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9.1  Introduction

Plants produce a remarkable variety of displays to attract animals that transfer 
pollen. These floral displays are usually complex, broadcasting various combin-
ations of visual, olfactory, gustatory, tactile, and thermal stimuli (Raguso 2004a). 
Even acoustic stimuli may be involved, as in the case of structural nectar guides 
used by echolocating flower-feeding bats (von Helversen and von Helversen 1999). 
Yet these sensorially complex advertisements likely evolved from an ancestor 
that primarily transmitted only chemicals, serving a defensive function (Pellmyr 
and Thein 1986). The subsequent amplification and elaboration of floral stimuli 
therefore offers an intriguing opportunity to study signal evolution. However, at 
present, we know surprisingly little about why floral displays consist of so many 
elements. This contrasts with progress in other areas: recently, researchers study-
ing topics as diverse as sexual selection, warning displays, animal learning, and 
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parent–offspring communication have explored the function of signal complexity 
(Rowe 1999; Candolin 2003; Hebets and Papaj 2005; Partan and Marler 2005).

Researchers studying plant–pollinator interactions, however, have not to date 
shown a comparable degree of interest in the topic of complex signals, as judged 
by an analysis of the research literature. An August 2010 search on the ISI Web of 
Science® database on journal articles published since 1995 returned only two on 
plant–pollinator topics containing the words “multimodal” and “signal-” in their 
titles, abstracts, or keywords (those articles being Raguso and Willis 2002; Kulahci 
et al. 2008). In comparison, the same search returned 59 articles on sexual selection 
topics.

A related search on bee learning provides further evidence that our understand-
ing of how pollinators process and learn floral signals is based upon single sensory 
modalities studied in isolation. A search for articles published since 1995 that con-
tain the words “bee” and “learning” returned 268 articles on how bees learn or 
process unimodal stimuli (olfactory = 142, visual = 112, tactile = 14), whereas only 
12 focus on multimodal stimuli. This disparity is striking given that the great eth-
ologist Karl von Frisch first showed that honeybees learn both colors and scents 
nearly a century ago (von Frisch 1914, 1919).

Not only would pollination biologists benefit from a better understanding of how 
pollinators interact with the complex floral signal, but such knowledge could also con-
tribute significantly to our understanding of signal complexity in general. The study 
of plant–pollinator interactions integrates research from many disciplines, and thus 
is well-positioned to tackle fundamental questions regarding the function of signal 
complexity. From a proximate perspective, not only is there a wealth of information 
regarding the sensory and cognitive systems of pollinators (Chittka and Thomson, 
2001; Giurfa, 2007), but the means by which flowers produce stimuli used by pollina-
tors are relatively well-understood (Dudareva and Pichersky, 2006; Grotewold, 2006). 
Moreover, in comparison to animal signalers, plants offer opportunities for manipu-
lative experiments that are often difficult, if not impossible, to run in other systems. 
For example, it is straightforward to change a display though use of artificial flow-
ers (Makino and Sakai, 2007), through minor alteration of real flowers (Waser and 
Price, 1985), or through modification of individual components using both selective 
breeding (Odell et al. 1999) and molecular techniques (Hoballah et al. 2007). In con-
trast, students of animal communication may be limited to use of fewer and relatively 
sophisticated techniques, such as the use of robots (Taylor et al. 2008).

Although we are increasingly informed about how complex signals work in vari-
ous plant–pollinator systems, we still know little about why they work as they do. 
We believe that a conceptual framework for the function of floral displays could 
stimulate research in that area. Here we present such a framework, in the form of 
testable hypotheses addressing the function of floral signal complexity. First, we 
describe hypotheses that propose benefits both to the sender (plant) and the receiver 
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(pollinator). We highlight new research that points towards the role of uncertainty 
reduction in floral trait evolution. Later, we consider instances in which the benefit 
of multicomponent signaling accrues mainly to the plant, including situations in 
which the interests of plant and pollinator are in explicit conflict.

9.2  The multicomponent nature of floral stimuli

The suite of stimuli emitted by a typical flower constitutes a complex signal. 
Although definitions of both terms can vary, we use “signal” and “complex” as 
described in Hebets and Papaj (2005). Specifically, we follow Markl’s (1983) def-
inition of a signal as “a packet of energy or matter generated by a display or action 
of one organism (the signaler) that is selected for its effects in influencing the 
probability pattern of behavior of another organism (the receiver) via its sensory–
nervous system in a fashion that is adaptive either to one or both parties.” Much 
of the literature relevant to complex signaling refers to “multimodal”, “bimodal”, 
“multiple” “multicomponent” or “composite” signals. We use “complex” as a gen-
eral term including signals that are multimodal (e.g. color + scent) or generally 
multicomponent (e.g. color + visual pattern). Aspects of visual complexity include 
flower color, iridescence, color contrast, intensity contrast, photoreceptor con-
trast, pattern, shape, size, symmetry, and the architecture of an inflorescence (e.g. 
Giurfa and Lehrer 2001; Glover and Whitney 2010). Likewise, floral scents are com-
plex blends of volatile organic compounds (Knudsen et al. 2006). Flowers may even 
transmit olfactory “patterns,” as scents often show a spatial gradient in concentra-
tion (Bergström et al. 1995) or vary in composition across floral structures (Dötterl 
and Jürgens 2005). Additional forms of olfactory complexity relevant to pollinators 
involve differences in the identity, abundance, and ratio of chemical components 
(Raguso 2008). Although less commonly studied, both the microtexture of petals 
(Kevan and Lane 1985) and the 3D morphology of the flower (Heinrich 1979) con-
tribute to tactile complexity; and within the thermal modality, pollinators may 
perceive and discriminate among different floral temperatures (Whitney et  al. 
2008; Hammer et al. 2009).

9.3  Why are floral signals complex?  
Functional hypotheses

Producing complex displays probably entails costs for plants. Although the meta-
bolic costs of adding a signal to a floral display are largely unknown, several traits 
that contribute to signal complexity are thought to incur these costs, such as flower 
size (Galen 1999), and to some extent, floral scent (Helsper et  al. 1998; but see 
Grison-Pigé et al. 2001). Floral display complexity may also attract the attention of 
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unintended receivers, such as herbivores drawn to floral scent (Theis 2006). What 
benefits offset these costs to the sender and thereby drives the evolution of com-
plex signals?

Functional hypotheses for signals generally fall into two groups: content-based 
and efficacy-based (Guilford and Dawkins 1991; Hebets and Papaj 2005). Content-
based hypotheses refer to the “what” of a signal. The proposition that differ-
ent components of a complex signal convey different “messages” is an example 
of a content-based hypothesis. For example, studies of avian sexual signaling 
(Candolin 2003) commonly test the hypothesis that different male plumage traits 
provide females with different kinds of information used in mate choice, e.g. age, 
nutrition, parasite load, immunocompetence. In contrast, efficacy-based hypoth-
eses refer to the “how” of a signal; that is, how a message might be more effect-
ively transmitted, detected and/or processed using multiple components. Such 
a function likely accounts for the transmission of both visual and vibratory sig-
nals during courtship in wolf spiders: by transmitting both signals, a male is able 
to maintain a similar rate of courtship success even where transmission in one 
modality is blocked by darkness or vibration-impeding substrates (Fig 2 in Hebets 
and Papaj 2005).

