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The chemical ecology and evolution of bee–flower
interactions: a review and perspectives1

S. Dötterl and N.J. Vereecken

Abstract: Bees and angiosperms have shared a long and intertwined evolutionary history and their interactions have re-
sulted in remarkable adaptations. Yet, at a time when the ‘‘pollination crisis’’ is of major concern as natural populations of
both wild and honey bees (Apis mellifera L., 1758) face alarming decline rates at a worldwide scale, there are important
gaps in our understanding of the ecology and evolution of bee–flower interactions. In this review, we summarize and dis-
cuss the current knowledge about the role of floral chemistry versus other communication channels in bee-pollinated flow-
ering plants, both at the macro- and micro-evolutionary levels, and across the specialization–generalization gradient. The
available data illustrate that floral scents and floral chemistry have been largely overlooked in bee–flower interactions, and
that pollination studies integrating these components along with pollinator behaviour in a phylogenetic context will help
gain considerable insights into the sensory ecology and the evolution of bees and their associated flowering plants.

Résumé : Les abeilles et les angiospermes partagent une grande partie de leur histoire évolutive, et leurs interactions ont
produit de remarquables exemples d’adaptations mutuelles. Cependant, à une époque où la « crise de la pollinisation » de-
vient une préoccupation majeure et où les populations d’abeilles sauvages et mellifères (Apis mellifera L., 1758) font face
à des déclins massifs à l’échelle mondiale, notre compréhension de l’écologie et de l’évolution des relations abeilles-
plantes demeure fragmentaire. Dans cet article, nous fournissons une synthèse de l’état de nos connaissances relatives
au rôle de la communication chimique par rapport aux autres signaux floraux chez les plantes à fleurs pollinisées par
les abeilles, tant à l’échelle macro- que micro-évolutive, et le long du gradient spécialisation-généralisation. Les don-
nées disponibles illustrent que les parfums floraux et la chimie florale ont largement été ignorés dans l’étude des
interactions abeilles-fleurs, et que l’intégration de ces composantes ainsi que du comportement des pollinisateurs dans
un contexte phylogénétique permettrait de réaliser des avancées significatives dans notre compréhension de l’écologie
sensorielle et de l’évolution des abeilles et des plantes à fleurs auxquelles elles sont associées.

Introduction

Although it took almost until the invention of the steam
engine to discover that flowering plants owe their reproduc-
tion to visits from their insect pollinators (Proctor and Yeo
1972), there is now wide agreement in the scientific com-
munity that insects actively mediate the pollination of most
flowering plants worldwide. Bees (Hymenoptera, Apoidea),
in particular, are commonly regarded as highly important
pollinators, as much for their unusual diversity (ca. 20 000
species worldwide; Michener 2007) as for their tight code-
pendence with flowering plants. Foraging bees move pollen
from one flower to the next while collecting the floral re-
wards (pollen, nectar, oils, resins) upon which they depend

during both the larval and the adult stages (Eickwort and
Ginsberg 1980; Simpson and Neff 1981; Wcislo and Cane
1996; but for an exception see Roubik 1982). Angiosperms
and bees have a long-standing relationship that is thought to
have originated between 70 and 130 million years ago
(Michener and Grimaldi 1988; Engel 2000; Poinar and Dan-
forth 2006). Flowering plants are associated with a broad
spectrum of animal pollinators, of which bees constitute an
important but not exclusive subset and whose sensory and
learning capabilities have been explored in recent reviews
(Weiss 2001; Dobson 2006). However, we have chosen to
focus this review on bees and their flowers, with a desire to
promote a greater appreciation for their chemical ecology,
given (i) the preponderance of recent studies on their eco-
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system services (Kremen et al. 2004; Steffan-Dewenter et al.
2005), (ii) rising worries about mass declines of their natural
populations (Steffan-Dewenter et al. 2005; Williams 2005;
Biesmeijer et al. 2006; Fitzpatrick et al. 2007; Colla and
Packer 2008; Goulson et al. 2008), and (iii) colony collapse
disorder (CCD) of Apis mellifera L., 1758 (domesticated
honey bee) (Cox-Foster et al. 2007; Anderson et al. 2008;
see also Benjamin and McCallum 2008; Schacker 2008).
Recent reports have stressed that the global crop production
is largely dependent upon pollinator services (Buchmann
and Nabhan 1996; Klein et al. 2007), and that the total eco-
nomic value of pollination worldwide for the 100 crops used
directly for human food (as listed by the Food and Agricul-
ture Organization of the United Nations) amounts to ~153
billion per year (Gallai et al. 2009). Hence, the decline of
bees would not only cause dramatic changes in habitat di-
versity but also could jeopardize the considerable share of
human food supply derived from insect-pollinated crops.

Understanding the causes of parallel declines of bees and
their host plants requires identifying the various components
that make bee–flower interactions both complex and fragile,
the extent of their mutual dependence, and the signals that
mediate their interactions. The works of Karl von Frisch on
the sensory ecology and communication of the honey bee
(von Frisch 1919, 1923) pioneered the study of floral signals
used by a broad spectrum of solitary to social bees for find-
ing host plants. We have long known that bees use combina-
tions of visual, olfactory, and tactile floral cues to find
appropriate host plants (von Frisch 1919; Lacher 1964; Var-
eschi 1971; Kevan and Lane 1985; Menzel 1985; Dobson
1994; Giurfa et al. 1996; Whitney et al. 2009), and that
they are capable of learning floral signals during their forag-
ing bouts (Menzel et al. 1974; Smith 1991; Kaiser and De
Jong 1993; Hill et al. 1997; Beekman 2005; Zhang et al.
2006). The general pattern emerging from such studies is
that bees rely primarily on olfactory cues during their early
foraging trips and that visual cues become more important
in host-plant location as bees become more experienced
(Dobson 1994 and see below). More recently, Dobson
(2006) has reviewed all available data on the use of floral
scent by food-seeking bees and found that flowers visited
by bees emit odour bouquets which, taken as a group, en-
compass a huge variety of compounds and compound
blends. However, their roles in bee–plant interactions remain
poorly understood.

A major breakthrough in filtering biologically relevant
fractions from the spectra of odour compounds emitted by
flowers was achieved by coupling gas chromatographic
(GC) analyses with electroantennographic detection (EAD)
(see Arn et al. 1975). This method (GC–EAD) facilitates
the screening of complex odour blends for EAD-active com-
pounds, i.e., those compounds that stimulate antennal olfac-
tory receptor neurons (Schiestl and Marion-Poll 2001). Not
all electrophysiologically active compounds trigger behav-
ioural responses (e.g., Ômura et al. 1999; Dötterl et al.
2006), however, when paired with behavioural bioassays,
GC–EAD screening helps not only to identify the subset of
odour compounds detected (or smelled) by bees, but also
those that influence the behaviour of bees, including their at-
traction to flowers (Thiery et al. 1990; Henning and Teuber
1992; Henning et al. 1992; Dobson 1994; Dötterl et al.

