviolet and one blue, type II two 

ultraviolet, and type III two blue photoreceptor-types (Wakakuwa et al. 2005). In addition, the 

ratio of ommatidia-types across the bees’ eye is not balanced, and their distribution depends 

on the part of the eye (Spaethe and Briscoe 2005; Wakakuwa et al. 2005). Colour 

discrimination takes place in the ventral, frontal and lateral eye region, whereas the dorsal eye 

region, however, was found to be incapable of colour discrimination (Giger and Srinivasan 

1997). 

Beyond the receptor-level, receptor signals in bees are analysed by two visual 

pathways, i.e. a colour-blind pathway system (also referred to as achromatic vision system) 

and a colour vision system (also referred to as chromatic vision system; Lehrer and Bischof 

1995; Giurfa et al. 1996; Giurfa et al. 1997; Spaethe et al. 2001). Processing in the achromatic 

pathway is comparably faster than in the chromatic system (Skorupski and Chittka 2012). If 

the colour-blind system is active, receptor-specific signals exclusively from those 

photoreceptor-types which are maximally sensitive in the green wavelength range are 

processed (also referred to as “green contrast”; Menzel 1974; Giurfa et al. 1996; Giurfa et al. 

1997; Giurfa and Vorobyev 1998; Spaethe et al. 2001). Thus, discrimination of objects will be 

made solely by means of differences in their brightness (Menzel 1974; Giurfa et al. 1996; Giurfa 

et al. 1997; Giurfa and Vorobyev 1998; Spaethe et al. 2001). The same is true for the human 

eye when rods instead of cones are active (Brown and Wald 1964). In contrast to humans, 

who use their colour-blind system under very dim light conditions, the colour-blind system in 

bees is active if objects are seen under small visual angles (Giurfa et al. 1996; Giurfa et al. 

1997; Giurfa and Vorobyev 1998; Spaethe et al. 2001). For honeybees, visual angles of less 

than 15° are crucial for the perception of achromatic contrasts (Giurfa et al. 1996; Giurfa et al. 

1997; Giurfa and Vorobyev 1998; Spaethe et al. 2001). The higher the achromatic contrast 

between two objects the more reliable bees can distinguish these objects from each other 

(Giurfa et al. 1996; Giurfa et al. 1997; Giurfa and Vorobyev 1998; Spaethe et al. 2001). 

Consequently, when looking at flowers from large distances, flowers need to display 

achromatic contrasts to their backgrounds to be detected by bees. However, if colour contrast 

is lacking, bees have difficulty to detect objects, even if achromatic contrast is present (Lehrer 

and Bischof 1995; Spaethe et al. 2001). Only under large visual angles (>15°) and thus, during 

near-orientation objects become coloured for bees (Giurfa et al. 1996; Spaethe et al. 2001). In 

contrast to the colour-blind vision system, differences in intensities are not analysed during 

colour vision, but rather differences in the spectral composition (Backhaus et al. 1987; 

Backhaus 1992; Vorobyev and Brandt 1997). Experimental evidence shows that the higher the 

chromatic contrast between two objects the better bees can distinguish them from each other 
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(Chittka 1992; Lunau et al. 1996; Vorobyev and Brandt 1997). High colour contrasts between 

flowers and their backgrounds are crucial parameters in the detection of flowers by bees.  

The colour choice behaviour of newly emerged bees is assumed to be influenced by 

innate preferences for specific colour parameters, aiding the bees to find their first flowers. 

Several authors claim that bees have an innate preference for specific bee-subjective hues, 

i.e. for blue and violet colours (Menzel and Shmida 1993; Giurfa et al. 1995; Chittka et al. 

2001). The statements that bees learn blue colours comparably faster and choose it more 

accurately supported this hypothesis (Menzel 1967, 1985). Other studies assess preferences 

in bees for colours of high spectral purity (Lunau 1990, 1992). However, several behavioural 

studies with bees regarding their choice behaviour towards specific colour parameters were 

conducted, but analysed in different ways, and focusing on different colour parameters. 

Moreover, the independent variation of a specific colour parameter is complex and the 

alteration of one colour parameter is most often concomitant with changes in the other 

parameters, too. Thus, preferences in bees for specific colour parameters are still unknown or 

ambiguous. In addition, inter-individual variations in colour choice behaviours within colonies 

or populations are also known (Briscoe and Chittka 2001). Beyond that, within-flower colour 

patterns determine the choice behaviour of bees, as well as their behaviour during near-

orientation at flowers (Lunau 1990, 1991, 1992; Horridge and Zhang 1995; Lehrer et al. 1995; 

Lunau et al. 1996; Hempel de Ibarra et al. 2001, 2002; Simonds and Plowright 2004; Heuschen 

et al. 2005; Lunau et al. 2006; Pohl et al. 2008). More precisely, bees use the coloured patterns 

as functional orientation cues, which aid bees to locate the floral reward more rapidly as 

compared to uni-coloured flowers (Waser and Price 1985; Leonard and Papaj 2011; Jones 

and Buchmann 1974). However, colour-naïve bees prefer those colours that experienced bees 

learn faster (Giurfa et al. 1995). For colour vision in bees, several models are established and 

applied (for review, see Hempel de Ibarra et al. 2014). The first attempt was the Maxwell 

triangle, where colour information in form of quantum catches reaching the bees’ eye are 

calculated and plotted in the colour space (Daumer 1956). Other authors postulate other 

models, which imply assumptions about further neural processing (Backhaus 1991; Chittka 

1992; Vorobyev and Osorio 1998). Several results indicate that colour in bees is coded by 

opponent (subtractive) mechanisms (Menzel and Backhaus 1991; Backhaus 1991; Chittka 

1992; Vorobyev et al. 2001). The COC-model (colour opponent coding model) bases on 

physiological data obtained from colour-coding neurons in the bees’ brain, whereas the colour 

hexagon model bases on generic opponent processes (Chittka 1992) and the receptor-noise 

limited model on receptor noise considerations (Vorobyev and Osorio 1998; Vorobyev et al. 

2001). By means of colour vision models bee-subjective colour parameters can be calculated 

and predictions about the choice behaviour of bees due to colour similarity are possible. 
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Beside innate colour preferences, colour can be associated with food and effectively 

learnt by bees (Menzel 1967, 1985; Giurfa 1991; Greggers and Mauelshagen 1997; for review, 

see Avarguès‑Weber and Giurfa 2014). After learning, generalisation in bees takes place, i.e. 

bees choose novel colours in accordance to their similarity to the learnt ones (Gumbert 2000). 

Temporarily, individual bees selectively visit flowers of a specific colour, rather than visit all 

flowers in their environment. This behaviour is called flower-constancy (Grant 1950; Free 1963, 

1970b; Heinrich 1976; Waser 1986; Hill et al. 1997; for review, see Chittka et al. 1999). At 

times, benefits for bees as well as plants arise through flower-constant foraging behaviour, but 

the adaptive value is still disputed (for review, see Chittka et al. 1999). For example, plants 

might benefit from enhanced pollen transfer between conspecifics, but this depends on the 

plants’ reproductive strategy (Waser 1986; for review, see Chittka et al. 1999). At times, plants 

mimicking the flower colour of another plant benefit from visits by flower-constant bees, 

although no costly rewards are produced (Dafni 1983; Peter and Johnson 2008). Flower-

constant bees might forage more efficiently when handling of complex flowers was already 

learnt, but might forage less efficiently when not visiting flowers which contain comparably 

higher rewards (for review, see Chittka et al. 1999). Flower-constant foraging behaviour due 

to flower colour is facilitated by imperfect colour-constancy possessed by bees (Neumeyer 

1981; Dyer 1999). Colour-constancy is the ability of the beholder that a perceived colour 

remain constant even if the surrounding illumination changes (Hurvich 1981; for review, see 

Foster 2012). The bees’ flight speed additionally affects the choices of colours by bees (Chittka 

et al. 2003; Bogacz et al. 2010). Several studies, which deal with the flowers’ choice behaviour 

by bees, imply handling time as relevant parameter determining the bees’ foraging efficiency. 

For example, flowers with complex morphologies need to be longer handled by bees as 

compared to flowers in which rewards are easy to reach (Harder 1986; Laverty 1994). The 

same is true for floral colouration, as the acquisition of colours determine their detectability by 

bees and thus, the bees’ handling time, which furthermore determines the foraging efficiency 

in dependence on the reward. A low flight speed facilitates the detection of flowers with less 

well detectable colour (Chittka et al. 2003; Carrasco et al. 2006). Flowers with less well 

detectable colours might compensate the resulting increase handling time by bees caused by 

low flight speed through larger floral rewards. Nevertheless, under certain circumstances, high 

flight speed can be more efficiently, even if inaccuracy increases (Burns 2005). Speed-

accuracy trade-offs are thus expected for individual bees (Skorupski et al. 2006; for review, 

see Chittka et al. 2009). Both foraging strategies concerning the foraging speed, i.e. fast-flying 

and inaccurate, and slow-flying and accurate, can be found in different individual bees within 

a single colony (Chittka et al. 2003; Dyer and Chittka 2004). Depending on the heterogeneity 

of the distribution of floral rewards in association to flower colour, the within-colony variance 

might increases the fitness of the whole colony (Burns and Dyer 2008).  
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Colour Vision in Flower-Visiting Birds and their Implication for Foraging Strategies 

Flower-visiting birds possess in general a tetrachromatic colour vision system covering 

the visible spectrum from the UV over blue and green to red range of wavelengths (Goldsmith 

1980; Cuthill et al. 2000; Hart 2001; Endler and Mielke 2005; Hart and Vorobyev 2005; Hart 

and Hunt 2007; Ödeen and Håstad 2010). Regardless of differing lifestyles, this is most 

probably true for all birds due to retention of four photoreceptor-types already present in the 

ancestor, teleost fishes (Hisatomi et al. 1994). However, there are at least two major groups 

of birds, which differ in respect of their colour vision systems: Ultraviolet-sensitive (UVS-) type 

birds and violet-sensitive (VS-) type birds (Ödeen and Håstad 2010).  

The three major groups of flower-visiting birds are hummingbirds (Trochilidae), 

honeyeaters (Meliphagidae), and sunbirds (Nectariniidae), although several other groups of 

birds are generalist flower-visitors (Cronk and Ojeda 2008). Hummingbirds and honeyeaters 

belong to the VS-type birds, whereas sunbirds and other generalist foraging flower-visiting 

birds belong to the UVS-type birds (Ödeen and Håstad 2010). In VS-type birds, the sensitivity 

peak of the photoreceptor-type sensitive for short wavelengths is comparably shifted towards 

longer wavelengths (Ödeen and Håstad 2010). The VS-type eye is the ancestral state in birds 

from which UVS-type eyes evolved independently several times (Ödeen and Håstad 2010). 