Any particular signal is under selection for both content and efficacy; and some 
explanations for signal function have elements of both content and efficacy. Thus, 
hypotheses from each of these perspectives are not necessarily mutually exclu-
sive, and an emphasis on the content versus efficacy of a floral signal is ultim-
ately a matter of individual preference. The distinction can be especially subtle 
when the meaning of a signal is not separable from its contribution to efficacy, as 
occurs when a signal conveys a quality such as “location.” Yet, even in this case, 
the content/efficacy framework can still help guide thinking about signal func-
tion. For example consider the hypotheses that a floral pattern (1) conveys infor-
mation about the location of nectar (signal content) and (2) facilitates close-range 
detection because of strong color contrast (signal efficacy). Both may be true, but a 
researcher interested in the evolution of honest floral signaling likely finds 1 most 
relevant, whereas a researcher studying the overlap between floral signals and 
pollinator visual systems might frame an experiment around 2. Table 9.1 organ-
izes functional hypotheses likely to be relevant to interactions between plants and 
their pollinators into these categories.

9.3.1  Content-based hypotheses

One commonly-cited hypothesis for complex signals is the multiple messages 
hypothesis, which states that different components of the complex signal con-
vey different kinds of information (Møller and Pomiankowski 1993; Johnstone 
1996). What messages might the plant convey to pollinators? One component of 
a floral signal may permit pollinators to distinguish it from competitors (“species 
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Table 9.1 A framework of functional explanations for why floral signals consist of 
multiple components, adapted from reviews of animal communication by Hebets and 
Papaj (2005) and Rowe (1999).

Content-based hypotheses

Multiple messages Multiple signal components convey different 
information

Floral types

Species identity

Reward status

Reward quality

Reward type

Location

Location of patch 
within habitat

Location of flowers 
within patch

Location of reward 
within flower

Redundant signals Multiple signal components improve accuracy 
of information

Efficacy-based hypotheses

Signal transmission

Efficacy backup Multiple signal components facilitate 
transmission in variable environments

Efficacy tradeoff Multiple signal components overcome 
transmission constraints faced by each 
component independently

Signal detection Multiple signal components are detected more 
successfully or quickly

Signal processing

Parallel processing Multimodal signals processed more quickly 
along parallel neural pathways

Perceptual 
variability

Multiple signal components reach pollinators 
with varying sensory systems
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Intersignal interaction hypotheses

Attention-altering One signal focuses pollinators’ selective 
attention on a second signal

Context One signal component provides a context for 
pollinators’ response to a second component

Table 9.1 (cont.)

identity”), as Wright and Schiestl (2009) have argued for the function of floral 
scent. Floral identity may allow pollinators to predict handling efficiency – bees 
may select particular species because they have learned how to extract nectar 
effectively (Chittka et al. 1999). Another display component could signal the pres-
ence of nectar (“reward status”). This information might be conveyed by a different 
chemical component (Howell and Alarcon 2007; Goyret et al. 2008) or by a visual 
cue (Thorp et al. 1975; Weiss 1991). Pollinators might also use a different display 
component to assess the value of the floral reward (“reward quality”) – as in, for 
example, Raine and Chittka’s (2007a) findings that bumblebees’ (Bombus terres-
tris) innate preference for the color violet corresponds with a higher rate of nectar 
production by violet flowers. Yet another display component could indicate the 
kind of reward available (“reward type”), as in the visual or olfactory stimuli asso-
ciated with nectar (Raguso 2004b) or pollen (Dobson and Bergström 1999). Finally, 
other display components may be useful in finding a patch of flowers from a dis-
tance (Williams and Dodson 1972), a flower within a patch (Hurley et al. 2009), or 
a reward within a flower, as in the case of floral patterns that function as nectar 
guides (“location” on different spatial scales) (Waser and Price 1985).

Another content-based hypothesis is the redundant signals hypothesis (Hebets 
and Papaj 2005). The redundant signals hypothesis proposes that floral signals 
are complex because from the standpoint of signal production (i.e. independent 
of environmental transmission or receiver processing), any one signal encodes 
information about the sender imperfectly; producing multiple, redundant, sig-
nals, which improves the overall accuracy of the (single) message (Bradbury and 
Vehrencamp 1998). Redundant signals may thus function as a tactical check on 
signaler honesty; in mate choice, for example, females may assess multiple male 
ornaments because faking the production of several quality indicators is thought 
to be difficult (Candolin 2003).

The equivalent of this kind of “quality control” in plant–pollinator relationships 
is perhaps best considered in the context of rewardless mimic flowers. These flow-
ers exploit an animal for pollination service but provide nothing in return (Renner 
2006). Some rewardless orchids, for example, mimic another flower species that 
does offer a reward; others mimic a female insect, luring males who attempt to 
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mate with the flower but succeed only in picking up pollen and transferring it to 
the next mimic (Schiestl 2005). Transmitting additional signal components that 
provide pollinators with more information regarding floral identity could facili-
tate discrimination between rewarding flowers and unrewarding mimics, bene-
fitting both the pollinator and the rewarding plant species. Support for such 
facilitation in discrimination is found in the bee learning literature. For example, 
Kunze and Gumbert (2001) found that B. terrestris learned more quickly to dis-
tinguish between two similar colors of artificial flower (one rewarding, one unre-
warding) when they transmitted different scents than when they were unscented 
or transmitted the same scent. Additionally, in a discrimination learning test, 
Kulahci et al. (2008) found that B. impatiens showed the highest visitation rate to 
the rewarding flower type when flowers differed in two features (shape and scent) 
versus a single feature (shape only or scent only). Although these results are con-
sistent with other explanations, one function of transmitting both a visual as well 
as an olfactory signal may be to provide pollinators with redundant information 
about floral identity.

9.3.2  Efficacy-based hypotheses

Efficacy-based hypotheses for complex signals propose that multiple components 
allow a plant’s message to be more effectively transmitted through the environ-
ment and/or more effectively detected or processed by the pollinator.

All signals tend to degrade as they propagate through the environment 
(Bradbury and Vehrencamp 1998). Transmission-based hypotheses propose 
that multicomponent signals reduce the effects of environmental degradation of 
information produced by the sender. One such hypothesis, the efficacy backup 
hypothesis, states that flowers emit multiple stimuli so that under any given set of 
environmental conditions, at least one will convey information (cf. “robustness” 
in Ay et al. 2007). For example, flowers may produce both scent and visual stimuli 
so as to ensure that at least one kind of stimulus is useful, regardless of environ-
mental conditions (Kaczorowski et  al. unpublished data). On windy days, when 
scent is less localizable, visual components may be more useful; on overcast days 
or in deep shade, when visual stimuli are difficult to discern, scent may function 
more effectively. Although this explanation for multimodal signals seems highly 
intuitive, we know of no evidence even in a controlled semi-field situation to sup-
port this hypothesis.

The efficacy tradeoff hypothesis proposes that different components of the 
complex floral display solve different challenges in signal efficacy related to trans-
mission or detection. Perhaps no single component can maximize efficacy on all 
counts, regardless of environmental variability. For example, scent may be more 
detectable at a distance than visual cues, while a visual cue may better allow a 
flower to be localized precisely once the pollinator is in the vicinity of the plant. 