2005; see below). This screening approach has provided
many of the case studies discussed in this review and will
serve as a methodological touchstone in the discussions be-
low. A related technique consists of coupling gas chroma-
tography with behavioural assays and (or) EAD (Wadhams
et al. 1994; Blight et al. 1997; Le Métayer et al. 1997;
Pham-Delègue et al. 1997). Here, the signals measured by
the flame ionization detector on the gas chromatograph
(GC–FID) are recorded in parallel with proboscis extension
responses (GC–PER) (and with antennal recordings; GC–
EAD–PER) in response to the compounds of headspace or
solvent extract samples by stimulating the bees’ antennae
with the effluent of the GC (see also below). Collectively,
the integration of these analytical approaches into studies at
the interface of plant and insect ecology has an enormous
potential to yield conceptual advances in our understanding
of the ecology of bees and their flowers (see Schiestl and
Schlüter 2009).

In this review, we take an evolutionary approach to out-
line the current state of knowledge about the importance of
floral scent and related aspects of chemical ecology in the
foraging behaviour of host-specialized and host-generalized
solitary bees, as well as social bees. We discuss the impor-
tance of floral scent for (i) long- and short-distance attrac-
tion of bees to flowers; (ii) discrimination, within species,
between rewarding and nonrewarding flowers; (iii) host
plant finding in specialized bees; (iv) the foraging success
not only of individual bees but also of entire colonies of so-
cial bees; and (v) attracting bees to globally important crops.
We ask whether intra- and inter-specific differences in host-
plant use can be explained by sensory bias in the way bees
detect and process floral scents, and whether scent manip-
ulations might contribute to improving the yield of bee-
pollinated crops.

Macroevolutionary origins of bees:
specialized or generalized ancestors?

We begin with an evolutionary question: Was the ances-
tral bee a host-limited specialist or was it a broadly general-
ized, opportunistic forager? Fossil evidence and molecular
phylogenetic hypotheses produced in recent years suggest
that bees and flowering plants have flourished with extraor-
dinary diversity through parallel and successive ‘‘explosive’’
radiations and that these intimate plant–insect relationships
have presumably fuelled each other’s diversification since
the onset of their interactions (Danforth and Ascher 1999;
Grimaldi 1999; Wikström et al. 2001; Soltis et al. 2005).
Students of the evolution of niche differentiation have often
postulated that the founders of adaptive radiations were tro-
phic generalists and that these ancestors subsequently differ-
entiated into more specialized descendants (Mayr 1942;
Simpson 1953). Examples that illustrate this concept have
been described in different groups of organisms, including
phytophagous insects (Nosil 2002; Nosil and Mooers 2005).
However, recent analyses of niche evolution in groups of
closely related insect species which differ in their host
breadth have shown that common ancestors were frequently
reconstructed as niche specialists (Schluter 2000; Janz et al.
2001; Morse and Farrell 2005; Weingartner et al. 2006).

Testing the generalists-to-specialists hypothesis at a mac-
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roevolutionary scale in bees has not been possible until the
recent resolution of a longstanding debate around the inter-
pretation of family-level relationships in this group. In brief,
the bulk of the controversy crystallized around the question
of whether the Colletidae should be considered as the ear-
liest branch of the phylogeny, partly because these bees are
unique in having a bifid tongue (the glossa), a trait also
found in the spheciform wasps, which is the closest relatives
of bees (Michener 1944; Malyshev 1968). The adequate
understanding of this morphological character state had
deep implications because it yielded two highly contrasting
topologies for the phylogeny of bees that led to mutually ex-
clusive interpretations of several aspects of the evolutionary
history of bees, including interactions with their host plants
(Alexander and Michener 1995). The scientific community
reached a consensus with the recent publications of robust
family-level relationships based on a combination of molec-
ular and morphological markers, reporting that colletid bees
are in fact a derived group and that the family Dasypodaidae
(in Melittidae s.l.) occupies a basal position within the phy-
logeny of bees (Danforth et al. 2006a, 2006b) (Figs. 1A,
1B). This re-interpretation of the evolutionary history of
bees suggests that the earliest bees were host-plant special-
ists (Danforth et al. 2006b), a hypothesis that has subse-
quently received support from several reconstructions of
ancestral states by mapping the degree of host-plant special-
ization on molecular phylogenies. Collectively, these studies
have reported that pollen specialization dominates several
groups of bees and is also the most probable ancestral trait
both in basal genera (Stage 1966; Müller 1996; Cane et al.
1997; Michener 1981, 2007; Michez et al. 2004, 2008; Mi-
chez and Patiny 2005; Patiny et al. 2007) and in more de-
rived ones (Sipes and Wolf 2001; Sipes and Tepedino 2005;
Larkin et al. 2008; Sedivy et al. 2008).

If the common ancestor of bees (the ‘‘proto-bee’’) was in-
deed a pollen specialist, how did these proto-bees overcome
the radical changes associated with a shift in their larval
diet, from the typical carnivorous diet of their digger wasp
ancestors to larval provisions mainly based on pollen and
nectar? The mechanisms that have driven this evolutionary
transition remain obscure, but we may, nevertheless, formu-
late the following hypothesis based on our current under-
standing of the nutritional requirements of bees and wasps.
To begin with, it is widely acknowledged that the pollen of
flowering plants is usually very rich in nitrogen, and that it
also contains vitamins, starch, proteins, and amino acids
which provide all the daily nutritional requirements for
most animal species (Roulston and Cane 2000; Roulston et
al. 2000). However, the proto-bees, much like the wasps
from which they are derived, are not capable of producing
de novo the essential sterols needed to synthesize hormones
like ecdysone, the major insect molting hormone (Blum
1985). Consequently, a major constraint in the shift from
carnivory to phytophagy might have been the need to find
accessible sources of sterols. Flowering plants synthesize
several of these essential sterols, which are found in the pol-
len, independent of the means of pollination. For example,
cholesterol is a main pollen constituent (90%) of the insect-
pollinated herb Hypochoeris radicata L. (catsear) (Devys
and Barbier 1965, 1966; Barbier 1970), as well as of the
wind-pollinated tree Populus fremontii S. Wats. (cotton-

wood) (Standifer et al. 1968; Barbier 1970). Other sterols,
such as 24-methylene-cholesterol, b-sitosterol, and to a
lesser extent, stigmasterol, have also been identified from
pollens of various flowering plant species in different fami-
lies (Barbier 1970). The unusually high concentrations of
cholesterol in the pollen of Asteraceae is intriguing, because
this group of plants has been suggested as the putative hosts
of the common ancestor of all extant Dasypodaidae, the
most basal group of bees (Michez et al. 2004, 2008).