The four different photoreceptor-types of both eye-types contain oil droplets (Bowmaker 1980; 

Vorobyev 2003), whereby each visual pigment of a specific photoreceptor-type is associated 

with a specific coloured oil droplet-type (Vorobyev 2003). The oil droplets act as long-pass 

filters and thus, reduce overlapping sensitivities of different photoreceptor-types in the range 

of shorter wavelengths (Maier and Bowmaker 1993; Bowmaker et al. 1997; Vorobyev 2003; 

Hart and Vorobyev 2005). Ultimately, oil droplets enhance the birds’ ability to discriminate 

colours (Vorobyev 2003). Beside four types of single cones involved in colour vision, birds 

additionally possess double cones, whose function is thought to be in brightness 

discrimination, but also in motion detection, polarized light detection and magnetic field 

orientation (Osorio et al. 1999). Modelling of the tetrachromatic colour vision system requires 

a tetrahedron colour space (Goldsmith 1990; Neumeyer 1991, 1992; Vorobyev et al. 1998). 

The preferred colour vision model for birds is the receptor-noise limited model (Vorobyev et al. 

1998).  

Birds in general are known to rely on visual cues during food search (Schaefer et al. 

2006), migratory path finding (Beason 1987), mate recognition (Bennett et al. 1994) or 

communication (Butcher and Rohwer 1989), but in experimental approaches, no innate 

preferences for distinct colours or colour parameters in respect of flower choice have been 

discovered yet. This is true for the flower colour choice of hummingbirds (Bené 1941; Collias 
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and Collias 1968; Miller and Miller 1971; Stiles 1976; Goldsmith and Goldsmith 1979; McDade 

1983; Delph and Lively 1989) as well as for other flower-visiting birds (Kaczorowski et al. 2014). 

However, some bird species, which forage occasionally on nectar, show preferences for 

specific colours, which were termed for the human visual perception (Winkel 1969). Several 

bird species are known to possess superior sensitivity in red wavelength range (Kühn 1929), 

especially hummingbirds (Herrera et al. 2006). The enhanced sensitivity in the red wavelength 

range leads to higher chromatic contrasts to the background for red flowers (Herrera et al. 

2006). However, innate preferences for red colours in flower-visiting birds are absent (Collias 

and Collias 1968; Miller and Miller 1971; Stiles 1976; Goldsmith and Goldsmith 1979; McDade 

1983). Nevertheless, the main driver of colour choices in flower-visiting birds are learnt 

associations between colour and food rewards (Bené 1941; Miller and Miller 1971; Stiles 1976; 

Goldsmith and Goldsmith 1979; Goldsmith et al. 1981; Melendez-Ackerman et al. 1997; 

Altshuler 2003). For example, territorial hummingbirds do not rely on floral colour cues, but 

exploit all flowers within their territory irrespective of their colouration (Brown and Kodric-Brown 

1979). Thus, flower-constancy in hummingbirds is lacking. Other visual cues than colours are 

used by nectarivorous birds to estimate adequate floral rewards before probing the flowers 

(Smith et al. 1996; Temeles 1996; Irwin 2000). Moreover, spatial location is rather more 

important than colour or colour patterns for the detection of flowers, as could been verified in 

hummingbirds (Bené 1941; Miller and Miller 1971; Stiles 1976; Goldsmith and Goldsmith 1979; 

Hurly and Healy 1996; Healy and Hurly 2001, 2004) as well as in sunbirds (Kaczorowski et al. 

2014).  

Outlook of my Dissertation 

 This dissertation bases on four articles, published in international peer-reviewed 

journals, and one manuscript under review, and investigates the impact of floral colouration on 

the structure of competitive pollination networks. More precisely, behavioural and ecological 

dynamics in pollination networks comprising bird-pollinated flowers and flower-visiting birds as 

pollinators are investigated, verifying the role of bees as antagonistic non-pollinating and 

competitive visitors regarding floral colouration as filtering mechanism.   

First, the spontaneous choice behaviour regarding distinct colours by bees is 

investigated in order to verify if specific colour parameters are necessary to attract bees as 

flower-visitors (Rohde et al. 2013). As there is an ongoing debate about which colour 

parameters are crucial in the colour choice behaviour in bees, different experimental set-ups 

are assigned, with a single colour parameter varying at time (Rohde et al. 2013). Bee-

subjective achromatic contrasts of stimuli to the background, chromatic contrasts of stimuli to 
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the background as well as between different stimuli, and spectral purity as colour parameters 

are under investigation (Rohde et al. 2013). The results are assigned to the natural red 

colouration of flowers pollinated by either bees or birds (Lunau et al. 2011). Differences in 

several colour parameters between bee- and bird-pollinated red flowers are determined and 

assigned to further choice experiments in bees and hummingbirds towards the colours, found 

in nature (Lunau et al. 2011). This is done in order to estimate the role of pollinators and non-

pollinating visitors on the selection of flower colouration in these two pollination systems and 

in order to gain insight into the common, but still non-clarified association between a red 

colouration and flowers pollinated by birds (Lunau et al. 2011). Moreover, it is verified whether 

other colours of bird-pollinated flowers create private communication channels in which birds 

are free from competition (Lunau et al. 2011, Chapter 4).   

Chapter 5 and 6 cover the floral pigment chemistry and the impact of the structure of 

epidermal cells on the colouration of flower colours and consequences for animal-plant 

interactions. Chapter 5 deals with the impact of varying pigment concentration on the colour 

choice by bees (Papiorek et al. 2013). The results gain insight into evolutionary selection on 

flower colours by bees and help to understand behavioural dynamics in competitive pollination 

networks (Papiorek et al. 2013). Moreover, the results are discussed concerning natural 

variability of floral colouration and the evolution of floral colouration in respect of the colour 

vision system of bees as flower-visitors (Papiorek et al. 2013). Finally, chapter 6 deals with the 

contribution of the surface structure to floral colouration by determining the epidermal cell 

shape of bee- and bird-pollinated flowers and studying their impact on floral colouration and 

on gloss properties (Papiorek et al. 2014). This is done in order to study developmental 

possibilities of flowers to adapt their colouration to specific pollinators and non-pollinating 

antagonists on the one hand and in order to consider the impact of mechanical floral traits on 

the pollination-network structure on the other hand (Papiorek et al. 2014). Moreover, studying 

the contribution of the surface structure to floral colouration might gain insight into the 

previously encountered low reflectance in the visual range of less than 30% measured in white 

flowers, which would be adequate for a dark grey colour. More precisely, white flowers do not 

reflect 100 percent of incident light, although this is theoretically predicted (Lunau et al. 2011). 

Thus, gaining insight into surface-dependent scattering of incident light in flowers might explain 

former results and help to understand how flower colours appear for distinct flower-visitors 

depending on their point of view (Papiorek et al. 2014).    
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Abstract 

 

Colour is one of the most obvious advertisements of flowers and occurs in a huge diversity 

among the angiosperms. Flower colour is responsible for the attraction from a distance, 

whereas contrasting colour patterns within flowers aid orientation of flower-visitors after 

approaching the flowers. Due to the striking differences in colour vision systems and neural 

processing across animal taxa, flower colours evoke specific behavioural responses by 

different flower-visitors. We tested whether and how yellow flowers differ in their spectral 

reflectance depending on the main pollinator. We focused on bees and birds and examined 

whether the presence or absence of the widespread UV-reflectance pattern of yellow flowers 

predicts the main pollinator.  

Most bee-pollinated flowers displayed a pattern with UV-absorbing centres and UV-reflecting 

peripheries, whereas the majority of bird-pollinated flowers are entirely UV-absorbing. In 

choice experiments we found that bees did not show consistent preferences for any colour- or 

pattern-types. However, all tested bee species made their first antennal contact preferably at 

the UV-absorbing area of the artificial flower irrespective of its spatial position within the flower. 

The appearance of UV-patterns within flowers is the main difference in spectral reflectance 

between yellow bee- and bird-pollinated flowers, and affects the foraging behaviour of flower-

visitors. The results support the hypothesis that flower colours and the visual capabilities of 

their efficient pollinators are adapted to each other.  

 

Introduction 

 

Several flower-visitors are highly dependent on flower resources for their own or their offspring. 

Likewise, flowers are highly dependent on efficient pollinators and thus ensuring their 

reproductive success. Flower colours play an important role in the attraction of flower-visitors, 

but due to the striking differences in colour vision and colour preferences among different 

animals, specific flower colours selectively attract flower-visitors (Grant 1949; Melendez-

Ackerman & Campbell 1998; Campbell et al. 2010; Junker et al. 2013). For example, bees 

have trichromatic colour vision with three different photoreceptor classes maximally sensitive 

in the UV, blue and green range of wavelengths (Peitsch et al. 1992), whereas birds are 

tetrachromatic and have further receptors sensitive to red lights (Ödeen & Håstad 2003). 

Beside physiological properties, neural processing and therefore the behaviours of bees and 

birds towards colours are different: For chicks it is known that chromatic and achromatic colour 

signals are used during food search, with high contrasts crucial for the detection of objects 

(Osorio et al. 1999). The preferred flower colour choice by flower-visiting birds is mainly due 

to individual experience as birds associate colours with rewards, but innate preferences for 
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specific colour parameters are not known (Stiles 1976; Kaczorowski et al. 2014). In contrast, 

foraging bees rely more on distinct colour parameters (for review, see Dyer et al. 2010). Under 

small visual angles, bees evaluate information solely in the green receptor channel, i.e. they 

analyse only achromatic contrasts (Giurfa et al. 1997; Spaethe et al. 2001). If the visual angle 

of an object exceeds a specific value, bees switch to colour vision (Giurfa et al. 1997; Spaethe 

et al. 2001). Then, a high chromatic contrast between two colours facilitates discrimination in 

bees (Lunau et al. 1996). Thus, high colour contrast between flower and background colour is 

important for the detection of flowers by bees (Giurfa et al. 1996). Moreover, bees are known 

to prefer colours of high spectral purity, a parameter that increases if stimuli reflect only one or 

two of the three specific ranges of wavelengths, i.e. if they selectively excite one or two of the 

three colour photoreceptors (Lunau 1990; Rohde et al. 2013). 

Bees and birds have in common that they possess colour vision extending into the UV range 

of wavelength and are able to discriminate between UV-absorbing and UV-reflecting colours 

(Peitsch et al. 1992; Ödeen & Håstad 2003). Entirely yellow flowers are common among bee- 

as well as bird-pollinated plants and potentially contain UV-patterns, which may influence the 

attractiveness for bees and birds. Many flowers display those colour patterns (Lunau 2007; 

Davies et al. 2012), which have been described as early as 1793 by Christian K. Sprengel as 

“Saftmale”, i.e. nectar guides. Irrespective of the overall flower colour, nectar guides in general 

absorb ultraviolet (UV)-light (Kugler 1963; Silberglied 1979; Lunau 1993, 1995), most notably 

in yellow flowers (Horovitz & Cohen 1972; Guldberg & Atsatt 1975; Primack 1982). Within 

those yellow flowers, the apical parts contain pervasive UV-reflecting yellow carotenoids, 

whereas the central parts of the signalling apparatus additionally contain UV-absorbing 

flavonoids (Thompson et al. 1972; Harborne & Smith 1978). Due to their shape and uniformity 

central elements of floral colour patterns were named “bull’s eye” known in many radially-

symmetric flowers, especially in species belonging to the plant family Asteraceae (Silberglied 

1979).  