AQ99
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A recent study by Streinzer et al. (2009) supports such a scenario for the display of 
the sexually deceptive orchid Ophrys heldreichii. O. heldreichii transmits an olfac-
tory signal that mimics the scent of female solitary bees and is detected by males 
at long distances (Kullenberg and Bergström 1976). However, the flower also has a 
conspicuously colored perianth. By comparing the responses of male long-horned 
bees (Tetralonia berlandi) at different distances from intact flowers versus flowers 
with the perianth removed, Streinzer et al. 1990 showed that presence of the color 
signal reduced search time when the bee was within 30 cm of the flower; and at 
this close range, disruption of the olfactory signal (increasing wind speed) had 
no effect on the bees’ ability to locate the flower. At greater distances, however, 
removal of the perianth did not affect searching behavior, but search time slowed 
with increasing wind speed. Ultimately, the range at which signals in each modal-
ity operate may depend greatly upon pollinator ecology and sensory physiology 
(Giurfa et al. 1996; Spaethe et al. 2001; Balkenius et al. 2006) as well as plant spe-
cies, as some flowers transmit more scent than others, and some are less visually 
detectable than others.

The environment not only degrades a signal but is also a source of competing 
signals and stimuli that can obscure a floral display. Detection-based hypoth-
eses for floral complexity propose that multicomponent signals facilitate detec-
tion of the signal against this background noise. In this case, the benefit of signal 
complexity relates to the enhanced efficacy of detection by the sensory system of 
the pollinators, rather than enhanced transmission through the environment. 
Within the visual modality, floral size, color, and brightness are all likely to influ-
ence detectability (Chittka and Spaethe 2007) and thus a combination of these 
may convey additional benefits. Adding a signal in a different sensory modality 
can also increase detectability: human-based psychophysical research suggests 
that multimodal stimuli are detected both more quickly and successfully than 
unimodal stimuli (Stein and Meredith 1993; Rowe 1999). The benefit of increased 
detection is perhaps self-explanatory; additionally, even small increases in speed 
of detection may contribute to a higher nectar collection rate (Burns 2005), a fac-
tor that can directly affect reproductive success in species that make countless 
foraging decisions daily, such as bumblebees (Heinrich 1979; Pelletier and McNeil 
2003).

Once a signal has been successfully transmitted and detected, it is processed 
by the receiver’s nervous system. Could complex floral signals be processed more 
effectively than simple signals? The parallel processing hypothesis proposes that 
a complex signal, whose components are processed in parallel, conveys infor-
mation more effectively than a signal that attempts to transmit the same amount 
of information in a single channel (modality or component). Parallel processing 
refers to the capacity of a modularized nervous system to process multiple streams 
of information more or less simultaneously, rather than sequentially. If complex 
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stimuli are processed along parallel neural pathways, then use of multiple com-
ponents may allow receivers to process a greater amount of information without 
sacrificing processing speed (Hebets and Papaj 2005). Even within one sensory 
modality, aspects of signals may be processed along parallel circuits, as is the 
case for visual processing of movement and color in mammals (Livingstone and 
Hubel 1988) and olfactory processing in many insect species (Galizia and Rossler 
2010). Of course, information in different modalities may be processed at different 
speeds: humans for example, process an auditory stimulus 40–60 ms more quickly 
than a visual stimulus (Stein and Meredith 1993). A test of this hypothesis would 
thus require studying in more detail the decision times of receivers in response 
to multi-component and single-component signals. If all components of a sig-
nal have to be processed in order to make a correct decision, then total decision 
time when components are processed in parallel should be similar to the slow-
est of the individual components (Thomas 1996; Kulahci et al. 2008). Alternatively, 
when components are processed in series, total decision time would approximate 
the sum of the decision times for each component or modality separately. On the 
other hand, if processing only one component of the complex signal is sufficient to 
make a correct decision, then total decision time under parallel processing should 
approximate that of the component that can be processed fastest, whereas under 
serial processing decision, time would be determined by which component is ana-
lyzed first (and thus not necessarily the fastest component).

Finally, complex floral displays might be a response to perceptual variability 
among receivers (Hebets and Papaj 2005). It is well-established that pollinators 
show variability in sensory acuity both within and across species. For example, 
bumblebees of different sizes (Spaethe and Chittka 2003; Spaethe et al. 2007) and 
M. sexta reared on different quality larval diets (Goyret et  al. 2009) show differ-
ent sensitivities to visual and olfactory floral stimuli. Production of a multi-com-
ponent signal might thus allow a flower to attract a wider range of pollinators. A 
recent experiment suggests that this function could apply as well across species: 
Muchhala et  al. (2008) found that even though bats transfer the most pollen to 
the flowers of the tropical shrub Aphelandra acanthus, its flowers transmit a sweet 
scent attractive to hawkmoths, and also remain open during the day, attracting 
(visually-oriented) hummingbirds with a bright yellow color. In this case, the abil-
ity to attract hummingbirds as well as bats may reflect the value of pollen quality 
as well as quantity: 73 % of pollen transferred by bats was heterospecific, com-
pared to only 6 % of the pollen brought by hummingbirds (Muchhala et al. 2008).

9.3.3  Intersignal interactions

Often, the function of one signal may include altering the receiver’s response to 
another signal (Hebets and Papaj 2005). For example, Kunze and Gumbert (2001) 
also reported that bumblebees learned to distinguish between two similar colors of 
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flower more quickly when the flowers transmitted the same scent than when they 
were both unscented. Thus, beyond transmitting information about floral identity, 
the mere presence of floral scent affected the bees’ response to visual stimuli. Such 
intersignal interactions can be understood within either an efficacy framework (e.g. 
one signal enhances the detection or processing of another), or a content framework 
(e.g. the meaning of one signal depends upon the presence of a second signal).

One efficacy-based hypothesis that involves an intersignal interaction relates 
directly to a cognitive process known as selective attention (Smith 1996; Dukas 
2002). The attention-altering hypothesis proposes that one component facilitates 
detection of a second component by directing a receiver’s attention selectively 
to that component. As with any explanation based on attention, this hypothesis 
implies that there are constraints on the pollinator’s sensitivity to particular stim-
uli; in the absence of such constraints, the pollinator would always be in a state 
of maximal sensitivity to all floral stimuli at once. For example, a floral scent may 
focus a pollinator’s attention on visual floral stimuli specifically, such as color or 
shape, or trigger a search image associated with a particular flower type (Goulson 
2000). A testable prediction of this hypothesis is that when a floral scent is detected, 
a pollinator trades sensitivity to visually based predatory stimuli off against sensi-
tivity to visually based floral stimuli. Or, one could test this prediction in noctur-
nally foraging moths, asking whether floral scent affects the ability to detect the 
ultrasound of insectivorous echolocating bats (Skals et al. 2003).