The family Asteraceae is thought to have originated dur-
ing the Eocene (55.8 ± 0.2 to 33.9 ± 0.1 million years ago)
(Scott et al. 2006), a period that coincides with an outburst
of diversification in bees (Michener and Grimaldi 1988),
after they originated ca. 100 million years ago (Poinar and
Danforth 2006). However, the presence of cholesterol and
related essential sterols in the pollen of the early angio-
sperms might have facilitated the shift towards ‘‘beehood’’
for the proto-bees, once they had evolved the physiological
capacity to tolerate and metabolize the various other com-
pounds, and perhaps toxins, contained in the pollenkitt
(sensu Knoll 1930) of these plants (e.g., Williams 2003;
Praz et al. 2008a). The contemporary Asteraceae are ubiqui-
tous on Earth, and the plate-like structure of their inflores-
cences presumably allowed easy access to their floral
rewards by the early bees, much like it does to a wide taxo-
nomical range of extant specialized bee species that cur-
rently use them as preferred pollen hosts (e.g., Westrich
1989; Larkin et al. 2006, 2008; Müller and Kuhlmann
2008). As pointed out by Müller and Kuhlmann (2008), the
paradox that the Asteraceae host so few generalist species
but so many specialists at the same time calls for further
studies on the mechanisms that drive the acquisition of
physiological adaptation of bees to the pollen of these
plants, and how the capacity to detoxify can be retained
within and among groups of closely related species.

We now take a closer look at the proximate and ultimate
mechanisms by which floral scent and other factors influ-
ence the foraging behaviour of bees.

Floral scent and the foraging behaviour of
bees

Visual vs. olfactory stimuli in reward-based pollination
systems

It has long been known that bees utilize not only visual
but also olfactory flower cues for finding suitable host
plants. This is true for bees visiting flowers for nectar and
(or) pollen (e.g., von Frisch 1919; Butler 1951; Bogdany
and Taber 1979), their resins (de L. Nogueira et al. 2001),
or fatty floral oils (Dötterl and Schäffler 2007). Flower scent
is generally considered an important long-distance signal in
poorly lit habitats with dense vegetation (e.g., in rainforest
understories), where coloured objects cannot be seen from
far away (Knudsen et al. 1999), and for naı̈ve bees searching
for their first floral meal or for new food sources or patches
(von Frisch 1919; Heinrich et al. 1977; Roy and Raguso
1997; Dötterl et al. 2005). This may particularly apply
where the floral scent is emitted in high absolute amounts
(Butler 1951; von Frisch 1965). On the other hand, when
scent functions at scales closer to the floral resources (from
a few centimetres to 1 m), innate and learned responses are

670 Can. J. Zool. Vol. 88, 2010

Published by NRC Research Press



often elicited by an interplay between visual and olfactory
cues (e.g., Butler 1951; Lunau 1991, 1992b; Dobson and
and Bergström 2000), and the odours emitted may be rela-
tively weak to the human nose (e.g., Ashman et al. 2005).
In contrast to olfactory cues, the importance of visual cues
for bees appears to be limited to close proximity (a few cen-
timetres to a few metres) to the flowers (Giurfa et al. 1996;
Dafni et al. 1997), despite the long-held belief (von Frisch
1919, 1965; Kevan and Baker 1983) that visual floral stim-
uli are important for long-distance attraction of bees and that
floral scent only plays a role close to the flowers. If flowers
are arranged in large inflorescences or flowering plants oc-
cur in dense patches, however, visual cues also should be
sufficient to attract bees from longer distances (Giurfa et al.
1996). For distance vision, bees rely on achromatic signals
provided by green receptor contrasts (differences between

background and target) and not on coloured signals, which
are important close to the flowers (Giurfa and Lehrer 2001;
Spaethe et al. 2001), but e.g., honey bees cannot detect a
1 cm diameter flower from distances of more than 11.5 cm
(Chittka and Raine 2006). Therefore, bees should only dis-
tinguish flower colours from background or differentiate be-
tween colours when close to the flowers, at a point where
they already are immersed in floral odours. The long-range
attraction of bees to colors that contrast with the background
environment is exploited in the framework of surveys on the
diversity of wild bees for which arrays of water-filled, UV –
bright coloured pan traps are regularly used (Aizen and
Feinsinger 1994; Leong and Thorp 1999; Cane et al. 2000;
Bartholomew and Prowell 2005; Stephen and Rao 2005;
Thomas 2005; Westphal et al. 2008; Wojcik et al. 2008;
Moretti et al. 2009). The bees are drawn to these traps that

Fig. 1. Family-level relationships in bees. (A) The ‘‘Colletidae + Stenotritidae basal’’ phylogenetic hypothesis suggested by Alexander and
Michener (1995). (B) The ‘‘Melittidae basal’’ typology suggested by Alexander and Michener (1995) as an alternative scenario and recently
confirmed as the most parcimonious scenario by Danforth et al. (2006a, 2006b), who combined morphological traits and five molecular
markers. The arrows indicate the common ancestor of all bees, with the sphecid wasp ancestors used as the outgroup. The LT-Bees are
long-tongued bees. The Melittidae s.l. comprises the families Dasypodaidae, Melittidae, and Meganomiidae. Colletids and melittids have
contrasting floral choices, with the first family encompassing much more pollen generalists (see e.g., Müller and Kuhlmann 2008) than the
second family (Michez et al. 2008). The results by Danforth et al. (2006a, 2006b) therefore strongly support that pollen specialization is
probably an ancestral condition in bees. (Modified from Danforth et al. 2006a and reproduced with permission of Mol. Phylogenet. Ecol.,
vol. 39, issue 2, p. 359, #2006 Elsevier Limited.)
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they probably associate with giant flowers and drown in the
soapy water from which they are collected. This passive
sampling method has proven to have the highest sample
coverage, as well as a negligible bias on the species and
sexes collected, compared with other techniques (transects,
malaise traps, etc.) (Aizen and Feinsinger 1994; Roulston et
al. 2007; Westphal et al. 2008). It is possible that coloured
pan traps act as a supranormal stimulus to flower-visiting
bees that otherwise rely often on a combination of visual
and olfactory signals and cues to find their host plants.