The role of this intra-floral colour pattern for the visual orientation of pollinators has been 

revealed by studies focusing on the behaviour of bees towards nectar guides (Free 1970; 

Lehrer et al. 1995; Lunau 1993; Lunau et al. 1996; Heuschen et al. 2005; Plowright et al. 2006; 

Owen & Bradshaw 2011; Orbán & Plowright 2013). In contrast, birds seem to rely less on floral 

colour patterns. Previous studies on a few flowering plants that are frequently visited by birds 

found that nectar guides are absent or have been replaced by structural floral features (Grant 

& Grant 1968; Smith et al. 1996; Schemske & Bradshaw 1999; Temeles & Rankin 2000).  

In this study we tested if yellow flowers from the Neo- and Paleotropics and -subtropics 

consistently differ in their spectral reflectance properties depending on the pollination system, 

bees or birds. We compared the spectral reflectance properties of bee- and bird-pollinated 

human all-yellow flowers focusing on differences in UV reflectance. Specifically, we tested if 
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the overall flower colour differs in UV reflectance, and whether colour parameters are affected. 

In addition, we tested if nectar guides in the UV range of wavelengths that are invisible to 

humans, are presented. Moreover, we performed choice experiments with bees using yellow 

artificial flowers, which either reflect or absorb UV-light or artificial flowers either displaying the 

natural (central UV-absorbance) or the inverse pattern of UV-reflectance (central UV-

reflectance). The combined results of quantitative flower colour analysis and preference tests 

for three eusocial bee species provide a basis for the discussion of differences between bee- 

and bird-pollinated yellow flowers and their impact on the foraging behaviour of different flower-

visitors.  

 

Materials and methods 

 

Yellow flowers 

 

Yellow flowers were collected in botanical gardens in Germany and Brazil. The flowers were 

stored in moist boxes until measurement on the same day. In order to evaluate pollinator-

mediated selection on flower colouration, we categorize the flowers into bee- or bird-pollination 

through literature analysis. We included in our data set only plant species, for which literature 

identified either bees or birds as “effective pollinators”. Effective pollinators are those, which 

remove pollen from stamens and deposit pollen to stigmas with additional information about 

their visitation frequency (Mayfield et al. 2001, and references within). If no data about 

pollination of specific plant species were available, we use the ones from other species within 

the same genus with corresponding morphological traits (after Rosas-Guerrero et al. 2014). 

Thus, we excluded from our analysis those plant species, for which pollinators were classified 

solely according to classical pollination syndromes by visual floral traits (after Faegri & van der 

Pijl 1979). Flowers that can be pollinated by both bees and birds are rare and were excluded 

from our analysis. Then, plant species were categorized into New World and Old World 

according to their native habitats, as bee as well as bird species from different habitats differ 

in their visual capabilities. There are three major families of flower-visiting birds: Hummingbirds 

(Trochilidae) from the New World, sunbirds (Nectariniidae) and honeyeaters (Meliphagidae) 

from the Old World. Sunbirds and other generalist foraging birds belong to the UV sensitive-

(UVS-) type, whereas hummingbirds and honeyeaters belong to the violet sensitive-(VS-) type 

with a sensitivity peak of the short-wavelength cones shifted towards longer wavelengths as 

compared to sunbirds and other generalists (Ödeen & Håstad 2010; Endler & Mielke 2005). 

Although there are some flower-visiting perching birds in the New World, this analysis focused 

mainly on hummingbird-pollinated flowers from the New World and perching bird-pollinated 

flowers from the Old World (Supplemental Material 1). Even though differences in the colour 
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vision of bees from the New as compared to bees from the Old World are known (Peitsch et 

al. 1992), these differences are statistically not significant (Briscoe & Chittka 2001). However, 

we tested for differences in the spectral reflectance between flowers from the New and Old 

World for both pollination systems before pooling the data.  

To evaluate the presence of UV-nectar guides each flower was separated into two parts: the 

inner centred part (hereinafter referred to as “centre”) includes ray florets, corolla orifices, basal 

parts of petals or flags, and reproductive organs (i.e. those parts of the flowers where nectar 

guides are common). The outer apices (hereinafter referred to as “periphery”) include disc 

florets, lips, adaxial parts of corollas and peripheral parts of petals or flags. However, before 

categorizing the flower parts, we control for variation of size, shape and position of nectar 

guides, by scanning the entire signalling apparatus of the flower for differences in spectral 

reflectance. This means that we relocate the probe of the spectrophotometer on different parts 

of the flower and check for any differences in spectral reflectance. Thus, any UV-nectar guide 

was recorded. A list of tested plant species with reference to their habitat, literature with 

pollinator reference and measured flower parts for centre and periphery is given in 

Supplemental Material 1.  

Spectral reflectance of flowers was measured with a spectrophotometer (USB 4000, Ocean 

Optics, Inc., Dunedin, FL, USA) relative to a white (pressed pellet of barium sulphate) and a 

black standard (black film can) in an angle of 45° to the measuring spot. The 

spectrophotometer was connected with a coaxial fibre cable (QR400-7-UV-VIS, Ocean Optics, 

Inc., Dunedin, FL, USA) to a deuterium-halogen light source (DH-2000-BAL, Ocean Optics, 

Inc., Dunedin, FL, USA). Spectral reflectance was recorded from 300 nm to 700 nm.  

To approximate the phylogenetic independence of the analysis of plant species, the means 

and standard errors of spectral reflectance data were calculated for species belonging to the 

same genus (this was the case for five species within a genus with bee-pollinated flowers in 

the family Fabaceae and two species within a genus with bee-pollinated flowers in the family 

Xanthorrhoaceae) and for genera belonging to the same family within bee- and bird-pollinated 

flowers, respectively (this was the case for four plant families with bee-pollinated flowers and 

for two plant families with bird-pollinated flowers). Only the latter data were used to calculate 

the mean spectral reflectance curves and each plant family was regarded as a single data 

point for further analyses. 

 

Yellow test stimuli  

 

For choice experiments with bees, we prepare yellow stimuli resembling the spectral 

reflectance of natural yellow flowers with or without UV-reflectance (Supplemental Material 2). 

For this purpose, discs of 3 cm in diameter of Whatman filter paper No. 1 was immersed for 
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three seconds in a solution of 1.82 ml of the flower pigment carotene (oily solution from Carl 

Roth GmbH and Co. KG, Karlsruhe, Germany) dissolved in 50 ml hexane. After sufficient 

evaporation of the solvent the coloured filter paper was covered with foils of different UV-

transmitting properties and connected with centrally located transparent Eppendorf tubes, 

containing the reward. The foils were either UV-absorbing (LEE 226, LEE Filter, Hampshire, 

UK) or UV-transmitting (NOWOFOL® ET 6235, NOWOFOL® Kunststoffprodukte GmbH & Co. 

KG, Siegsdorf, Germany) and combined variously in order to produce four artificial flower types 

(afterwards referred as “test flowers”): One test flower was entirely UV-reflecting, one was 

entirely UV-absorbing, and two possessed a pattern of UV-reflectance, with one test flower 

possessing a UV-absorbing centre and a UV-reflecting periphery, and the other possessing a 

reciprocal pattern. The centre of the patterned test flowers was 1.5 cm in diameter each. The 

prepared test flowers were stored in the dark until being used in the choice experiments to 

prevent changes in light absorbing properties of the pigments. After about 30min of exposure 

to light, newly fabricated ones replaced the artificial flowers in order to prevent effects of 

bleaching of the colour stimuli for choice behaviour of the bees. Spectral reflectance of test 

stimuli was measured using the same method as with natural flowers and are given in 

Supplemental Material 2A. In order to illustrate the negligible effect of bleaching Supplemental 

Material 2B shows the spectral reflectance of fresh artificial flowers as well as of artificial 

flowers that had been exposed to light for 30min. 

 

Choice experiments and bee keeping  

 

Choice experiments were performed with three different social species of the subfamily 

Apinae, i.e. honeybees (Apis mellifera carnica Pollmann), bumblebees (Bombus terrestris 

dalmatinus Dalla Torre), and stingless bees (Melipona quadrifasciata Lepeletier). All three bee 

species are known to use colour cues to detect flowers as food sources (Giurfa et al. 1994; 

Spaethe et al. 2001; Spaethe et al. 2014). We have chosen these bee species to include 

flower-naïve (B. t. dalmatinus) as well as flower-experienced workers (A. m. carnica and M. 

quadrifasciata) in our analysis and also to include different experimental conditions, i.e. 

laboratory environment with artificial lights as well as natural daylight environment. Moreover 

we wanted to include bee species from the New as well as from the Old World; but flower-

naïve bees from the New World were not at hand. 

The decisions of bees were examined with dual choice tests by offering four test flowers (i.e. 

two of each type) at a time. The four test flowers were presented in a rectangular arrangement 

in a distance of 10 cm each on a green cardboard. The green cardboard was 30 cm x 30 cm 

in size. The cardboard and the test flowers were presented vertically. We offered two different 

test set-ups to the bees: One set-up of test flowers comprised two entirely UV-reflecting and 
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two entirely UV-absorbing yellow stimuli, the other set-up comprised two of both types of 

patterned test flowers each. We tested 10 workers of each bee species and recorded 

approaches towards the test flower types and additionally antenna reactions towards the 

centre or periphery for the patterned test flower types.  

For training, individually marked workers were released directly on one of the four training 

artificial flowers (afterwards referred to “training flowers”) presented in the same arrangement 

than the test set-ups. The training flowers were of the same size and shape as the test flowers 

and were made of the green cardboard background used in the tests.  

Training and test flowers were permanently rewarded, as the reward was supplied in an 

amount of 200 µl, such that the bees were not able to deplete a single artificial flower without 

being saturated. The rewards were adjusted for each bee species according to their regular 

nectar sources, i.e. 50% honey solution for stingless bees, 50% sugar water for honeybees 

and 50% Biogluc® (re-natur GmbH, Ruhwinkel, Germany) solution for bumblebees. The 

training set-up was replaced by a test set-up when workers had approached the training stimuli 

by themselves. If a bee landed on one of the four test flowers and took up the reward, the 

choice was counted as approach. Antenna reactions were counted when the bees’ antennae 

contacted any area of the test flowers while approaching before landing and drinking.  