Some evidence that complex signals are better at capturing the attention of pol-
linators comes from the literature on flower constancy. Flower constancy refers to 
the tendency of a pollinator to visit one floral type even when other equally reward-
ing flower types are available. One explanation for flower constancy involves a con-
straint on the capacity of pollinators’ working memory to contain multiple flower 
types (Chittka et al. 1999). Working memory (information stored for a short dur-
ation), and attention (information processed moment-to-moment) are inexorably 
linked (Dukas 2002). In support of the connection between limited working mem-
ory and constancy, field observations show that bees are more likely to be constant 
(choose a similar flower type) within a few seconds of leaving the preceding flower 
(Chittka et al. 1997), a timespan during which the last-visited flower type would be 
stored in working memory. Interestingly, bees show increased constancy as flo-
ral signal complexity increases (Gegear 2005; Gegear and Laverty 2005), a finding 
that would be consistent with a complex floral signal occupying more of the bees’ 
working memory capacity than a relatively simpler signal.

A second, content-based, form of interaction is the context hypothesis (Hebets 
and Papaj 2005), which specifies that one component of a display provides the con-
text in which the pollinator interprets another signal. Research in experimental 
psychology has shown that, in addition to learning to associate a stimulus with 
reward, subjects also learn “background” stimuli that provide context; subsequent 
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removal of these cues can impair performance (Shettleworth 1998; Skow and 
Jakob 2005). For example, all pollinators encounter or learn stimuli in situations 
other than foraging – when locating and selecting host plants (e.g. Weiss and Papaj 
2003; Goyret et  al. 2008), home sites (Fauria et  al. 2002), or mates. It is possible 
that one component of a floral display helps pollinators to distinguish between 
different contexts, triggering them to interpret and learn other floral signals. For 
example, bumblebees land more frequently on artificial flowers that transmit 
scent (Leonard et al. in press), and Giurfa et al. (1995) found that flower-naïve hon-
eybees would not land on unscented artificial flowers. These findings suggest that 
scent may provide a foraging context, priming pollinators to learn or recall floral 
stimuli (Raguso and Willis 2002; Goyret et al. 2007). A test of this hypothesis might 
include comparing the performance of individuals trained to learn colors in two 
contexts, for example, at the colony entrance versus at feeders (as in Worden et al. 
2005) when a scent is present in one context versus when both are unscented.

Beyond helping pollinators to identify stimuli as belonging to a “foraging” con-
text, floral stimuli may provide a context for learning and remembering other 
stimuli associated with floral identity. Psychological research suggests that for-
getting may be caused in part by changes in background stimuli (i.e. the “con-
text-change account of forgetting”, Bouton et  al. 1999); in an ecological setting, 
the background stimuli experienced by pollinators will vary substantially across 
time and space. If one component of the floral display (e.g. scent) was transmit-
ted relatively constantly and consistently across different environments, then this 
component might facilitate recall of a second signal (e.g. color) by recreating the 
context in which that signal was first learned.

9.4  Uncertainty reduction and the complex  
floral signal

A number of the hypotheses in our framework suggest that the floral signal is an 
uncertain one from the pollinator’s perspective. Pollinators searching for floral 
rewards may experience uncertainty at several levels, such as in locating a flower 
against a background of distracting stimuli (Goulson 2000) or in distinguishing 
among flowers of similar species. For example, in their survey of flowers visited by 
bumblebees (B. terrestris) in Würzburg (Germany), Raine and Chittka (2007b) report 
an average nectar collection rate (microliters/24 hours) of 2120 for Salvia pratensis 
and 520 for S. verticillata. A bee might therefore benefit by selectively visiting the 
more profitable species, S. pratensis. However, flowers of these two species present 
rather similar visual and tactile stimuli: both transmit strongly in bee UV–blue color 
space (Raine and Chittka 2007b), both are bilaterally symmetrical flowers with 
landing platforms, and both are arranged on vertical inflorescences. After gaining 
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experience with the two species, what happens when a bee enters a new patch and 
locates a vertical inflorescence of UV–blue, bilaterally symmetrical flowers?

In a general sense, the answer depends upon the bee’s level of uncertainty in 
discriminating between the two floral types, as well as the costs and benefits of 
landing on each. Uncertainty can be influenced by several factors: for example, 
the degree of signal overlap between the two flower types, environmental stim-
uli that obscure transmission of the floral signal, and internal “noise” in the bee’s 
sensory processing system. Signal Detection Theory (SDT) (Green and Swets 1966; 
Wiley 2006) provides a framework for predicting pollinators’ behavior in the face 
of this signal uncertainty. SDT can also be invoked to help explain why floral dis-
plays are complex signals.

A first assumption is that, from the perspective of the pollinator, uncertainty 
in any form is likely to be costly. It may cause pollinators to take longer to make 
decisions; for example, bees take longer to make landing decisions as the diffi-
culty of a discrimination task increases (Chittka et al. 2009). In addition to time 
costs, there may be costs associated with errors in choice. These may be errors 
both of commission (e.g. “false alarm”: visiting an unprofitable flower type) and 
omission (“missed detection”: failing to land on a profitable flower type). In an SDT 
framework, we can model two similar flower types as transmitting overlapping 
distributions of stimuli along some perceptual axis, and assume that pollinators 
use a threshold-based rule to decide which stimuli to land upon (Fig 9.1a). In that 
case, the probability of false alarm and correct detection (=1–p[missed detection]) 
are related: a pollinator may be conservative, landing on few flowers and thus 
experiencing a low rate of false alarms but low rate of correct detections (Fig 9.1b); 
alternatively, a “cavalier” pollinator might land on almost all stimuli encountered, 
yielding a high rate of correct detections but also a high rate of false alarms (Fig 
9.1c). Both false alarms and missed detections are not only potentially costly to the 
pollinator but may be costly to the plant as well. In general, any factor that causes 
pollinators to be less likely to locate, contact, and transport pollen to conspecific 
plants represents a potential loss of the plant’s reproductive success.