For experienced bees revisiting rewarding flower patches,
flower scents may also be less important for distance attrac-
tion, as bees learn to use landmarks and other contextual
cues to remember the specific locality that they visited be-
fore (e.g., Reinhard et al. 2004b). However, floral scent re-
mains an important stimulus when bees land on flowers
(Pernal and Currie 2002; Wright and Schiestl 2009). von
Frisch (1919) showed that when honey bees are trained to
an odour–colour combination at a feeding station, and are
subsequently forced to choose between these two cues by
spatially separating them, the bees primarily landed at the
scented feeder. Finally, floral scent remains important for
experienced bees to recognize previously visited flowers
and contributes significantly to the phenomenon of flower
constancy (Wright and Schiestl 2009 and references therein).

Ironically, the literature on the use of floral odours by
bees is dominated by accounts of the fragrance-based attrac-
tion of male orchid bees, which are, arguably, the most de-
rived species of the Apidae (see Table 1). Male euglossine
bees visit flowers of orchids and other angiosperms to col-
lect scent compounds (Dodson et al. 1969), along with other
odour sources that contribute to male sexual display (Eltz et
al. 2003, 2005, 2008). Male euglossine bees are easily at-
tracted by scent baits impregnated with single compounds
or simple blends of compounds typically found in the plants
visited by these bees. Through the use of such baiting ex-
periments, more than 50 compounds have been found to at-
tract male euglossine bees (reviewed by Williams and
Whitten 1983). In this unusual pollination system, the num-
ber of attracted individuals and species decreases with in-
creasing blend complexity of odour compounds, which also
explains why some of the plants are pollinated only by one
or a few euglossine species (Dodson et al. 1969; Williams
and Dodson 1972; Williams and Whitten 1983). The dis-
tance from which euglossines can be attracted to flowers is
enormous. Fragrance baits on a boat 1 km offshore from an
island in Panama attracted 7 of the 28 euglossine species en-
countered at control bait sites on the island (Ackerman
1986). Although the baits were presumably more concen-
trated than the scent of most flowers pollinated by euglos-
sines (J. Ackerman, personal communication), this
pheromenon highlights the importance of floral scent in the
attraction of euglossines from long distances, and their po-
tential to mediate long-range pollen flow in the orchids that
they pollinate (Janzen 1971).

In the male euglossine pollination system, bees rely on
flower scent for long-distance attraction, whereas visual sig-
nals (e.g., colour, size, shape of flowers, or inflorescences)
appear to elicit close range attraction and landing. For exam-
ple, male euglossine bees were attracted to an inflorescence
of the Amazonian palm Geonoma macrostachys Mart. con-

cealed within a bag of cheese cloth but never alighted on it,
presumably owing to the absence of the appropriate visual
cues displayed by real inflorescences or flowers (Knudsen
et al. 1999). In this case, it seems that bees have linked the
visual and olfactory advertisements of this plant so that the
strength of the behavioural response elicited is decreased
when one dimension of the floral advertisement is changed
(see also Bogdany 1978). On the other hand, male euglos-
sine bees often show the complete behavioural sequence
(landing, followed by collection of volatiles) after being at-
tracted by synthetic scent compounds, or mixtures thereof,
on simple rubber septa or blotting paper. The compounds of-
fered represent simplified mixtures of the compounds emit-
ted from the natural fragrance sources, and the bees,
therefore, did not have a chance to learn them previously in
combination with a specific visual advertisement. Therefore,
‘‘naı̈ve’’ male euglossines may rely primarily on scents for
attraction to floral fragrance sources, and these scents also
elicit landing and fragrance collection behaviour. Specific
visual stimuli are subsequently learned, and as a conse-
quence, appear to be more important cues in the behaviour
of experienced bees. The unusual shapes of some male eu-
glossine pollinated orchids are well documented as inte-
grated phenotypes that may manipulate the bees into
appropriate pollen placement (e.g., orchid Coryanthes ma-
crantha Hook.; Darwin 1877) or mimic the appearance of
nests of euglossine bees (e.g., Catasetum spp.; Lunau
1992a). However, the dazzling visual displays of some of
these orchids (e.g., Stanhopea tigrina Bateman ex Lindl.) re-
quire further inquiries into the possible roles that bright col-
our patterns might play in pollination.

What is the relative importance of specific odour com-
pounds in the attraction of more typically encountered, gen-
eralized bees? Despite a large and growing literature about
bee behaviour and pollination, little is known about the im-
portance of individual floral scent compounds for the attrac-
tion of non-euglossine bees to flowers (Dobson 2006). The
data presented in Table 1 summarize the current knowledge
but do not include compounds known to elicit behavioural
responses in standard conditioning experiments (e.g., condi-
tioned proboscis extension reflex tests: cPER), as (honey)
bees can be trained almost to any volatile organic molecule
including those not produced by flowering plants (von
Frisch 1919). Instead, we include compounds that elicited
spontaneous responses in proboscis extention reflex experi-
ments in at least 10% of tested bees, and that are addition-
ally known as typical floral scent in bee-pollinated plants
(Dobson 2006).

Most of the compounds presented in Table 1 elicited be-
havioural responses from experienced bees or from bees
whose previous experience was undetermined. In general,
very little is known about the innate olfactory ‘‘search im-
age’’ of bees (Menzel 1985), and which compounds are im-
portant for host-plant finding (i.e., innate biases) in naı̈ve,
inexperienced bees. While the innate search image may be
very important for solitary bees, it seems to be less so for
social bees, such as Apis mellifera. Worker honey bees for-
aging in the field for their first time already may have
learned many odours in the hive (see ‘‘Floral scent and com-
munication in honey bee hives and bumble bee colonies’’
below). However, some compounds (e.g., linalool, geraniol)
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also seem to elicit innate responses in honey bees, as indi-
viduals respond spontaneously to these compounds in PER
experiments (Smith 1991; Bhagavan et al. 1994; Sandoz et
al. 1995; Laloi et al. 2001). However, these bees were free-
flying before the experiment, or were at least fed with pol-
len, so it is unclear whether bees were exposed to the com-
pounds of interest before they were tested. Anethole (1-

methoxy-4-(1-propenyl) benzene) is an important beetle sex
pheromone, and baited beetle traps attracted several honey
bees and (or) bumble bees (Hamilton et al. 1970; Ladd et
al. 1974; Ladd and Tew 1983; Allsopp and Cherry 1991)
even though it is not a common floral scent component
(Knudsen et al. 2006). Thus, it is unclear whether anethole
plays an important role in bee–plant interactions. In beetle

Table 1. Floral scent compounds eliciting positive behavioural responses in bees.