Each individual bee was tested in both test set-ups in a pseudo-randomly changed order. To 

prevent position preferences of the individual bees, test and training flowers were changed 

pseudo-randomly after each approach that any artificial flower was once at each position. All 

bees were tested individually to prevent competition and potentially resulting altered choice 

behaviour among individuals.  

Choice experiments with honeybees (A. m. carnica) were performed in the Botanical Garden 

of the Heinrich-Heine University of Düsseldorf, Germany, in June 2013 under natural daylight 

conditions. Freely foraging and therefore flower-experienced honeybees of two colonies were 

attracted to a feeder in a distance of 30 m from the hives. From this feeder, individual bees 

were transported into a flight cage of 2 m x 4 m x 2 m in size in half-shade environment, holding 

the training and test area in a distance of 10 m from the feeder. The flight cage was necessary 

to prevent competition with other recruited honeybees as well as other hymenopteran visitors 

at the training and test set-up. Ten approaches and/or antenna reactions were recorded for 

honeybees.  

Bumblebee colonies were purchased from re-natur GmbH (B. t. dalmatinus; Ruhwinkel, 

Germany) and kept in flight cages in the laboratory of the University of Düsseldorf. Individuals 

were trapped in plastic tubes directly from the hive entrance and brought to an indoor flight 

cage of 2m x 2m x 2 m for choice experiments. Both flight cages were illuminated by L58 

W/865 fluorescent tubes (Osram, Munich, Germany) providing an intensity of about 2,000 lux 
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of 6,500 K colour temperature and moderate emission of UV-light. Twenty approaches and/or 

antenna reactions were recorded for bumblebees. 

Experiments with stingless bees (M. quadrifasciata) were performed on the Campus of the 

State University of Campinas, Campinas, Brazil, in February 2012 and on the Campus of the 

Federal University of Paraná, Curitiba, Brazil, in March 2013 under natural daylight conditions. 

Also freely foraging and therefore flower-experienced workers from two hives were trapped in 

plastic tubes directly from the hive entrance when they intended to fly out and were brought to 

the training and test area at a distance of approximately 30 m from the hives under natural 

daylight conditions. For these experiments no flight cage was necessary and rare visitors other 

than the evaluated individuals were directly trapped. Twenty approaches towards entirely 

coloured test flowers and 10 approaches and antenna reactions towards patterned test flowers 

were recorded for stingless bees. 

As the training and test flowers were permanently rewarded, each individual bee of all three 

species chose one artificial flower, drank the reward till she was sated and flew back 

(honeybees and stingless bees) or was alternatively brought back (bumblebees) to the hive. 

Bumble- and honeybees were released in a distance of 60 cm to the test area and stingless 

bees approach the test area by themselves when leaving their hives. Hence, the visual angles 

under which they detect the test flowers in first instance were so small, that the bees’ 

achromatic vision system was active, and subsequently switched to chromatic vision when 

approaching the flowers (Giurfa et al. 1997; Spaethe et al. 2001). This procedure was chosen 

in order to simulate natural conditions under which bees usually detect flowers.  

 

Colour vision models and calculation of colour parameter 

 

To gain insight into natural flower colouration and the choice behaviour of bees, we calculated 

several colour parameters known to influence bees’ foraging behaviour. Colour parameters 

include achromatic contrasts and were calculated between flower peripheries and their 

backgrounds, as those flower parts capture the main part of the whole flower and are crucial 

for the detection of flowers by bees when the colour-blind vision is active, i.e. under small visual 

angles (Giurfa et al. 1997; Spaethe et al. 2001). Further on, we evaluate chromatic contrasts 

between flower peripheries and the background, as well as between flower peripheries and 

flower centres, as those contrasts are analysed by bees with their colour-active systems 

(Lunau et al. 1996). The same is true for bee-subjective spectral purity as crucial parameter in 

the foraging behaviour of bees (Lunau 1990; Rohde et al. 2013).  

The colour-blind system analyse information in the green photoreceptors only, and therefore 

we calculated achromatic contrast as the quotient of the relative quantum flux of stimulus and 

background to the green receptor types. The quantum flux is calculated as the sum of the 
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product of spectral sensitivity of a photoreceptor type, the spectral distribution of the illuminant 

and the spectral reflectance of the stimulus. The quantum flux is also multiplied with a 

sensitivity factor for each photoreceptor type assuming that the bee's eye is adapted to the 

background (Laughlin 1981; calculated as 1 divided by the sum of the product of spectral 

sensitivity of a photoreceptor type, the spectral distribution of the illuminant and the spectral 

reflectance of the background). This procedure was done for the three tested bee species, but 

not for flower-visiting birds. Here, double cones are active to analyse achromatic contrasts 

(see Receptor-noise limited model). As photoreceptor sensitivities for bees we used functions 

from Menzel and Backhaus (1991) for the honeybee A. mellifera, from Skorupski et al. (2007) 

for the bumblebee B. t. dalmatinus, and from Menzel et al. (1989) for the stingless bee M. 

quadrifasciata. As illumination we used the daylight function D65 (Wyszecki & Stiles 1982), 

and as background, to which the bees´ or birds´ eyes were assumed to be adapted, we used 

a standard function of green leaves.  

For further colour parameters we used two different colour vision models: The colour hexagon 

(Chittka 1992) and the receptor-noise limited model (Vorobyev & Osorio 1998). The former 

one includes specific assumptions about neural processing in the bees’ eye, whereas the latter 

one assumptions tracked in several animal species and can be applied for tri- as well as 

tetrachromatic colour vision systems and hence for bees as well as birds.   

By using the colour hexagon model (Chittka 1992) bee-subjective spectral purity and bee-

subjective chromatic contrast to the background as well as chromatic contrast between parts 

within a flower can be calculated. Chromatic contrast results from the perceptual distance of 

the colour loci and was given in hexagon units (HU; Chittka 1992). Spectral purity according 

to the colour hexagon model (Chittka 1992) was calculated as the perceptual distance between 

target and background divided by the perceptual distance between the corresponding spectral 

locus, i.e. the locus of the corresponding monochromatic light, and background (Lunau et al. 

1996). The same functions for spectral sensitivities, background and illumination as before 

were used. By using the receptor-noise limited model chromatic contrast and achromatic 

contrast to the background, as well as chromatic contrast between parts within a flower can be 

calculated (Vorobyev & Osorio 1998). Chromatic contrast between stimulus and background 

is given in JND units (just noticeable differences; Vorobyev & Osorio 1998). Achromatic 

contrasts in the receptor-noise limited model results from dividing the contrast between 

stimulus and background in the green receptor for bee species and in the double cone for birds 

by the noise values of the corresponding receptor and is also given in JND units (Vorobyev & 

Osorio 1998). To apply this model, noise values for photoreceptor types were required, but 

were not available for stingless bees. Noise values in JND units for trichromatic colour vision 

systems for the UV-, blue- and green-photoreceptor type of 1.3, 0.9 and 0.9 for bumblebees 

(Skorupski & Chittka 2010), and of 0.13, 0.06 and 0.12 for honeybees (Vorobyev & Osorio 
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1998) were used. Noise values for tetrachromatic colour vision systems for the SWS1-, SWS2-, 

MWS- and LWS-photoreceptor type of  0.1, 0.07, 0.07 and 0.05 for birds possessing UVS-type 

eyes and of 0.1, 0.1, 0.1 and 0.07 for birds possessing VS-type eyes were used. These noise 

values are in accordance to published ratios of relative numbers of cone-types of 1:2:2:4 for 

UVS-type birds (Maier & Bowmaker 1993) and 1:1:1:2 for VS-type birds (Bowmaker et al. 

1997) of SWS1-, SWS2-, MWS- and LWS-photoreceptor type, respectively, and also in 

accordance to the sole known weber fraction values for 0.1 for the LWS-photoreceptor of a 

UVS-type bird species (Maier 1992). As photoreceptor sensitivities for bees we used the same 

functions as for the colour hexagon model. Spectral sensitivity functions of the four single 

cones of pollinating bird species were adopted from Ödeen and Håstad (2010) for UVS-type 

and UV-type bird eyes. The spectral sensitivity function of double cones was adopted from 

Osorio et al. (1999) with an affiliated Weber fraction value of 0.05 (Siddiqi et al. 2004).  

 

Statistical analysis 

 

The machine learning algorithm random forest (Breiman 2001) is a preferred method to 

analyse ecological data (Cutler et al. 2007). To apply this method, we classified specific 

wavelength ranges each corresponding to the main sensitivity range of a photoreceptor type. 

This was done by calculating the mean spectral reflectance in the UV (301-400 nm), blue (401-

500 nm), green (501-600 nm) and red (601-700 nm) wavelength range for each plant family 

(see yellow flowers section). By means of this classification method we evaluated whether a 

specific wavelength range contributes to structuring multiple datasets, i.e. natural yellow 

flowers, into classes. In this case we determine four classes, i.e. central parts of bee-pollinated 

flowers, peripheral parts of bee-pollinated flowers, and both parts of bird-pollinated flowers. 

The outputs of random forest analyses are confusion matrices revealing the classification and 

variable importance (E) values for the underlying factors, i.e. the four wavelength ranges. The 

higher the E-value of a wavelength range the more important is this factor for the class 

separation and correct assignment to a class. Each analysis based on 100,000 decision trees 

with 2 variables each, which are randomly selected from the four ranges of wavelengths, and 

which were not included into the analysis. To evaluate the results of random forest, further 

analyses were done using one-way analysis of variance (ANOVA) with Tukey HSD as post-

hoc test, evaluating significant differences in the mean spectral reflectance between the four 

classes for each wavelength range (Junker et al. 2011).  

To evaluate if bees and birds can detect differences in spectral reflectance between bee- and 

bird-pollinated flowers we compare achromatic as well as chromatic contrasts between flower 

peripheries and background as well as chromatic contrast between flower centres and 

peripheries using unpaired two-tailed t-tests for each flower-visitor. Spectral purity of centres 
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and peripheries of bee- and bird-pollinated flowers each were compared using ANOVA with 

Tukey HSD as post-hoc tests.  

To analyse the choice behaviour of the bees, we performed a paired two-tailed t-test comparing 

the number of approaches towards the two stimuli in each set-up between individual bees for 

each bee species. Likewise a paired two-tailed t-test was used to compare the number of 

antenna contacts towards centre and periphery or towards UV-reflective and UV-absorbing 

colours in the patterned set-up. The numbers of approaches as well as antenna contacts were 

logarithm transformed to meet the assumptions of normal distribution and variance 

homogeneity. All statistical analyses were performed with R 2.14.0 (R Development Core 

Team 2009), using the R packages "randomForest", "party", and "MASS" for random forest 

analyses and the package “stats” for other statistical analyses.  