Recently, researchers interested in SDT and floral signal evolution have utilized 
a classical psychophysical “peak shift” approach (Hanson 1959; Shettleworth 
1998) to explore how uncertainty in distinguishing between flowers that differ 
in reward value affects where a pollinator should optimally locate its decision 
threshold. In these experiments, the optimal decision threshold minimizes the 
probability of false alarms while maximizing the probability of correct detections. 
In a peak shift experiment, subjects gain experience with two similar stimuli that 
differ in reward value. One stimulus, the “S+” provides a reward; the other stimu-
lus, “S–“ is unrewarding or punishing. During a test phase, subjects’ responses 
are measured across a wide range of stimulus values. Rather than responding 
most strongly to the S+ value, subjects’ strongest (“peak”) response to test stimuli 
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is often observed to be a novel stimulus value that is shifted in a direction away 
from the S– value. Lynn et al. (2005) used SDT to develop a functional account of 
the peak shift phenomenon: given uncertainty in distinguishing between S+ and 
S–, subjects’ observed preference for a novel stimulus value (that is more distinct 
from S– than S+) can be interpreted as a strategy adopted to reduce the risk of false 
alarm (incorrectly responding to S–) (Fig 9.1d).
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Fig 9.1 Pollinators discriminating between similar flowers that differ in reward value 
(S+ versus S–) face a classic signal detection problem. (A) When flower types transmit 
overlapping distributions of stimuli, pollinators may use a decision threshold to decide 
which stimuli to land upon. Regardless of where the decision threshold is located, 
pollinators will face a probability of making a false alarm (landing on S–, the less profitable 
flower) as well as a probability of correct detection (landing on S+, the more profitable 
flower, =1–p[missed detection]). (B) A pollinator might use a conservative decision 
threshold, not landing on most stimuli that it encounters. In this case, false alarms are 
reduced but correct detections are reduced as well. (C) A cavalier pollinator might land 
upon almost all stimuli it encounters, ensuring a high probability of correct detection, 
but a high probability of false alarms as well. (D) When false alarms are costly, relative 
to missed detections, a slightly conservative decision threshold minimizes false alarms 
while maximizing correct detections. This threshold is not located at the most common 
value of the rewarding flower (as in A) but is shifted in a direction away from the S–.
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These expectations have relevance for plant–pollinator interactions: Lynn et al. 
(2005) showed that bumblebees (B. impatiens) trained to discriminate between a 
rewarding S+ and punishing S– that are similar colors of artificial flowers show peak 
shift when offered a wide array of floral colors. Moreover, the degree of the shift var-
ied in relation to the nature of the relative costs of false alarms and missed detec-
tions. Wright et al. (2009) similarly demonstrated that honeybees show peak shift 
in response to olfactory stimuli (S+ and S– were two scents presented as blends in 
two ratios). In both these experiments, rather than responding most strongly to a 
floral signal they had learned was rewarding, bees instead preferred a novel stimu-
lus value that was more different than S–. In ecological terms, this bias suggests 
that bees who experience uncertainty in discriminating between two similar floral 
signals associated with different payoffs (e.g. S. pratensis versus S. verticillata, or a 
model and its Batesian mimic) become conservative in their decision-making, seek-
ing out not the average (or most common) signal value of the model (S+) but other, 
rarer values of the floral signal, in order to minimize the chances of visiting the less 
profitable flower. Of course, these rarer signal values may not even be the same spe-
cies as S+; if not, then pollen transported from the model species is wasted.

In both Lynn et al. (2005) and Wright et al. (2009), the stimuli that bees encoun-
tered differed in only a single aspect (color or blend ratio). One way to explore 
whether more complex floral signals function to reduce pollinators’ uncertainty 
would be to compare the magnitude of bees’ peak shift in response to one stimu-
lus type (e.g. color) when another stimulus (e.g. odor) is added to the floral sig-
nal. To this end, Leonard et al. (in press) performed a peak shift experiment on 
two groups of bumblebees. For one group, floral stimuli differed only in color; for 
another group, floral stimuli differed in both color and scent. While bees trained 
and tested on floral stimuli that differed in color showed a color preference shift 
away from the S– color, bees trained and tested on stimuli that differed in both 
color and scent did not. Bees thus behaved as though more certain about the color 
of the rewarding flower type when in the presence of floral scent. Intriguingly, bees 
showed this enhanced ability to identify the color of S+ without showing evidence 
that they learned the identity of the odor associated with it. These findings suggest 
an intersignal interaction, whereby bees acquire better information about color in 
the presence of floral scent. While the process underlying this intersignal inter-
action has yet to be determined, it is so far consistent with either the attention-
altering or the context hypothesis.

9.5  Sender–receiver conflict: a third axis of 
explanation for multicomponent floral signals

Uncertainty reduction hypotheses generally assume that the complexity of a sig-
nal is mutually beneficial to sender and receiver. However, this is not always the 
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case. In reality, plant–pollinator interactions are distributed along a continuum 
from mutualism to exploitation (Bronstein, 1994). In the gray area between the 
two extremes, we may find that different components of the signal have different 
patterns of joint fitness consequences for pollinator and plant. For example, flow-
ers often transmit stimuli that attract pollinators in other contexts, as reviewed 
recently by Schaefer and Ruxton (2010) and Schiestl et  al. (2010). Such sensory 
exploitation is thought to be the case with floral scent. Many components of floral 
scent also play a role in within- (pollinator) species communication (e.g. benzal-
dehyde, geraniol, linalool), and Schiestl (2010) has argued that this duality in func-
tion is not coincidence but, in many cases, a plant’s exploitation of a pre-existing 
pollinator sensory bias for a chemical compound. Along a similar vein, Biesmeijer 
et al. (2005) have suggested that several characteristics of floral patterns (dark cen-
tral spots, radiating lines) exploit a visual preference that evolved in the context of 
locating an entrance to a nest or burrow. These hypotheses suggest that plants may 
benefit by adding a signal that pollinators already find attractive; such a signal 
could improve the detectability of the flower, but potentially reduce pollinator fit-
ness if attraction to the signal is strong enough to allow the plant to limit rewards.

Yet another example of potential sender–receiver conflict was put forward 
recently by Kessler and colleagues for the Nicotiana–hawkmoth interactions. 
Kessler et al. (2008) used transgenic Nicotiana plants to show that one component 
of the floral signal (benzyl acetone) served as an attractant for hawkmoth pollina-
tors. This component is presumably of benefit both to hawkmoths, which receive 
a nectar reward, and to Nicotiana, which obtains pollination services. However, 
another chemical component of the floral signal, nicotine contained in the nectar, 
acts as a repellent. In field assays, flowers of transgenic plants lacking this compo-
nent experienced a higher visitation rate than those of control plants. The authors 
argue that the repellent effect of nicotine thereby enhances plant fitness by pro-
moting outcrossing. At the same time, the repellent probably reduces pollinator 
fitness by reducing the rate at which nectar is collected. Thus, one floral compo-
nent (benzyl acetone) may be mutualistic, while the other (nicotine) is exploitative. 
This example implies that the complexity of the floral signal can effectively be a 
consequence of the complexity of the evolutionary game played between plant 
and pollinator. We thus propose that, in addition to content and efficacy, a third 
“manipulation” perspective on signal complexity that considers the sometimes-
coincident, sometimes-conflicting interests of plant and pollinator.

9.6  Conclusions

Floral signals act in concert to influence pollinator behavior, yet pollinators’ 
responses to these signals are usually studied in isolation. Without more research 
on complex, multimodal signaling by flowers, our understanding of floral evolution 

9780521198929c09_p261-282.indd   275 7/26/2011   7:51:07 PM



e volut ion of pl a nt– poll in ator rel at ionsh ips276

is incomplete: in many cases the function of one signal cannot be fully understood 
independently from another signal. Moreover, the study of floral complexity offers 
a new perspective on both the maintenance of pollination mutualisms and the 
relationship between signal complexity and receiver uncertainty. With the goal 
of spurring new research, we end this review with some open questions for plant–
pollinator researchers intrigued by the complexity of floral displays to consider.

What are the production costs of floral complexity? Most research to date 
focuses on the benefits of floral signal complexity in terms of pollinator learning 
and decision-making. Yet floral displays are costly to produce and possible costs of 
complexity have not been quantified. Although Bradbury and Verhrencamp (1998) 
provide a framework describing the costs associated with signal production in dif-
ferent sensory modalities by animals, we know of no equivalent review covering 
plant signalers. Such an overview could provide interesting points of comparison. 
For example, what are the relative costs of a simple versus complex display, or of 
increasing the complexity of a display relative to changing the quality or quantity 
of reward? How can we measure the cost of adding a component/modality, rela-
tive to increasing signal strength in the same modality?