Compound Bee species References
p-Anisaldehyde Apis mellifera, Lasioglossum Curtis, 1833 Theis 2006
Anethole Apis mellifera, Bombus spp. Ladd et al. 1974; Ladd and Tew 1983; Allsopp

and Cherry 1991
Benzyl acetate Euglossini Williams and Whitten 1983
Benzyl alcohol Apis mellifera Wadhams et al. 1994
3-Carene Apis mellifera Blight et al. 1997
(E)-Carvone oxide Euglossini Whitten et al. 1986
1,8-Cineole Euglossini, Bombus terrestris Williams and Whitten 1983; Mena Granero et al.

2005b
(E)-Cinnamaldehyde Peponapis pruinosa Andrews et al. 2007
(Z)-Citral Apis mellifera Williams et al. 1981b; Wells et al. 1993
p-Cresol Euglossini Williams and Whitten 1983
p-Cresyl acetate Euglossini Williams and Whitten 1983
p-Cymene Apis mellifera Blight et al. 1997
1,4-Dimethoxybenzene Euglossini, Andrena vaga Williams and Whitten 1983; Dötterl et al. 2005;

present study
Eugenol Euglossini, Bombus spp. Ladd et al. 1974; Williams and Whitten 1983;

Dobson et al. 1999
(E,E)-a-Farnesene Apis mellifera, Andrena vaga Blight et al. 1997; Laloi et al. 2001; present study
(E,E)-Farnesol Apis mellifera Williams et al. 1981b
Geranial Apis mellifera Williams et al. 1981b
Geraniol Apis mellifera, Bombus spp. Hamilton et al. 1970; Ladd et al. 1974; Williams

et al. 1981b; Wells et al. 1993; Laloi et al. 2001
Ipsdienol Euglossini Whitten et al. 1988
Linalool Apis mellifera, Andrena spp.*, Colletes cunicularius{ Henning et al. 1992; Wadhams et al. 1994; Borg-

Karlson et al. 1996; Blight et al. 1997; Laloi et
al. 2001; Meagher 2002; Borg-Karlson et al.
2003; Chaffiol et al. 2005; Theis 2006

Linalool oxide furanoid Colletes cunicularius Borg-Karlson et al. 1996
Methyl benzoate Euglossini Williams and Whitten 1983
Methyl cinnamate Euglossini Williams and Whitten 1983
Methyl salicylate Euglossini, Andrena vaga Williams and Whitten 1983; present study
Nerol Apis mellifera Williams et al. 1981b; Wells et al. 1993
(Z)-Ocimene Bombus terrestris Mena Granero et al. 2005b
Phenylacetaldehyde Apis mellifera, Halictidae Blight et al. 1997; Meagher 2002; Theis 2006
2-Phenylethanol Euglossini, Andrena vaga, Apis mellifera Williams and Whitten 1983; Wadhams et al.

1994; Blight et al. 1997; present study
2-Phenylethyl acetate Euglossini Williams and Whitten 1983
a-Pinene Euglossini{, Apis mellifera Williams and Whitten 1983; Blight et al. 1997
Protoanemonin Chelostoma florisomne Dobson and Bergström 2000
Skatole Euglossini Williams and Whitten 1983
a-Terpinene Apis mellifera Blight et al. 1997
4-Terpineol Euglossini Williams and Whitten 1983
Tetradecyl acetate Bombus terrestris Dobson et al. 1999
1,2,4-Trimethoxybenzene Peponapis pruinosa Andrews et al. 2007
Vanillin Euglossini Williams and Whitten 1983

Note: Bee species responding without prior experience to floral volatiles are in boldface type. Bees are underlined if only males responded. Compounds
known to be attractive to Euglossini only were listed if they are good attractants according to Williams and Whitten (1983).

*Only the (+)-enantiomer was tested.
{The (+)-enantiomer is most attractive.
{Euglossini only respond to the (–)-enantiomer.
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trapping experiments, honey bees and (or) bumble bees were
also attracted by a mixture of 2-phenylethyl proprionate, eu-
genol, and geraniol (Allsopp and Cherry 1991), as well as
by eugenol and geraniol when offered as single compounds
or as a mixture (Hamilton et al. 1970; Ladd et al. 1974).
However, unlike anethole, eugenol and geraniol are wide-
spread floral scent compounds in bee-pollinated plants
(Dobson 2006; Knudsen et al. 2006) and are therefore poten-
tial candidates for mediating interactions between honey
bees or bumble bees and plants. Indeed, evidence suggests
that eugenol is used by bumble bees to assess pollen avail-
ability in certain rose species (Dobson et al. 1999). Other
compounds (e.g., neral, geranial, geraniol) are both wide-
spread glandular constituents in bees (Blum 1966; Berg-
ström and Tengö 1974; Hefetz et al. 1979; Pickett et al.
1980; Wheeler et al. 1985) and typical floral scent com-
pounds in bee-pollinated plants (Dobson 2006; Knudsen et
al. 2006) (see sections ‘‘Floral scent and communication in
honey bee hives and bumble bee colonies’’ and ‘‘Floral scent
and crop pollination’’ below).

Discrimination of rewarding from nonrewarding flowers
within species

In addition to finding suitable nectar- or pollen-host spe-
cies, bees also use floral volatiles to discriminate rewarding
from nonrewarding flowers within a conspecific patch. Scent
often varies between different flower parts in bee-pollinated
flowers (Dobson et al. 1990, 1996; Bergström et al. 1995;
Dobson and Bergström 2000; Ashman et al. 2005) at levels
that bees can detect (Bolwig 1954; Lex 1954; von Aufsess
1960; Lunau 1992b). Pollen-specific odours are of special
interest for bees visiting flowers to forage for pollen.
Although pollen scent is, in many cases, much weaker than
the scent of whole flowers (Dobson and Bergström 2000), it
is routinely detected by bees, for whom it provides an im-
portant signal (Pernal and Currie 2002; Cook et al. 2005).
Pollen often emits odours that are clearly different from
those emitted from other floral parts and organs, and these
differences can be used by bees to detect the presence of
pollen from a distance and possibly to assess the amount of
pollen available before landing (Ribbands 1949; Dobson and
Bergström 2000). For example, a distinct pollen volatile
profile was described from Rosa rugosa Thunb. (rugosa
rose), which is pollinated by bumble bees. The scent of
whole flowers was dominated by the monoterpenoids
citronellol, nerol, and geraniol, as well as the benzenoid
2-phenylethanol,whereasthepollenwascharacterizedbyhigh
relative amounts of the fatty acid derivatives 2-tridecanone,
tetradecanal, and tetradecyl acetate, the terpenoid geranyl
acetate, and the phenylpropanoids eugenol (see Table 1)
and methyleugenol (Dobson et al. 1990). To determine if
bumble bees use pollen odours to assess availability, Dob-
son et al. (1999) removed the anthers of newly opening
flowers and augmented these flowers with single
compounds or a blend characteristic of pollen odours.
Observations of free-flying bumble bees revealed that
some pollen volatiles (2-tridecanone, geranyl acetate) re-
duced landing responses, whereas others (eugenol and to a
lesser extent tetradecyl acetate) increased landing responses
and elicited ‘‘buzzing’’, the vibratile pollen-collecting be-
haviour (see Buchmann 1983). These results suggest that

Bombus do indeed use pollen-specific odours to assess pol-
len availability.