 

Results 

 

Yellow flower colours 

 

In total, we measured the spectral reflectance of 38 species (out of 32 genera in 19 families) 

with human all-yellow coloured flowers including bee-pollinated flowers in 13 species (out of 

12 genera in 8 families) of the New World, and 14 species (11 genera in 8 families) of the Old 

World, as well as bird-pollinated flowers in 8 species (8 genera in 5 families) of the New World 

and 3 species (3 genera in 3 families) of the Old World. We pooled the data of flowers from 

the Old and New World, because we did not find differences in the mean spectral reflectance 

between peripheries and between centres within the two bee-pollinated or the two bird-

pollinated groups in any range of wavelength with random forest analysis. The pooled data 

comprises 27 bee-pollinated species of 22 genera in 14 plant families and 11 bird-pollinated 

species of 11 genera in 7 plant families (Fig. 1; Supplemental Material 1).  

Random forest analysis revealed that centres as well as peripheries of bee-pollinated flowers 

were more often correctly assigned to their specific groups, whereas centres and peripheries 

of bird-pollinated flowers were more often incorrectly assigned to other groups, but never to 

the group of peripheries of bee-pollinated flowers (Table 1). The most important range of 

wavelength for group separation was UV, followed by blue and green and the least contributing 

wavelength range was red (Table 1). We found significant differences in spectral reflectance 

properties only in the UV wavelengths range (ANOVA; F=16.54, df=3, p<0.001), but not in the 

blue, green or red range (ANOVA; F=1.48, df=3, p=0.24 for blue, F= 2.25, df=3, p=0.10 for 

green, and F= 2.31, df=3, p=0.09 for red). Peripheries of bee-pollinated flowers reflected 

significantly more UV-light than all other flower parts with their specific pollinators (Tukey HSD: 

p<0.001), but all other comparisons were not significant (Tukey HSD: p>0.05 respectively; Fig. 
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1). The colour hexagon revealed that peripheries of bee-pollinated flowers are most often bee-

UV-green coloured (Fig. 2; after nomenclature from Chittka et al. 1994). In contrast, centres of 

bee-pollinated flowers as well as both parts of bird-pollinated flowers were more often bee-

green coloured (Fig. 2; after nomenclature from Chittka et al. 1994).  

Fig. 1. Mean spectral reflectance with standard errors of the mean in 10 nm steps of central 
and peripheral parts of yellow coloured flowers pollinated by either bees or birds. For 
calculation of means see method section. Statistical analyses: Mean spectral reflectance was 
calculated in four wavelength ranges, i.e. UV, blue, green, and red, for each plant family and 
compared between bee-pollinated centres, bee-pollinated peripheries, bird-pollinated centres 
and bird-pollinated peripheries using one-way analysis of variance (ANOVA) with Tukey HSD 
as post-hoc test. ns=not significant; *** p<0.001.   
 

 

(A) Confusion matrix           

 bee_centre bee_periphery bird_centre bird_periphery class error 

bee_centre 8 1 2 3 0.43 

bee_periphery 2 11 0 1 0.21 

bird_centre 6 0 0 1 1.00 
bird_periphery 4 0 1 2 0.71 

(B) Variable importance (C) ANOVA      

 E  df F p  

UV 45.67 3 16.54 <0.001  
B 27.69 3 1.48 0.24  
G -24.25 3 2.25 0.10  
R -44.20 3 2.31 0.09  

 
Table 1. Random forest analyses and statistical interference of spectral reflectance properties 
of yellow coloured flowers divided into centred and peripheral parts and pollinated by either 
bees or birds. (A) Confusion matrices showing the number of correctly assigned groups and 
the proportional class error for the mean spectral reflectance values in four wavelength ranges 
(UV=Ultraviolet, B=blue, G=green, R=red) with (B) variable importance (E) values. (C) Results 
of one-way analysis of variance (ANOVA). 
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Fig. 2. Colour hexagon (Chittka 1992) of yellow coloured flower parts pollinated by either bees 
or birds for Apis mellifera. Each colour locus represents (A): flower parts of single plant families 
or (B): the mean of bee- and bird-pollinated centres and peripheries. For calculations of the 
means see method section. The excitation (E) of the ultraviolet (UV), blue (B) and green (G) 
photoreceptor types are indicated by arrows. + represents the centre of the hexagon. Colour 
loci of monochromatic lights are connected by a black line and labelled with selected hues or 
mixtures of UV- and Green-light.  
 

The comparison between flower periphery and background between bee- and bird-pollinated 

flowers revealed significant differences only in achromatic contrasts for two out of three tested 

bee species, as well as in chromatic contrasts in the receptor-noise limited model for UVS-type 

birds (Fig. 3). Among that, peripheries of bird-pollinated flowers significantly displayed less 

achromatic and chromatic contrasts to the background as compared to peripheries of bee-

pollinated flowers (Fig. 3).  

More clearly were the results for intra-floral contrasts; chromatic contrasts between centre and 

periphery within the same flower significantly differed from each other for all flower-visitors and 

all calculation methods, with bee-pollinated flowers displaying higher colour contrasts within 

flowers than bird-pollinated ones did (Fig. 3). This was true for the visual capacities of all tested 

flower-visitors as well as for both tested colour vision models (Fig. 3).  
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Fig. 3. Colour parameters as perceived by different species of flower visitors. White bars 
represent calculations based on physical properties in relative units. Light-grey bars represent 
calculations based on the colour hexagon model (Chittka 1992) in hexagon units. Dark grey 
bars represent calculations based on the receptor-noise limited model (Vorobyev and Osorio 
1998) in JND units. Statistical analyses: Colour parameters between flower peripheries and 
background as well as between centre and periphery within flowers were compared between 
bee- and bird-pollinated flowers paired two-tailed t-tests. Spectral purities of centers and 
peripheries of bee- and bird-pollinated flowers were compared using one-way analysis of 
variance (ANOVA). * p<0.05; ** p<0.01; *** p<0.001; all other comparisons were not significant. 
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Choice experiments  

 

Giving the choice between entirely UV-reflecting and entirely UV-absorbing test flowers, none 

tested bee species showed a significant preference for a test flower (Fig. 4A). The same was 

true when giving the choice between patterned test flowers, except for A. m. carnica, preferring 

test flowers with UV-absorbing centres and UV-reflecting peripheries over the reciprocal 

pattern (Fig. 4B). 

While approaching the patterned flowers, A. m. carnica as well as B. t. dalmatinus made their 

first antennal contact significantly more often at the centre of the artificial flowers compared to 

the periphery, whereas M. quadrifasciata did not show any preference (Fig. 4C).  

All three tested bee species made their first antenna contact significantly more often towards 

UV-absorbing areas within the patterned artificial flowers (Fig. 4D).      

 

Fig. 4. Dual choice tests with three species of bees. Choices were represented in grey bars for 
the honeybee Apis mellifera carnica, in black bars for the bumblebee Bombus terrestris 
dalmatinus, and in white bars for the stingless bee Melipona quadrifasciata. (A, B) Mean 
relative number of approaches with standard errors of the mean towards yellow test flowers 
(A): with entirely UV-reflectance and entirely UV-absorbance or (B): with UV-patterns each. (C, 
D) Mean relative number of antenna contacts with standard errors of the mean towards (C) the 
centre or the periphery or towards (D) the UV-absorbing or UV-reflecting area of yellow test 
flowers, both within yellow flowers with an UV pattern. Statistical analyses: Paired, two-tailed 
t-test. ns=not significant; * p<0.05; ** p<0.01; *** p<0.001.                
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Discussion 

 

In the current study we demonstrate that bee- and bird-pollinated yellow flowers differ in their 

spectral reflectance properties. Yellow bee-pollinated flowers show a pattern of spectral 

reflectance with UV-absorbing centre and UV-reflecting periphery, whereas yellow bird-

pollinated flowers are mostly uniformly UV-absorbing. Bees do not prefer any test flowers that 

resemble flower colours found in nature, and yellow bee- and bird-pollinated flowers do not 

differ in colour parameter, except for the achromatic contrast between peripheries and 

background of bee-pollinated flowers. For bee-pollinated flowers the achromatic contrast is 

higher than for bird-pollinated ones indicating that yellow bee-pollinated flowers are easier to 

detect for bees. However, this is only true for two tested bee species, which did not significantly 

prefer any of the artificial flowers. Recently, it was shown that red and white flowers pollinated 

by bees are of higher spectral purity as compared to bird-pollinated ones and are therefore 

easier to detect for bees. In red and in white flowers, spectral purity for bees depends on the 

amount of UV-reflectance, with red flowers being more attractive for bees if they reflect UV-

light and white flowers being more attractive for bees if they absorb UV-light (Lunau et al. 

2011). This has been interpreted as a sensorial floral filter discouraging potential nectar 

robbing bees (Lunau et al. 2011). However, bees did not discriminate between yellow flowers 

with differing UV-reflectance. More precisely, spectral purity of yellow flowers cannot be altered 

simply by additional reflectance or absorption of UV-light, as in red or white colours, although 

bees as pollen-collecting flower-visitors respond innately to yellow UV-absorbing colours 

(Jones & Buchman 1974; Heuschen et al. 2005). Both experienced and naïve bees did not 

show significant preference for any of the artificial flowers, indicating  

that former experience of bees with flowers does not affect the choice behaviour of bees for 

the offered colour stimuli.            

Despite the lack of a preference for yellow either with or without UV-reflectance, the tested 

bees showed striking behaviours: Workers of all tested bee species preferred to make their 

first contact by means of their antennal tips at the UV-absorbing area at the patterned yellow 

artificial flowers, irrespective of its spatial position within the test flower. Chromatic contrasts 

in the hexagon model has to be higher than 0.1 HU in the hexagon model (Spaethe et al. 2001) 

and higher than 1 JND in the receptor-noise limited model (Vorobyev et al. 2001), in order that 

bees can perceive them as differently coloured and can distinguish them from each other. This 

was the case in bee-pollinated flowers, but not in bird-pollinated ones (except for bumblebees 

in the receptor-noise limited model, which were not able to distinguish centres and peripheries 

of either bee- or bird-pollinated flowers). Thus, bird-pollinated flowers appeared uniformly 

coloured for bees, whereas bee-pollinated flowers showed a pattern of differently coloured 

areas for the bees. Previous studies have shown that bees usually make contact and land on 
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the edges of flowers if nectar guides are lacking (Manning 1956; Free 1970). It is thus assumed 

that the presence of nectar guides aids in-flight-orientation and directs the bees to the floral 

reward more quickly, decreasing bees’ handling time (Waser & Price 1985; Leonard & Papaj 

2011). Thus, the occurrence of UV-patterns in yellow bee-pollinated flowers might be an 

adaptation of flowers to the pollinators’ visual system. This is further suggested by the fact that 

nectar guides orient the flower-visitor in a way that contact between the visitors’ body and the 

flowers’ reproductive organs is ensured and thus improve the effectiveness of pollination 

(Owen & Bradshaw 2011). If bees enter the corolla tube of guideless mutants of Mimulus lewisii 

which lack yellow nectar guides present in wild-type flowers, their orientation towards the 

flower is upside-down, and therefore improper to promote pollination (Owen & Bradshaw 

2011). The authors argued that the lack of nectar guides and the resulting decreased visitation 

frequency of bees in this species could act as an adaptive trait to other pollinators, i.e. 

hummingbirds or moths (Owen & Bradshaw 2011). Moreover, several other studies reveal that 

bees prefer to visit flowers displaying a pattern over those ones which are uni-coloured (Free 

1970; Waser & Price 1985; Heuschen et al. 2005).  