What advantages do multimodal signals offer plants in terms of dynamic sig-
naling? Signals are not static entities, but vary over time and space. Among animal 
signalers, signal components of different modalities vary at different scales (Bradbury 
and Vehrencamp 1998), for example, a visual signal is generally modulated more 
rapidly than a chemical signal. But do these modality-specific expectations hold 
true for complex floral signals? In flowers, at least, both visual and olfactory signals 
can be changed quite rapidly (Weiss 1991; Knudsen et al. 2006). Moreover, could the 
use of a multimodal signal allow plants to adjust their signaling depending on envir-
onmental conditions, such as producing more scent under low light levels? Recent 
research suggests this kind of functional flexibility in animal signalers (Cheroske 
et al. 2009), but to our knowledge this possibility has not been directly explored in 
plants, although data exist regarding environmental influences on signal production 
(Jakobson and Olsen 1994). Given the recent interest in plants’ induced responses to 
herbivory (Kessler et al. 2010), the potential for multimodal signals to modulate pol-
linator attraction seem to us to be a wide-open area of research.

References
Ay, N., Flack J. and Krakauer, D. C. 

(2007). Robustness and complexity 
coconstructed in multimodal signaling 
networks. Philosophical Transactions 
of the Royal Society of London, Series B, 
Biological Sciences, 362, 441–7.

Balkenius, A., Rosen, W. and Kelber, 
A. (2006). The relative importance 
of olfaction and vision in a diurnal 
and nocturnal hawkmoth. Journal 
of Comparative Physiology, A, 192, 
431–7.

9780521198929c09_p261-282.indd   276 7/26/2011   7:51:07 PM



why are f lor al s ig n als com ple x? 277

Bergström, G., Dobson, H. E. M. and Groth, 
I. (1995). Spatial fragrance patterns 
within the flowers of Ranunculus acris 
(Ranunculaceae) Plant Systematics 
and Evolution, 195, 221–42.

Biesmeijer, J. C., Giurfa, M., Koedam, 
D. Potts, S. G., Joel, D. M. and Dafni, 
A. (2005). Convergent evolution: 
floral guides, stingless bee nest 
entrances, and insectivorous pitchers. 
Naturwissenschaften, 92, 444–50.

Bouton, M. E., Nelson, J. B. and Rosas, J. 
M. (1999). Stimulus generalization, 
context change, and forgetting. 
Psychological Bulletin, 125, 171–86.

Bradbury, J. W. and Vehrencamp, S. 
L. (1998). Principles of Animal 
Communication. Sunderland, MA: 
Sinauer Associates.

Bronstein, J. L. (1994). Conditional 
outcomes in mutualistic interactions. 
Trends in Ecology and Evolution, 9, 
214–7.

Burns, J. G. (2005). Impulsive bees forage 
better: the advantage of quick, 
sometimes inaccurate foraging 
decisions. Animal Behaviour, 70, e1–e5.

Candolin, U. (2003). The use of multiple 
cues in mate choice. Biological Reviews 
of the Cambridge Philosophical Society, 
78, 575–95.

Cheroske, A. G., Cronin, T. W., Durham, M. 
F. and Caldwell, R. L. (2009). Adaptive 
signaling behavior in stomatopods 
under varying light conditions. 
Marine and Freshwater Behaviour and 
Physiology, 42, 219–32.

Chittka, L. and Spaethe, J. (2007). Visual 
search and the importance of time 
in complex decision making by bees. 
Arthropod–Plant Interactions, 1, 7–44.

Chittka, L. and Thomson, J. D. (2001). 
Cognitive Ecology of Pollination. 
Cambridge, UK: Cambridge University 
Press.

Chittka, L., Gumbert, A. and Kunze, J. 
(1997). Foraging dynamics of bumble 
bees: correlates of movements within 
and between plant species. Behavioral 
Ecology, 8, 239–49.

Chittka, L., Skorupski, P. and Raine, N. E. 
(2009). Speed–accuracy tradeoffs in 
animal decision-making. Trends in 
Ecology and Evolution, 24, 400–7.

Chittka, L., Thomson, J. D. and Waser, N. 
M. (1999). Flower constancy, insect 
psychology, and plant evolution. 
Naturwissenschaften, 86, 361–77.

Dobson, H. E. M. and Bergström G. (1999). 
The ecology and evolution of pollen 
odors Plant Systematics and Evolution, 
222, 63–87.

Dötterl, S. and Jürgens, A. (2005). Spatial 
fragrance patterns in flowers of Silene 
latifolia: Lilac compounds as olfactory 
nectar guides? Plant Systematics and 
Evolution, 255, 99–109.

Dudareva, N. and Pichersky, E. (2006). 
Biology of Floral Scent. Boca Raton: 
CRC Press.

Dukas, R. D. (2002). Behavioural and 
ecological consequences of limited 
attention. Philosophical Transactions 
of the Royal Society of London, Series B, 
357, 1539–47.

Fauria, K., Dale, K., Colborn, M. and 
Collett, T. S. (2002). Learning 
speed and contextual isolation in 
bumblebees. Journal of Experimental 
Biology, 205 (7), 1009–18.

von Frisch, K. (1914). Der Farben und 
Formensinn der Bienen. Zoologische 
Jarbücher (Physiologie), 35, 1–188.

von Frisch, K. (1919). Über den 
Geruchssinn der Bienen und seine 
blütenbiologische Bedeutung. 
Zoologische Jahrbücher (Physiologie), 
37, 2–238.

Galen, C. (1999). Why do flowers vary? 
Bioscience, 49, 631–40.

9780521198929c09_p261-282.indd   277 7/26/2011   7:51:08 PM



e volut ion of pl a nt– poll in ator rel at ionsh ips278

Galizia, C. G. and Rossler, W. (2010). 
Parallel olfactory systems in insects: 
anatomy and function. Annual Review 
of Entomology, 55, 399–420.

Gegear, R. J. (2005). Multicomponent floral 
signals elicit selective foraging in 
bumblebees. Naturwissenschaften, 92, 
269–271.

Gegear, R. J. and Laverty, T. M. (2005). 
Flower constancy in bumblebees: a 
test of the trait variability hypothesis. 
Animal Behaviour, 69, 939–49.

Giurfa, M. (2007). Behavioral and neural 
analysis of associative learning in the 
honeybee: a taste from the magic well. 
Journal of Comparative Physiology, A, 
193, 801–24.

Giurfa, M. and Lehrer, M. (2001). 
Honeybee vision and floral displays: 
from detection to close-up recognition. 
In Cognitive Ecology of Pollination, 
eds. L. Chittka and J. D. Thomson. 
Cambridge, UK: Cambridge University 
Press, pp. 61–82.

Giurfa, M., Nunez, J., Chittka, L. and 
Menzel, R. (1995). Color preferences 
of flower-naive honeybees. Journal 
of Comparative Physiology, A, 177, 
247–259.

Giurfa, M., Vorobyev, M., Kevan, P. 
and Menzel, R. (1996). Detection 
of coloured stimuli by honeybees: 
minimum visual angles and 
receptor specific contrasts. Journal 
of Comparative Physiology, A, 178, 
699–709.

Glover, B. J. and Whitney, H. M. (2010). 
Structural colour and iridescence in 
plants: the poorly studied relations of 
pigment colour. Annals of Botany, 105, 
505–11.