Recently, Howell and Alarcón (2007) demonstrated that
bees of the genus Osmia Panzer, 1806 similarly use nectar
volatiles to assess the availability of hidden floral nectar.
Free-flying bees visited flowers of Penstemon caesius Gray
(San Bernardino beardtongue) containing nectar more often
than nectar-depleted ones. To test whether bees detect the
nectar by its odour before landing on the flowers, the au-
thors blocked the olfactory capabilities of some of the bees
by coating their antennae with silicone and compared the
floral preferences of these bees with control bees (bees with
uncovered antennae). Control bees visited flowers contain-
ing nectar more frequently than empty flowers or flowers
containing water instead of nectar, whereas bees with cov-
ered antennae visited all treatments equally. Given that
flowers of the different treatments could not be differenti-
ated visually and that humidity gradients within the flowers
were not used by the bees, this study nicely demonstrates
that bees use nectar volatiles to discriminate between nec-
tar-rewarding flower and nectarless flowers at a distance.
The compounds used by the bees to discriminate against
nectar-depleted flowers in Howell and Alarcón’s (2007)
study were not identified. However, it is known from other
studies that the nectaries of several flowers (or petal regions
with the nectaries) differ from other floral (petal) parts in
their scent (Lex 1954; Bergström et al. 1995; Dötterl and
Jürgens 2005), and also that floral nectars often have charac-
teristic scents (Raguso 2004). Indeed, in some flowers, nec-
tar may be the primary source of scent emission (Mena
Granero et al. 2005a).

We might argue from our previous studies (Dötterl et al.
2005; Mant et al. 2005a) that a functional analysis of nectar
volatiles in Penstemon caesius, in combination with electro-
physiological (GC–EAD) and behavioural tests with anten-
nally active compounds (or blends thereof), would reveal
the chemical basis for the behaviour of Osmia bees observed
by Howell and Alarcón (2007). Because it has been shown
that carbon dioxide is perceived and utilized by the hawk-
moth Manduca sexta (L., 1763) (tobacco hornworm) as a
proxy to the presence of floral nectar, it might be worth-
while to track the temporal relationship between nectar pres-
ence and the emission of carbon dioxide from flowers. It is
not yet well understood whether floral CO2 is always a reli-
able indicator of floral nectar, or whether all flower-visiting
insects perceive and utilize concentration gradients in CO2
to assess nectar availability, as has been shown for Manduca
sexta visiting night blooming flowers of Datura wrightii Re-
gel (sacred datura) (Guerenstein et al. 2004; Thom et al.
2004; Goyret et al. 2008; Guerenstein and Hildebrand
2008). In sphingids, CO2-sensitive receptors are located in
the sensilla of the labial-palp pit organ (Stange and Stowe
1999), whereas bees also have them on their antennae (sen-
silla ampullacea) (Lacher 1964; Stange and Stowe 1999).
Honey bees measure CO2 within the hive and actively regu-
late concentrations by wing-fanning (Seeley 1974) to avoid
dangerously high levels of CO2 (Guerenstein and Hildebrand
2008). It is unknown whether bees respond to CO2 while
foraging to assess nectar availability in flowers, and whether
floral CO2 influenced the result of the Penstemon–Osmia
study. The localization of floral CO2 emission during nectar
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production has not yet been studied in detail. However, be-
cause it was suggested that high CO2 emission in flowers is
correlated with high metabolic activity during nectar produc-
tion (Goyret et al. 2008), CO2 may emanate from the necta-
ries and may be dissolved in nectar (a minority of it being
converted into carbonic acid), from which it could be emit-
ted subsequently. Therefore, CO2 could be an honest signal
for nectar-foraging insects, especially in short-lived flowers.
On the other hand, longer lived flowers infested with yeasts
may have dramatically modified nectar sugar composition
owing to fermentation (Herrera et al. 2008), which should
be accompanied by an increase in local CO2. Further experi-
ments are needed to determine whether the unwitting bee
vectors of floral yeasts (e.g., Bombus terrestris (L., 1758)
(buff-tailed bumblebee); Canto et al. 2008) perceive and re-
spond to floral CO2 and other fermentation volatiles.

Floral scent and communication in honey bee hives and
bumble bee colonies

In social bees, floral scent is not only important for host-
plant finding during foraging but also influences the behav-
iour of successful foragers in the hive (von Frisch 1919,
1965; Lindauer 1949; Kaschef 1957). Floral odours are
known to impact the interaction, communication, and re-
cruitement between returning workers and inactive workers
in the colony of honey bees, bumble bees, and stingless
bees (Ribbands 1954; Lindauer and Kerr 1960; Johnson
1967; Free 1969; Koltermann 1969; Wenner et al. 1969;
Getz and Smith 1987; Jakobsen et al. 1995; Dornhaus and
Chittka 1999; Reinhard et al. 2004a, 2004b; Arenas et al.
2007, 2008; Dı́az et al. 2007; Grüter et al. 2008; Molet et
al. 2009), and may also contribute to nest mate recognition
in honey bees. Each colony might forage on different flow-
ers and thereby acquire different odours that will ultimately
result in the development of colony-specific patterns of flo-
ral odours (Smith and Breed 1995).