However, for hummingbirds other floral traits than colour promote effective foraging behaviour: 

in hummingbird-pollinated flowers which lack nectar guides other flower traits like lower lips or 

trumpet-shaped orifices can incur a tactile function guiding the flower-visiting bird (Smith et al. 

1996; Temeles & Rankin 2000). Ornithophilous flowers from the New and from the Old World 

share characteristic floral traits including the lack of scent and high amounts of dilute nectar 

due to convergent evolution (Faegri & van der Pijl 1979). Nonetheless there are differences in 

the floral traits within bird-pollinated flowers mainly due to differences in the foraging behaviour 

and the visual systems of the various bird families (Ödeen & Håstad 2010; Rocca & Sazima 

2010). Floral colouration seems to be a shared trait within bird-pollinated yellow flowers, as we 

did not find differences among flowers pollinated by either New or Old World bird species.  

In conclusion, the yellow colouration of bee- and bird-pollinated flowers relies on convergent 

coevolution between flowers and flower-visitor species from the New as well as from the Old 

World. Yellow flowers pollinated by bees and birds differ in respect of the occurrence of UV-

patterns but not in specific colour parameters. The occurrence of UV-reflectance patterns 

exclusively in bee-pollinated flowers represents an adaptation to bees in accordance to 

published behavioural data. The results support the hypothesis that flower colours and the 

visual systems of pollinators are well adapted to each other.  
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CHAPTER 7 

SYNTHESIS 

 

Animal-pollinated plants occupy a large number of habitats with distinct conditions and 

possess a large number of different lifestyles and reproductive strategies (Barrett 1998). Thus, 

the effectiveness to act as pollen-vector for flowers of specific plants varies across different 

flower-visitor species (Schemske and Horvitz 1984). Flowers need to attract pollinators on the 

one hand, but also need to restrict interactions with antagonistically operating, non-pollinating 

visitors, which might reduce the plants’ reproductive success, on the other hand (Strauss and 

Whittall 2006). The interactions between flowers and their visitors are influenced by specific 

chemical and morphological flower traits (Faegri and van der Pijl 1979). As different flower-

visitors impose different requirements towards flowers and their specific trait formation, the 

identity of specific flower traits structure the flower-visitor composition. Studying the impact on 

the evolution of flower traits by pollinators as well as by antagonistically operating, non-

pollinating visitors implicates great value, as the traditional view in respect of associations 

between the flowers’ trait identity and a specific guild of flower-visitors is assumed to be caused 

by adaptations exclusively of flowers to their pollinators (Baker 1963; Stebbins 1970; Faegri 

and van der Pijl 1979; Brown 2002; Fenster et al. 2004).  

Flower-visitors face a heterogeneous environment, in which flowers need to be easily 

detectable and easily to handle, in order to facilitate effective foraging, as the sufficient 

exploitation of floral resources mostly need many flower visits, often more than 1000 per day 

(Seeley 1985; Heinrich 2004). Especially bees play a significant role in crop pollination 

(Delaplane et al. 2000). The investigation of foraging behaviours in bees might aid 

conservation of plants and pollinators (Matheson et al. 1996; Kearns et al. 1998). My results 

are the first to demonstrate that the bees´ preference for colours of high bee-subjective spectral 

purity causes the exclusion from flowers adapted to the pollination by birds (Chapter 2 and 3). 

The innate preferences for spectrally pure colours in bees are even persisting when bees are 

trained to distinct colours (Chapter 2), which is in disagreement with Gumbert (2000) claiming 

that irrespective of innate preferences, bees choose novel colours in accordance to their 

similarity to the trained ones. Furthermore, these results are in disagreement with other studies 

assessing preferences in bees for other colour parameters like hue (Menzel and Shmida 1993; 

Giurfa et al. 1995; Chittka et al. 2001).  

Due to different colour vision systems across flower-visitors, colouration is assumed to 

act as a flower trait structuring the flower-visitor composition. Several aspects of my results 
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are in agreement with this assumption. Other than previously suggested, the colouration of 

flowers does not always match colour preferences of the main pollinators, but, at times, rather 

causes colours which are obviously difficult to detect for antagonistically operating flower-

visitors due to their visual capabilities (Fenster et al. 2004; Chapter 3). This was shown for 

flowers of red and white colour, which are pollinated by hummingbirds (Chapter 3). In fact, 

flower colour acts as a sensorial floral filter, selectively attracting flower-visitors and additionally 

diminishing the frequency of visitation by non-pollinating visitors (Chapter 3). Furthermore, my 

results gain insight into the strong association between red flowers and bird-pollination as 

commonly stated in the literature (Porsch 1931; Grant 1966; Grant und Grant 1968; Raven 

1972; Stiles 1976), and reveal that not reflectance of red wavelengths alone, but the additional 

absorbance of UV-light is crucial to avoid frequent visitation from bees (Chapter 3). Only then 

bird-pollinated flowers create a private communication channel for birds as their pollinators, in 

which flower-visiting birds suffer from less competition for nectar. Moreover, my results support 

the hypothesis from Lunau (1990) that the same mechanism is valid for white flowers. In fact, 

the colouration of white bird-pollinated flowers also selectively filter birds as flower-visitors, 

likewise not due to innate colour preferences in birds, but due to reducing frequent visitation 

by non-pollinating bees; again the UV-reflectance properties are crucial for this effect, but in 

this case UV-reflecting flowers are less attractive for bees (Chapter 3). Other than previously 

suggested, the results show that not the red-blindness by bees leads to a prevalence in red 

colouration of bird-pollinated flowers, but rather the evolution towards colours with low bee-

subjective spectral purity (Porsch 1931; Grant 1966; Grant und Grant 1968; Raven 1972; Stiles 

1976; Chapter 3). In fact, this is most parsimonious in red and white flowers, as here the 

amount of UV-light determines bee-subjective spectral purity. In contrast, bee- and bird-

pollinated flowers with a yellow floral colouration do not differ in any colour parameter, and 

thus, bird-pollinated yellow flowers do not avoid frequent visitation by bees due to a comparably 

less attractive flower colours (Chapter 4). Different from red and white colours, the amount of 

bee-subjective spectral purity of yellow colours is not as simply determined by the amount of 

UV-reflectance as in red and white flowers. Some of my results corroborate the view that flower 

colours are well adapted to their effective pollinator (Fenster et al. 2004; Chapter 3 and 4). This 

is the case for the colouration of red, white, and yellow flowers which are pollinated by bees, 

as these colours are well detectable and of high spectral purity for bees (Chapter 3 and 4). 

Moreover, intra-floral colour patterns are displayed exclusively in bee-, but not in bird-pollinated 

yellow flowers, indicating once more the importance of nectar guides for bees, but not for birds 

(Free 1970a; Chapter 4). In sum, the colouration of flowers might represent a floral trait under 

selective pressure exerted by both, pollinators as well as antagonists.  
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Several aspects of my results support the understanding of flower-colour evolution. 

Tuning of floral pigment concentration in plants might improve the interaction-strength between 

flowers and several flower-visitors, which differ in their impact on the plants’ reproductive 

success (Chapter 5). Moreover, the gain of insight into foraging behaviour of bees towards 

colours arising from slightly varying pigment concentrations, improve the understanding of 

evolutionary adaptations of flower colours towards bees (Chapter 5). Thus, even flower-

constant bees exert selective pressure on the possession of spectrally pure colours in flowers 

(Chittka et al. 1999). Other aspects of my results indicate that, other than previously stated, 

the petals’ epidermal cell shape does not affect floral colouration (Chapter 6). Thus, the 

detectability of flowers by bees is not affected by means of petals’ epidermal cell shape alone, 

as it was previously shown for a single plant species only (Dyer et al. 2007; Gorton and 

Vogelmann 1969). The results show that epidermal cell shape in flowers might also shape 

competitive pollination networks due to mechanical properties (Whitney et al. 2009a; Chapter 

6).  
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CHAPTER 8 

DETAILED SUMMARY 

 

Flowers serve as reproductive organs of angiosperms and interact with several different 

flower-visitors. The relation between the interacting partners can be of advantage, but also of 

disadvantage for one or both of the partners. The current study focuses on the role of floral 

colouration as a floral trait that structures the pollination network of plants and animals. Flower 

colours serve as floral filters, attracting pollinators of the plant species on the one hand, but on 

the other hand are non-enticing for those flower-visitors, which do not promote effective 

pollination service. This bi-functionality of one and the same flower colour is caused by different 

colour vision systems and colour preferences across the guilds of flower-visitors. Bees in 

general possess a trichromatic colour vision system with three different photoreceptor-types 

with peak-sensitivities in the UV, blue and green wavelength range. In contrast, all flower-

visiting bird species studied yet are tetrachromatic, and possess photoreceptor-types 

maximally sensitive in the UV, blue and green wavelength range as well as a photoreceptor-

type with a peak-sensitivity in the red wavelength range. In addition, the neural processing of 

visual input also differs between both flower-visitor groups. Flower-inexperienced bees detect 

flowers by means of innate preferences for distinct colour parameters, which can be altered by 

experience. However, innate preferences in experienced bees persist to some degree. In 

contrast, no innate preferences for distinct colour parameters are known for inexperienced 

flower-visiting birds. However, birds learn to associate flower colours with the quantity and 

quality of rewards and possess colour preferences only after experience. The divergent colour 

perception across flower-visitors and their implications for the colouration of natural flowers 

are under investigation. The focus will be on bees and birds as flower-visitors and flowers 

pollinated by either of them.   

Chapter 2 - Bumblebees (Bombus terrestris) and honeybees (Apis mellifera) prefer similar 

colours of higher spectral purity over trained colours.  

To investigate which colour parameters are used by bees during foraging, colour choice 

experiments with workers of different bee species and uni-coloured artificial flowers, which 

vary only in one specific colour parameter were conducted. When giving the choice between 

colours varying only in their dominant wavelength, bees prefer those colours they were trained 

to. In contrast, when giving the choice between colours varying only in bee-subjective spectral 



102 
 

purity, bees prefer colours of higher spectral purity in the tests, even over the training colour. 

As natural flowers often bear intra-floral colour patterns, further experiments were conducted 

offering artificial flowers with three concentric colours of equally sized spatial proportions, 

differing only in the arrangement of areas with colours of different spectral purity. Irrespective 

of their spatial position within the artificial flower bees always choose the most spectrally pure 

colour area for the first contact with the artificial flower. The results show that far- as well as 

near-orientation by bees towards flowers is determined by means of spectral purity as 

important key parameter.  