Goulson, D. (2000). Are insects flower 
constant because they use search 
images to find flowers? Oikos, 88, 
547–552.

Goyret, J., Markwell, P. M. and Raguso, 
R. A. (2007). The effect of decoupling 
olfactory and visual stimuli on the 
foraging behavior of Manduca sexta. 
Journal of Experimental Biology, 210, 
1398–1405.

Goyret, J., Markwell, P. M. and Raguso, 
R. A. (2008). Context- and scale-
dependent effects of floral CO2 on 
nectar foraging by Manduca sexta. 
Proceedings of the National Academy of 
Sciences, USA, 105, 4565–70.

Goyret, J., Kelber, A., Pfaff, M. and Raguso, 
R. A. (2009). Flexible responses to 
visual and olfactory stimuli by foraging 
Manduca sexta: larval nutrition affects 
adult behaviour. Proceedings of the 
Royal Society of London, Series B, 
Biological Sciences, 276, 2739–45.

Green, D. M. and Swets, J. A. (1966). Signal 
Detection Theory and Psychophysics. 
New York, NY: Wiley & Sons.

Grison-Pigé, L., Salager, J., Hossaert-
McKey, M. M. and Roy, J. (2001). 
Carbon allocation to volatiles and 
other reproductive components 
in male Ficus carica (Moraceae). 
American Journal of Botany, 88, 
2214–20.

Grotewold, E. (2006). The genetics and 
biochemistry of floral pigments. 
Annual Review of Plant Biology, 57, 
761–80.

Guilford, T. and Dawkins, M. S. (1991). 
Receiver psychology and the evolution 
of animal signals. Animal Behaviour, 
42, 1–14.

Hammer, T. J., Hata, C. and Nieh, J. 
C. (2009). Thermal learning in the 
honeybee, Apils mellifera. Journal of 
Experimental Biology, 212, 3928–23.

Hanson, H. M. (1959). Effects of 
discrimination training on stimulus 
generalization. Journal of Experimental 
Psychology, 58, 321–34.

9780521198929c09_p261-282.indd   278 7/26/2011   7:51:08 PM



why are f lor al s ig n als com ple x? 279

Hebets, E. A. and Papaj, D. R. (2005). 
Complex signal function: developing 
a framework of testable hypotheses. 
Behavioral Ecology and Sociobiology, 
57, 197–214.

Heinrich, B. (1979). Bumblebee Economics. 
Cambridge, MA: Harvard University 
Press.

Helsper, J. P. F. G., Davies, J. A., 
Bouwmeester, H. J., Krol, A. F. and 
van Kampen, M. H. (1998). Circadian 
rhythmicity in emission of volatile 
compounds by flowers of Rosa hybrida 
L. cv. Honesty. Planta 207, 88–95.

von Helversen, D. and von Helverson, 
O. (1999). Acoustic guide in a bat-
pollinated flower. Nature 398, 759–60.

Hoballah, T. M., Gübitz, T., Stuurman, 
J., Broger, L., Barone, M., Mandel, 
T., Dell’Olivo, A., Arnold M., and 
Kulemeier, C. (2007). Single gene-
mediated shift in pollinator attraction 
in Petunia. The Plant Cell, 19, 779–90.

Howell, A. D. and Alarcon, R. (2007). Osmia 
bees (Hymenoptera:Megachilidae) can 
detect nectar-rewarding flowers using 
olfactory cues. Animal Behaviour, 74, 
199–205.

Hurley, T. A., Franz, S. and Healy, S. D. 
(2009). Do rufous hummingbirds 
(Selasphorus rufus) use visual 
beacons? Animal Cognition, 13, 
377–83.

Jakobsen, H. B. and Olsen, C. E. (1994). 
Influence of climatic factors on 
emission of flower volatiles. Planta, 
192, 365–71.

Johnstone, R. A. (1996). Multiple displays 
in animal communication: “backup 
signals” and “multiple messages”. 
Philosophical Transactions of the Royal 
Society of London, Series B, Biological 
Sciences, 351, 329–38.

Kessler, D., Diezel, C. and Baldwin, I. 
T. (2010). Changing pollinators as a 

means of escaping herbivores. Current 
Biology, 20, 1–6.

Kessler, D., Gase, K. and Baldwin, I. 
T. (2008). Field experiments with 
transformed plants reveal the sense of 
floral scents. Science, 321, 1200–2.

Kevan, P. G. and Lane, M. A. (1985). Flower 
petal microtexture is a tactile cue 
for bees. Proceedings of the National 
Academy of Sciences, USA, 82, 4750–2.

Knudsen, J. T., Ericksson, R., Gershenzon, 
J. and Ståhl, B. (2006). Diversity and 
distribution of floral scent. Botanical 
Review, 72, 1–120.

Kulahci, I. G., Dornhaus, A. and Papaj, D. 
R. (2008). Multimodal signals enhance 
decision making in foraging bumble-
bees. Proceedings of the Royal Society 
of London, Series B, Biological Sciences, 
275, 797–802.

Kullenberg, B. and Bergström, G. (1976). 
Hymenoptera aculeata males as 
pollinators of Ophrys orchids. 
Zoologica Scripta, 5, 13–23.

Kunze, J. and Gumbert, A. (2001). The 
combined effect of color and odor on 
flower choice behavior of bumble bees 
in flower mimicry systems. Behavioral 
Ecology, 12, 447–56.

Leonard, A. S., Dornhaus, A. and Papaj, 
D. R. Flowers help bees cope with 
uncertainty: signal detection and the 
function of floral complexity. Journal of 
Experimental Biology. In press.

Livingstone, M. and Hubel, D. (1988). 
Segregation of form, color, movement, 
and depth: anatomy, physiology, and 
perception. Science, 240, 740–9.

Lynn, S. K., Cnaai, J. and Papaj, D. R. 
(2005). Peak shift discrimination 
learning as a mechanism of signal 
evolution. Evolution, 59, 1300–5.

Makino, T. T. and Sakai, S. (2007). 
Experience changes pollinator 
responses to floral display size: from 

9780521198929c09_p261-282.indd   279 7/26/2011   7:51:08 PM



e volut ion of pl a nt– poll in ator rel at ionsh ips280

size-based to reward-based foraging. 
Functional Ecology, 21, 854–63.

Markl, H. (1983). Vibrational 
communication. In Neuroethology and 
Behavioral Physiology eds. R. Huber 
and H. Markl. New York, NY: Springer, 
pp. 332–353.

Møller, A. P. and Pomiankowski, A. (1993). 
Why have birds got multiple sexual 
ornaments? Behavioral Ecology and 
Sociobiology, 32, 167–76.

Muchhala, N., Caiza, A., Vizuete, J. C. and 
Thomson, J. D. (2008). A generalized 
pollination system in the tropics: 
bats, birds and Aphelandra acanthus. 
Annals of Botany, 103, 1481–7.

Odell, E., Raguso, R. A. and Jones, K. N. 
(1999). Bumblebee foraging responses 
to variation in floral scent and color 
in snapdragons. American Midland 
Naturalist, 142, 257–65.

Partan, S. and Marler, P. (2005). Issues 
in the classification of multimodal 
communication signals. American 
Naturalist, 166, 231–45.