The likelihood that a bee dances in the hive after return-
ing from a foraging trip (as well as the dance duration) is
increased when scent, as well as sugar, is available at the
feeding source (Kaschef 1957; Lindauer 1949). Furthermore,
the frequency of trophallactic (mouth-to-mouth) nectar
transfers between dancers and nest mates increases when
dancers forage from a scented food source compared with a
nonscented food source (Dı́az et al. 2007). Together, these
within-hive responses of honey bees to floral odours result
in an increased number of bees recruited to the task of for-
aging. Nest mates in the hive that come in contact with the
odour of the dancer (e.g., during trophallaxis) learn this
odour (Farina et al. 2007; Grüter et al. 2006), and during
subsequent foraging bouts they prefer food sources (flowers)
that emit this odour over other odours or over scentless food
sources (Koltermann 1969). Interestingly, a similar pattern
has recently been documented for bumble bees (Dornhaus
and Chittka 1999; Molet et al. 2009). In Bombus terrestris,
nest mates learn the scent brought back to the colony by a
successful forager, and when recruited by the forager (which
performs an excitatory run), strongly prefer this odour over
other odours encountered during their own foraging activity.
However, the recruitment effect itself is independent of the
scent introduced to the colony and is due to a pheromone
produced in an abdominal gland (Dornhaus et al. 2003;

Mena Granero et al. 2005b). Interestingly, this pheromone
contains compounds known to be widespread in floral scents
(1,8-cineole, (E,E)-farnesol, (Z)-b-ocimene), with
1,8-cineole shown to be the most important in recruiting
bumble bees (Mena Granero et al. 2005b). It is unknown
whether these compounds also play a role in host-plant find-
ing in bumble bees when they emanate from flowers rather
than from nest mates.

In honey bees, the presence of floral scent on a successful
forager returning to the hive (independent of whether this
forager is dancing or not) not only influences the behaviour
of inexperienced foragers but can also induce experienced
foragers to (re)visit scented sources emitting identical com-
pound(s) (von Frisch 1965). Recently, it was demonstrated
that when scent to which bees were trained at a feeder is
blown into the hive, it induces bees to recall navigational
and visual memories associated with that odour. Bees flew
to the location where they were trained to the scent even if
no feeders (and therefore no scent) were present (Reinhard
et al. 2004a, 2004b), demonstrating the importance of scent
in recruiting experienced bees.

In conclusion, these results demonstrate that floral scent
contributes not only to the foraging success of individual
bees, but also helps to increase the foraging efficiency and
thus the growth and reproductive fitness of bee colonies by
guiding recruited bees to rewarding resources (see Mattila
and Seeley 2007). In nature, nectar and pollen odours, as
well as floral odours adsorbed to the bees’ bodies, are im-
portant in the communication between successful foragers
and nest mates and for recruiting bees (Lindauer and Kerr
1960; von Frisch 1965). These plant products are often only
weakly scented (Dobson and Bergström 2000; Raguso 2004)
and further studies are needed to determine to what extent
nectar and pollen scent directly influence the communication
of bees in the hive, as well as the recruitment of flower-
experienced and flower-naı̈ve bees in a natural setting
(where bees visit flowers rather than artificial feeders). In
this respect, it also would be necessary to test the impor-
tance of nonvolatile characteristics of nectar or pollen
(e.g., amino acid composition, phenolic content, pollen lip-
ids), which may be detected by nest mates during trophal-
laxis and licking the pollen that is attached to successful
foragers (see Afik et al. 2006).

Floral scent and host-plant use by
specialized bees

Host-plant specialization in bees — definitions
Contrary to popular belief, female bees do not venture

into the floral market randomly when it comes to collecting
pollen that will be stored in brood cells for their developing
young. In fact, observational evidence suggests that a wide
array of bee species restrict their pollen-collecting bouts to
a narrow taxonomic range of plant species (Müller et al.
1997, 2006; Minckley and Roulston 2006). This taxonomic
specialization can be divided into two subcategories, namely
constancy and oligolecty. Floral ‘‘constancy’’ concerns the
transient focus of an individual bee on a host-plant species
during a foraging bout despite the availability of alternative
hosts in the habitat; this phenomenon has been particularly
well documented from experienced foragers in different spe-
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cies of social (e.g., Wilson and Stine 1996) and solitary
(e.g., Rust 1990) bees. On the other hand, ‘‘oligolecty’’ de-
scribes (in the widest acknowledged sense) the taxonomic fi-
delity of female bees to a consistent and sometimes narrow
spectrum of host-plant species throughout their life, their
geographic range, and across generations. This specialization
finds an extreme in so-called ‘‘monolectic’’ species, for
which females gather pollen from only one plant species.
By contrast, ‘‘polylectic’’ taxa are characterized by a wide
taxonomic spectrum of pollen hosts. By coining these terms
associated with pollen specialization in bees, Robertson
(1925, 1926) provided the first theoretical framework to in-
vestigate the ecology of bee–flower interactions in a more
systematic approach, by defining host specificity in bees by
pollen collection, rather than simply by range of flowers vis-
ited. Robertson’s (1925, 1926) studies paved the way for
more in-depth investigations on the identification of pollens
from brood cells, as well as those contained in pollen pellets
transported by female bees.

A substantial body of work on this topic has accumulated
over the 20th century, culminating in the recent publications
by Cane and Sipes (2006) and Müller and Kuhlmann (2008)
that offer revised lexicons on pollen specialization by bees
(for a historical perspective, definitions, and examples see
Table 2). These two recent studies have redefined and subdi-
vided the classification of Robertson (1925, 1926) in an at-
tempt to provide a better picture of how monolecty (extreme
specialization) grades into polylecty (generalization), and
how the degree of dietary specialization can be character-
ized by measurements of the taxonomic composition of pol-
len loads (in percentage by pollen grain number or
percentage by pollen grain volume) for any bee species. De-
spite the relative coherence of these two recent lexicons of
pollen specialization and the apparent ease of use of their
associated methods, four factors may occasionally make
their application more difficult.

First, the question of monolecty. Although this category
has been suggested by Robertson (1925), possibly based on
too little evidence (see Cane and Sipes 2006), there is a gen-
eral agreement that monolecty sensu stricto is extremely rare
in nature. Indeed, several species described as strictly mono-
lectic have later been found to collect pollen on alternative
hosts when their preferred host plant was not available. One
such example is Colletes hederae Schmidt and Westrich,
1993 (European ivy plasterer bee), which was previously
thought to be monolectic on Hedera helix L. (English ivy)
(Schmidt and Westrich 1993) (Fig. 2A) but has since then
been described as ‘‘polylectic with a strong preference for
ivy’’ (Müller and Kuhlmann 2008; Westrich 2008). Ascrib-
ing a bee species to the category monolecty requires that
the bee switch onto a taxonomically or ecologically isolated
host plant, such as the various bee species that have special-
ized on Larrea tridentata (Sessé & Moc. ex DC.) Coville
(creosote bush) in southwestern USA (Hurd and Linsley
1975). Another route to monolecty is the evolution of a spe-
cialized pollen-collecting behaviour exclusive to the plant
species visited and incompatible with sister species of the
preferred host plant found in sympatry. One such case would
be Anthemurgus passiflorae Robertson, 1902 (passionflower
bee), whose only known pollen host is Passiflora lutea L.
(wild yellow passionflower). The pollen collection behav-

iour of females of A. passiflorae is indeed adapted to their
host plant and apparently incompatible with other sympatric
passionflowers like Passiflora incarnata L. (purple passion-
flower). Furthermore, the geographic range of A. passiflorae
does not seem to reach habitats where other potentially com-
patible Passiflora species occur (Neff and Rozen 1995; Neff
2003).