Chapter 3 - Avoidance of achromatic colours by bees provides a private niche for 

hummingbirds.   

This publication includes the comparative analysis of flower colours and preference 

tests with bees and hummingbirds with regard to artificial colour stimuli, resembling natural 

flower colours. The focus is on flowers, which appear red or white for humans, and are 

exclusively pollinated by either bees or hummingbirds. The studied flowers differ in their 

reflectance of ultraviolet (UV) light in dependence on the flower colour as well as on the 

pollinator group. Red as well as white flowers exclusively pollinated by bees are of higher bee-

subjective spectral purity compared to those ones, which are pollinated by birds, and are 

therefore easier to detect by bees. Moreover, choice experiments using artificial flowers with 

Neotropical bees of the genus Euglossa reveal that bees exhibit preferences for those colours, 

which are of higher bee-subjective spectral purity. In contrast, hummingbirds do not show 

colour preferences for any of the offered colours. The results support the hypothesis that flower 

colours act as floral filters. The colouration of red and white flowers pollinated exclusively by 

bees represents adaptations to their pollinators. In contrast, the red and white colouration of 

bird-pollinated flowers is not directly adapted to the visual system of birds as pollinators, but 

rather represents an adaptation to antagonistic flower-visitors, which exploit the floral rewards 

without performing pollination, i.e. bees. In doing so, the visitation frequency of pollinators, 

which prefer to visit non-depleted, nectar-rich flowers, will be enhanced and the fitness of the 

plant will be ensured. 
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Chapter 4 - Bees, birds and yellow flowers: Pollinator-dependent convergent evolution 

of UV-patterns.  

This manuscript bases on chapter 2 and extends the comparison between bee- and 

bird-pollinated flowers, which appear yellow for the human observer. The yellow colouration of 

bee- and bird-pollinated flowers rely on convergent coevolution between flowers and flower-

visitor species in the New and the Old World, respectively. However, yellow colours of bee- 

and bird-pollinated flowers do not evoke a selective attractiveness for either bees or birds, as 

bee-subjective spectral purity cannot be altered simply by additional reflectance or absorption 

of UV-light in yellow flowers, as it is the case in red and white colours. Nevertheless, UV-

patterns are restricted to yellow bee-pollinated flowers with UV-absorbing central parts within 

the flowers and UV-reflecting peripheral parts. In contrast, yellow bird-pollinated flowers 

entirely absorb UV-light. The pollinator-dependent occurrence of UV-patterns within flowers 

affects the foraging behaviour of flower-visitors, and the presence of UV-reflectance patterns 

exclusively in bee-pollinated flowers represents an adaptation between flowers and the visual 

capacities of bees as their pollinators.  

Chapter 5 - Bees` subtle colour preferences: How bees respond to small changes in pigment 

concentration.   

It was already shown that the foraging behaviour of bees is determined by specific 

colour parameters. To assess how flowers might utilize these innate preferences by means of 

their colouration, the impact of pigment concentration on specific colour parameters is 

investigated. For this purpose, artificial flowers are constructed by slightly varying pigment 

concentration, their bee-subjective colour parameters assigned, and the choice behaviour 

towards these modifications investigated. Up to excessive concentrations, increasing pigment 

concentration leads to increasing bee-subjective spectral purity as well as chromatic contrast 

to the background. A further increase of pigment concentration exceeding these profuse 

concentrations leads to a decrease in both colour parameters. Choice experiments in two 

different set-ups, offering three artificial flowers each comprising colours, which covering the 

range from low to intermediate or the range of intermediate to high pigment concentrations, 

reveal that pigment concentration affects the choice behaviour of workers in different species 

of bees. Bees do not prefer colours of highest pigment concentration, but colours of highest 

bee-subjective spectral purity and highest chromatic contrast to the background. These results 

show that pigment concentration in petals affects the detectability of flowers by bees. 
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Moreover, innate preferences for colours of high spectral purity in bees might exert selective 

pressure on the evolution of floral colouration.  

Chapter 6 - Gloss, colour and grip: Multifunctional epidermal cell shapes in bee- and bird-

pollinated flowers.  

The epidermal cell structure of flower petals has several functions, which, among 

others, influence plant-animal interactions. Epidermal cells are often conically formed and 

affect the refraction of light on petal surfaces. Conical cells focusing incident light into those 

petal layers which commonly contain the pigments and thus, increasing the strength of the 

flowers’ colour signal. Hence, this publication investigates the impact of diverse surface 

structures in petals on floral colouration. Flowers pollinated by bees have conical epidermal 

cells on those flower parts, which contribute to the advertisement for flower-visitors. In contrast, 

bird-pollinated flowers have flat epidermal cells at the same flower parts. However, a 

correlation between epidermal cell form and specific bee-subjective colour parameters has not 

been demonstrated and thus, epidermal cell form alone does not induce filtering effects in 

flowers through specific colouration. Nevertheless, epidermal cell structure affects the grip by 

bees handling the flowers, and this work indicates a mechanical filter by means of cell form of 

petals. Flat floral surfaces appear on those flower parts on which bees usually rob the nectar 

of flowers. Those flat surfaces hamper effective nectar robbing by bees due to reduced grip.       
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CHAPTER 9 

DETAILLIERTE ZUSAMMENFASSUNG 

 

Blüten dienen als Reproduktionsorgane von Angiospermen und stehen in direkten 

Wechselbeziehungen mit einer Vielzahl verschiedener Blütenbesucher. Die 

Wechselbeziehungen können dabei von Vorteil, aber auch von Nachteil für beide oder einen 

der beiden interagierenden Partner sein. Die Farbe von Blüten dient dabei als floraler Filter 

und lockt selektiv Bestäuber der jeweiligen Pflanzen an, erscheint gleichzeitig jedoch nicht 

attraktiv für solche Blütenbesucher, die keinen Bestäubungsdienst leisten. Das gleichzeitige 

Auftreten unterschiedlicher Funktionen ein und derselben Blütenfarbe beruht auf der 

unterschiedlichen Farbwahrnehmung verschiedener Blütenbesucher. Im Allgemeinen haben 

Bienen ein trichromatisches Farbsehsystem mit drei Rezeptortypen die jeweils im 

ultravioletten, blauen und grünen Wellenlängenbereich maximal sensitiv sind. Alle bisher 

untersuchten blütenbesuchenden Vogelarten dagegen sind Tetrachromaten und haben neben 

Rezeptoren, die im ultravioletten, blauen und grünen Wellenlängenbereich maximal sensitiv 

sind, einen weiteren Rezeptortyp, der für rotes Licht sensitiv ist. Neben diesen physiologischen 

Grundlagen kommen weitere neuronale Verarbeitungsprozesse hinzu, die sich ebenfalls bei 

beiden Blütenbesucher-Gruppen unterscheiden. Bei blütennaiven Bienen bestimmen 

angeborene Präferenzen für bestimmte Farbparameter das Auffinden von Blüten, die jedoch 

durch Erfahrungen modifiziert werden können. Für blütenbesuchende Vögel konnten dagegen 

bis heute keine angeborenen Präferenzen für bestimmte Farbparameter nachgewiesen 

werden. Vielmehr assoziieren blütenbesuchende Vögel Blütenfarben mit 

Belohnungsparametern und entwickeln erst nach einiger Erfahrung Präferenzen. Die in dieser 

Arbeit zusammengefassten Publikationen und Manuskripte befassen sich mit dem 

unterschiedlichen Wahrnehmungsvermögen unterschiedlicher Blütenbesucher und deren 

Konsequenzen für die Farbgebung natürlicher Blütenfarben. Im Fokus stehen dabei Bienen 

und Vögel und die durch diese Blütenbesucher bestäubten Pflanzenarten.  

Kapitel 2 - Hummeln (Bombus terrestris) und Honigbienen (Apis mellifera) bevorzugen 

Farben von höherer spektraler Reinheit gegenüber solchen Farben, auf die sie trainiert 

wurden und die sich ähneln.  

Um zu untersuchen welche Farbparameter Bienen bei der Nahrungssuche nutzen, 

werden Farbwahlexperimente mit Arbeiterinnen verschiedener Bienenarten und einfarbigen 
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Kunstblüten durchgeführt, die sich jeweils in nur einem Farbparameter unterscheiden. Wenn 

Farben angeboten werden, die sich jeweils nur in ihrer dominanten Wellenlänge 

unterscheiden, präferieren Biene diejenigen Farben, auf die sie trainiert werden. Werden 

Farben angeboten, die sich jeweils nur in ihrer spektralen Reinheit unterscheiden, präferieren 

Bienen im Testversuch dagegen nicht diejenigen Farben auf die sie trainiert wurden, sondern 

diejenigen, die von höchster spektraler Reinheit sind. Da natürliche Blüten oftmals intra-florale 

Farbmuster aufweisen, werden weitere Experimente mit Kunstblüten durchgeführt, die jeweils 

drei verschiedene konzentrisch angeordnete Farben von gleichem Flächenanteil zeigen, die 

sich jeweils nur in der Anordnung der farbigen Flächen unterschiedlicher spektraler Reinheit 

unterscheiden. Unabhängig von der räumlichen Position innerhalb der Kunstblüte, wählen 

Bienen diejenige Farbe von höchster spektraler Reinheit für den ersten Kontakt mit der 

Kunstblüte. Die Ergebnisse zeigen, dass sowohl die Fern- als auch die Nahorientierung von 

Bienen gegenüber Blüten durch spektrale Reinheit als Schlüsselparameter bestimmt sind. 

Weiterhin legen die Ergebnisse den Schluss nahe, dass die angeborene Präferenz für Farben 

von hoher spektraler Reinheit bei Bienen einen Selektionsdruck auf die Farbgebung von 

Blüten ausübt.  

Kapitel 3 - Vermeidung achromatischer Farben von Bienen führt zu einer privaten 

Nischenbildung für Kolibris.  

Inhalt dieser Publikation ist die vergleichende Analyse von Blütenfarben und 

Präferenztests mit Bienen auf Farbstimuli die den in der Natur gefundenen Blütenfarben 

entsprechen. Der Fokus liegt hierbei auf für den Menschen rot und weiß erscheinenden Blüten, 

die ausschließlich von Bienen oder ausschließlich von Kolibris bestäubt werden. Die 

Blütenfarben unterscheiden sich in Bezug auf die Reflexion von ultraviolettem (UV) Licht 

sowohl in Abhängigkeit von der Blütenfarbe, als auch in Abhängigkeit von der 

Bestäubergruppe. Solche Blüten, die ausschließlich von Bienen bestäubt werden, sind von 

höherer bienensubjektiver spektraler Reinheit als solche, die von Kolibris bestäubt werden. 