Pelletier, L. and McNeil, J. N. (2003). The 
effect of food supplementation on 
reproductive success in bumblebee 
field colonies. Oikos, 103, 688–94.

Pellmyr, O. & Thien, L. B. (1986). Insect 
reproduction and floral fragrances: 
keys to the evolution of the 
angiosperms? Taxon, 35, 76–85.

Raguso, R. A. (2004a). Flowers as sensory 
billboards: progress towards an 
integrated understanding of floral 
advertisement. Current Opinion in 
Plant Biology 7, 434–40.

Raguso, R. A. (2004b). Why are some 
floral nectars scented? Ecology, 85, 
1486–94.

Raguso, R. A. (2008). Wake up and smell 
the roses: the ecology and evolution of 
floral scent. Annual Review of Ecology, 
Evolution and Systematics, 39, 549–69.

Raguso, R. A. and Willis, M. A. (2002). 
Synergy between visual and olfactory 
cues in nectar feeding by naive 
hawkmoths, Manduca sexta. Animal 
Behaviour, 64, 685–95.

Raine, N. E. and Chittka, L. (2007a). The 
adaptive significance of sensory bias 
in a foraging context: floral colour 
preferences in the bumblebee Bombus 
terrestris. PLoS ONE, 2 (6): e556.

Raine, N. E. and Chittka, L. (2007b). Nectar 
production rates of 75 bumblebee-
visited flower species in a German 
flora (Hymenoptera:Apidae:Bombus 
terrestris). Entomologia Generalis, 30, 
191–2.

Renner, S. S. (2006). Rewardless flowers in 
the angiosperms and the role of insect 
cognition in their evolution. In Plant–
Pollinator Interactions eds. N. M. Waser 
and J. Ollerton. Chicago MI: University 
of Chicago Press, pp. 123–144.

Rowe, C. (1999). Receiver psychology and 
the evolution of multicomponent 
signals. Animal Behaviour, 58, 921–31.

Schaefer, H. M. and Ruxton, G. D. (2010). 
Deception in plants: mimicry or 
perceptual exploitation? Trends in 
Ecology & Evolution, 24, 676–84.

Schiestl, F. P. (2005). On the success of 
a swindle, pollination by deception 
in orchids. Naturwissenschaften, 92, 
255–64.

Schiestl, F. P. (2010). The evolution of 
floral scent and insect chemical 
communication. Ecology Letters, 13, 
643–56.

Schiestl, F. P., Johnson, S. D. and Raguso, 
R. A. (2010). Floral evolution as 
a figment of the imagination of 
pollinators. Trends in Ecology & 
Evolution, 25, 382–3.

Shettleworth, S. J. (1998). Cognition, 
Evolution and Behavior. New York, NY: 
Oxford University Press.

9780521198929c09_p261-282.indd   280 7/26/2011   7:51:08 PM



why are f lor al s ig n als com ple x? 281

Skals, N., Plepys, D. and Löfstedt, C. (2003). 
Foraging and mate-finding in the 
silver Y moth, Autographa gamma 
(Lepidoptera:Noctuidae) under risk of 
predation. Oikos, 102, 351–7.

Skow, C. D. and Jakob, E. J. (2005). 
Jumping spiders attend to context 
during learned avoidance of 
aposematic prey. Behavioral Ecology, 
17, 34–40.

Smith, B. H. (1996). The role of attention 
in learning about odorants. Biological 
Bulletin, Marine Biological Laboratory, 
Woods Hole, 191, 76–83.

Spaethe, J. and Chittka, L. (2003). 
Interindividual variation of eye 
optics and single object resolution in 
bumblebees. Journal of Experimental 
Biology, 206, 3447–53.

Spaethe, J., Tautz, J. and Chittka, L. 
(2001). Visual constraints in foraging 
bumblebees, Flower size and color 
affect search time and flight behavior. 
Proceedings of the National Academy of 
Sciences, USA, 98, 3898–903.

Spaethe, J., Brockmann, A., Halbig, C., 
and Tautz, J. (2007). Size determines 
antennal sensitivity and behavioral 
threshold to odors in bumblebee 
workers. Naturwissenschaften, 94, 
733–9.

Stein, B. E. and Meredith, M. A. (1993). The 
Merging of the Senses. Cambridge: The 
MIT Press.

Streinzer, M., Paulus, H. G. and Spaethe, J. 
(2009). Floral colour signal increases 
short-range detectability of a sexually 
deceptive orchid to its bee pollinator. 
Journal of Experimental Biology, 212, 
1365–70.

Taylor, R. C., Klein, B. A., Stein, J. 
and Ryan, M. (2008). Faux frogs: 
multimodal signalling and the value of 
robotics in animal behaviour. Animal 
Behaviour, 76, 1089–97.

Theis, N. (2006). Fragrance of Canada 
thistle (Cirsium arvense) attracts both 
floral herbivores and pollinators. 
Journal of Chemical Ecology, 32, 
1573–61.

Thomas, R. D. (1996). Separability and 
independence of dimensions within 
the same-different judgment task. 
Journal of Mathematical Psychology, 
40, 318–341.

Thorp, R. W., Briggs, D. L., Estes, J. R. 
and Erickson, E. H. (1975). Nectar 
fluorescence under ultraviolet 
irradiation. Science, 189, 476–8.

Waser, N. M. and Price, M. V. (1985). The 
effect of nectar guides on pollinator 
preference: experimental studies 
with a montane herb. Oecologia, 67, 
121–6.

Weiss, M. R. (1991). Floral color changes 
as cues for pollinators. Nature, 354, 
227–9.

Weiss, M. R. and Papaj, D. R. (2003). 
Colour learning in two behavioural 
contexts: how much can a butterfly 
keep in mind? Animal Behaviour, 65, 
425–34.

Whitney, H. M., Dyer, A. G., Chittka, L., 
Rands, S. A., and Glover, B. J. (2008). 
The interaction of temperature 
and sucrose concentration on 
foraging preferences in bumblebees. 
Naturwissenschaften, 95, 845–50.

Williams, N. H. and Dodson, C. H. 
(1972). Selective attraction of male 
Euglossine bees to orchid floral 
fragrances and its importance in long 
distance pollen flow. Evolution, 26, 
84–95.

Wiley, R. H. (2006). Signal detection and 
animal communication. Advances in 
the Study of Behaviour, 36, 217–47.

Worden, B. D., Skemp, A. K. and Papaj, D. 
R. (2005). Learning in two contexts: the 
effects of interference and body size in 

9780521198929c09_p261-282.indd   281 7/26/2011   7:51:08 PM



e volut ion of pl a nt– poll in ator rel at ionsh ips282

bumblebees. Journal of Experimental 
Biology, 208, 2045–53.

Wright, G. A. and Schiestl, F. P. (2009). The 
evolution of floral scent: the influence 
of olfactory learning by insect 
pollinators on the honest signaling of 
floral rewards. Functional Ecology, 23, 
841–51.

Wright, G. A., Choudhary, A. F. and 
Bentley, M. A. (2009). Reward quality 
influences the development of 
learned olfactory biases in honeybees. 
Proceedings of the Royal Society Series 
B, 276, 2597–2604.

9780521198929c09_p261-282.indd   282 7/26/2011   7:51:09 PM