Wahlexperimente mit Bienen der neotropischen Gattung Euglossa zeigen weiterhin, dass 

Bienen solche Farben bevorzugen, die von höherer spektraler Reinheit sind und somit Blüten 

bevorzugen, die von Bienen bestäubt werden. Kolibris dagegen zeigen keinerlei Präferenz für 

eine der dargebotenen Farben. Die Ergebnisse unterstützen die Hypothese, dass Blütenfarbe 

als floraler Filter dienen kann. Die Farbe von roten und weißen Blüten die ausschließlich von 

Bienen bestäubt werden, stellt eine direkte Anpassung an den Bestäuber dar. Die rote und 

weiße Farbe von vogelbestäubten Blüten dagegen stellen keine direkte Anpassung an den 

Bestäuber dar, sondern eine Anpassung an solche Blütenbesucher, die das Nahrungsangebot 
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der Blüten aufbrauchen, aber keine Bestäubung gewährleisten. Dies verbessert wiederum das 

Besuchsverhalten der eigentlichen Bestäuber und gewährleistet somit die biologische Fitness 

der Pflanze.     

Kapitel 4 - Bienen, Vögel und gelbe Blüten: Bestäuber-abhängige konvergente Evolution 

von UV-Mustern.  

Diese Publikation basiert auf Kapitel 2 und erweitert den Vergleich von bienen- und 

vogelbestäubten Blüten um Blütenfarben, die für das menschliche Auge gelb erscheinen. Die 

gelbe Färbung bienen- und vogelbestäubter Blüten ist auf koevolutive Zusammenhänge 

zwischen Blüten und Blütenbesuchern zurückzuführen. Eine gelbe Blütenfärbung führt jedoch 

nicht zu selektiver Anlockung von Bienen, da die bienensubjektive spektrale Reinheit bei 

gelben Farben nicht wie bei roten und weißen durch die Menge an UV-Reflexion bestimmt 

wird. Das Auftreten von UV-Mustern ist jedoch auf solche gelben Blüten beschränkt, die von 

Bienen bestäubt werden. Hier weisen zentrale Bereiche innerhalb der Blüten eine UV-

Absorption auf und periphere Bereiche eine UV-Reflexion. Vogelbestäubte gelbe Blüten 

absorbieren dagegen einheitlich UV-Licht. Das vom Bestäuber abhängige Auftreten von UV-

Mustern beeinflusst das Verhalten von Blütenbesuchern und das Vorhandensein dieser 

Muster ausschließlich in von Bienen bestäubten Blüten, repräsentiert eine Anpassung 

zwischen Blüten und dem visuellen Wahrnehmungsvermögen ihrer Bestäuber, den Bienen.      

Kapitel 5 - Feinsinnige Farbpräferenzen bei Bienen: Wie sich Bienen gegenüber kleinen 

Änderungen in der Pigment-Konzentration verhalten.  

Es konnte bereits gezeigt werden, dass die Nahrungssuche von Bienen durch 

spezifische Farbparameter von Blüten bestimmt wird. Um zu untersuchen, inwiefern Blüten 

diese angeborenen Präferenzen durch Färbung nutzen können, wird der Einfluss der 

Pigmentkonzentration auf bienensubjektive Farbparameter untersucht. Daher werden 

Kunstblüten durch jeweils gering variierende Pigmentkonzentrationen hergestellt, deren 

bienensubjektive Farbparameter bestimmt und das Wahlverhalten von Bienen gegenüber 

solchen Änderungen getestet. Bis zu einer bestimmt hohen Konzentration, steigen mit 

zunehmender Pigmentkonzentration ebenfalls die bienensubjektive spektrale Reinheit und der 

chromatische Kontrast zum Hintergrund für die jeweilige Farbe. Eine weitere Zunahme der 

Pigmentkonzentration führt dagegen wieder zu einer Abnahme beider Farbparameter. 

Wahlexperimenten in zwei Versuchsreihen, in denen jeweils drei Kunstblüten angeboten 
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werden, deren Farben zum einen den Bereich von geringen bis mittleren Konzentrationen und 

zum anderen den Bereich von mittleren bis hohen Pigmentkonzentrationen umfassen, zeigen, 

dass die Pigmentkonzentration die Wahl der Arbeiterinnen verschiedener Bienenarten 

beeinflusst. Bienen präferieren nicht immer diejenigen Farben von höchster 

Pigmentkonzentration, jedoch immer diejenigen von höchster bienensubjektiver spektraler 

Reinheit und chromatischem Kontrast zum Hintergrund. Die Ergebnisse zeigen, dass die 

Pigmentkonzentration in Blütenblättern die Erkennung von Blüten für Bienen beeinflusst und 

dass die angeborene Präferenz von Bienen für Farben von hoher spektraler Reinheit einen 

eventuellen Selektionsdruck auf die Blütenfärbung ausübt.    

Kapitel 6 - Glanz, Farbe und Grip: Multifunktionale epidermale Zellformen bei bienen- und 

vogelbestäubten Blüten.  

Der epidermalen Zellstruktur von Blütenblättern werden mehrere verschiedene 

Funktionen angerechnet, die unter anderem auch Auswirkungen auf Interaktionen zwischen 

Pflanze und Tier haben. Häufig sind diese epidermalen Zellformen von konischer Natur, die 

Auswirkungen auf die Lichtbrechung an der Blütenoberfläche haben. Konische Zellen 

fokussieren dabei auftreffendes Licht in eine bestimmte Schicht des Blütenblattes, die oftmals 

die Pigmente enthält und somit das Farbsignal der Blüte verbessert. In dieser Veröffentlichung 

wird daher der Einfluss von diversen Oberflächenstrukturen auf die Farbgebung von 

Blütenblättern untersucht. Von Bienen bestäubte Blüten weisen konische Epidermiszellen an 

solchen Blütenbereiche auf, die eine Lockfunktion für Blütenbesucher darstellen. Von Vögeln 

bestäubte Blüten dagegen besitzen an gleicher Stelle flach ausgeprägte Epidermiszellen. Eine 

Korrelation zwischen der Zellform und spezifischen bienensubjektiven Farbparametern kann 

jedoch nicht gefunden werden und somit bedingt die epidermale Zellstruktur allein nicht die 

sensorische Filterwirkung von Blüten durch gewisse Färbung. Da die epidermale Zellform 

jedoch ebenfalls Einfluss auf die Griffigkeit der Blüte durch Bienen hat, zeigt diese Arbeit eine 

mechanische Filterfunktion durch Zellform bei Blütenblättern. Glatte Blütenoberflächen treten 

sowohl bei von Bienen als auch bei von Vögeln bestäubten Pflanzen an denjenigen Bereichen 

auf, an denen Nektarräuber üblicherweise ansetzten. Diese flachen Oberflächen hindern 

Bienen an effektivem Nektarraub durch das Fehlen von Griffigkeit.      
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This supplemental material is part of the publication: 

 

 

Bumblebees (Bombus terrestris) and honeybees (Apis mellifera) prefer similar 

colours of higher spectral purity over trained colours. 

Rohde, K., Papiorek, S. and Lunau, K. 

Journal of Comparative Physiology A (2013) 199, 197-210  
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Figure S1  

Supplemental material available online at  

http://link.springer.com/article/10.1007/s00359-012-0783-5 

 

Bumblebees exhibiting dual choice between two artificial flowers offering a centripetal or 

centrifugal 3-step-gradient of the colours H1, H2, and H3 and making antennal contact at the 

colour of highest spectral purity (H3). The 4 photos show two individual bumblebees 

responding to both types of artificial flowers. 
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Table S1  

Supplemental Material Table S1 has been modified for a better representation. 

The original version is available online at 

http://link.springer.com/article/10.1007/s00359-012-0783-5 

 

Choice preferences of less and more experienced bumblebees. Statistical evaluation of the 

first 5 as compared to the last 5 out of 10 choices of naïve bumblebees (Bombus terrestris) 

using a Sign test or Chi-square test. Different letters associated with experiment number 

indicate separate tests. The concentric areas of artificial flower of Experiment 3 are indicated 

by b = border, m = middle, c = central; Chi-square test: ns= not significant. 
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Avoidance of achromatic colours by bees provides a private niche for hummingbirds.  

  Lunau, K., Papiorek, S., Eltz, T. and Sazima, M.  

The Journal of Experimental Biology (2011) 214, 1607-1612 
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Table S1 

Supplemental material available online at 

http://jeb.biologists.org/cgi/content/full/214/9/1607/DC1 

 

List of plant species in which the spectral reflection of the flowers was measured, and 

references about pollination.   
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Table S2 

Supplemental material available online at 

http://jeb.biologists.org/cgi/content/full/214/9/1607/DC1 

 

List of plant species in which the spectral reflection of the flowers was measured and 

references which established a mixed pollination syndrome out of bees and birds as 

pollinators.    
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Bees, birds and yellow flowers: Pollinator-dependent convergent evolution of UV-

patterns.  
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Supplemental Material 1  

List of analysed plant species with reference of their habitat (OW= Old World, NW=New 

World), literature with pollinator reference and measured flower parts for centre and 

periphery (o=orifice, c=corolla, pc=petal centre, pp=petal periphery, df=disc floret, rf=ray 

floret, it=inner tepal, ot=outer tepal, flc=flag centre, flp=flag periphery). The mean spectral 

reflectance in the UV, blue, green and red wavelength region are given for each flower part.  
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Supplemental Material 2  

Spectral reflectance of test stimuli made by carotenoids. (A): Spectral reflectance of test 

stimuli made by carotenoids on filter paper covered with either UV-transmitting or UV-

absorbing foil. (B): Differences in spectral reflectance between test stimuli, which are directly 

obtained from the dark and exposed to light for 30min.   
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This supplemental material is part of the publication: 

 

 

Gloss, colour and grip: Multifunctional epidermal cell shapes in bee- and bird-

pollinated flowers  

  Papiorek, S., Junker, R. R. and Lunau, K. 

  PLoS ONE (2014) 9, e112013 
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Figure S1 

Supplemental material available online at 

http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0112013#s5 

DOI:10.1371/journal.pone.0112013.s001 

 

Heatmap visualizing the results of Spearman's rho correlation between epidermal cell shape 

S, floral gloss, and all investigated colour parameters. The significance level of correlation is 

colour-coded with black for p<0.001, dark grey for p<0.05, light grey for p>0.05, and white for 

p>0.1. In the upper triangle of the symmetric matrix, rho-values are given. In the lower 

triangle, corresponding scatter plots are presented. 
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Text S1 

Supplemental Material Text S1 has been modified for a better representation. 

The original version is available online at 

http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0112013#s5 

DOI:10.1371/journal.pone.0112013.s002 

 

Excel file including a list of studied plant species with literature reference about pollination 

mode, measured flower parts, floral colour, cell shape parameters and shape index S, floral 

gloss values and colour parameters. 
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