Second, the question of incorporation of the geographic
and temporal context in the ecology of bees. A more de-
tailed picture of host-plant specialization in bees will be
sketched when the breadth of their dietary ‘‘niche’’ will be
thoroughly explored at different spatial scales (e.g., across
populations in their home range), as well as during succes-
sive years. To date, the pollen host records of most bee spe-
cies are largely based on the analysis of pollen pellets
extracted from small numbers of pollen-laden female bees
curated in entomological collections. Surely, investigating
pollen hosts in bees on a wide geographic scale requires la-
bour-intensive samplings and might prove difficult to organ-
ize in practice, as several bee species are locally rare and
nests are not readily found amid the vegetation. However,
such data would provide important insights on the predict-
ability of pollen hosts in bees and may help resolve equivo-
cal cases of pollen specialization in bees.

Third, the question of purity of pollen pellets. Although a
large proportion of bees often rely exclusively on specific
plant species for their development, the plants visited are
pollinated by a wide taxonomical range of pollinators that
have themselves evolved towards generalization (e.g., Her-
rera 1996, 2005; Ollerton 1996; Waser et al. 1996). It is,
therefore, expected that the alternative visitors or pollinators
could mediate secondary deposition of nonhost pollen on
flowers of the host plant, particularly if the flowers are
easily accessible and displayed in open inflorescence like in
the ubiquitous family Asteraceae. Consequently, caution
should be taken when quantifying the purity of pollen pellets
collected by a bee on flowers, because nonhost pollen grains
might have been incorporated by mistake, although the spe-
cialized females might have restricted their foraging bouts to
their predicted host plant (see the discussion in Müller 1996;
Cane and Sipes 2006)

Finally, the question of biological relevance of taxonomi-
cally diverse pollen hosts. One aspect of pollen specializa-
tion concerns the number of potential pollen hosts for a
given bee taxon. Part of the ongoing debate concerns the ex-
tent to which oligolectic bees that specialize on plant species
in relatively small families (i.e., Campanulaceae) should be
ascribed to the same category of pollen specialization as
bees that use plant species in extremely diverse lineages
(i.e., Asteraceae). This ambiguity is reflected in the differen-
ces of nomenclature used by Cane and Sipes (2006) com-
pared with Müller and Kuhlmann (2008) (see Table 2).

In light of these important factors for the study of bee–
flower interactions, future studies should attempt to uncover
the underlying mechanisms of dietary specialization in bees.
Such projects should be coupled with parallel efforts to im-
prove the current methods of pollen identification, which
will ultimately provide opportunities to test whether some
of the categories are redundant, which criteria should be
used in the future, and if all contemporary categories of pol-
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Table 2. Evolution of categories of pollen-host range in wild bees (after Robertson 1925, 1926; Cane and Sipes 2006; Müller and Kuhlmann 2008).

Category of pollen-host range Number of plants visited

Robertson
(1925, 1926)

Cane and Sipes
(2006)

Müller and Kuhlmann
(2008) Species Genera Families

Examples from Westrich (1989); Müller (1996);
Cane and Sipes (2006); Michener (2007); Müller
and Kuhlmann (2008)

Monolecty Monolecty Monolecty 1 1 1 Anthemurgus passiflorae

Oligolecty

Narrow oligolecty Narrow oligolecty >1 1 1

Andrena apicata Smith, 1847; Andrena curvungula
Thomson, 1870; Andrena florea Fabricius, 1793;
Andrena potentillae Panzer, 1809; Andrena
ventralis Imhoff, 1832; Bombus gerstaeckeri;
Chelostoma campanularum (Kirby, 1802);
Colletes hylaeiformis Eversmann, 1852; Colletes
sierrensis Frey-Gessner, 1903; Hoplitis
anthocopoides (Schenck, 1853); Macropis
europaea Warncke, 1973; Macropis fulvipes;
Melitta tricincta Kirby, 1802; Melitta
haemorrhoidalis (Fabricius, 1775); Osmia
cerinthidis Morawitz, 1876; Systropha planidens
Giraud, 1861

Oligolecty Broad oligolecty >1 >1 1

Andrena fuscipes (Kirby, 1802); Andrena
hattorfiana (Fabricius, 1775); Andrena lagopus
Latreille, 1809; Andrena lapponica Zetterstedt,
1838; Andrena lathyri Alfken, 1899; Andrena
marginata Fabricius, 1776; Colletes halophilus
Verhoeff, 1944; Colletes similis Schenck, 1853;
Dasypoda hirtipes (Fabricius, 1793) (= Dasypoda
altercator (Harris, 1780)); Panurgus banksianus
(Kirby, 1802); Rophites algirus Pérez, 1895;
Rophitoides canus (Eversmann, 1852)

Eclectic oligolecty
Eclectic oligolecty >1 2–4 2–3

Diadasia spp.; Calliopsis andreniformis Smith,
1853; Osmia ribifloris Cockerell, 1900

Mesolecty

Polylecty

Polylecty with strong
preference

Wide taxonomical range, but one plant species, genus,
or family generally predominates

Andrena labiata Fabricius, 1781; Anthidium
punctatum Latreille, 1809; Colletes carinatus
Radoszkowski, 1891; Colletes impunctatus
Nylander, 1852; Colletes hederae Schmidt and
Westrich, 1993; Colletes succinctus (L., 1758);
Colletes albomaculatus (Lucas, 1849); Colletes
dorsalis Morawitz, 1888

Polylecty
Mesolecty >1 >4 2–3

Anthidium manicatum (L., 1758); Colletes
intricatus Smith, 1879; Colletes acutus Pérez,
1903

Polylecty sensu stricto >1 >4 4 or more

Andrena fulva Viereck, 1916; Colletes brevigena
Noskiewicz, 1936; Colletes cunicularius;
Colletes maidli Noskiewicz, 1936; Osmia bicolor
(Schrank, 1781); Osmia caerulescens (L., 1758);
Osmia rufa (L., 1758)

Broad polylecty
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len specialization in bees are biologically and ecologically
relevant.

How specialized bees find their pollen hosts
How do flower odours impact the proximate choices

made by specialized bees of which flowers to visit? To
date, remarkably few studies have been conducted on the ol-

factory capabilities of bees and the signals that they use for
finding their preferred pollen hosts. In fact, the role of
whole-flower and pollen volatiles has been investigated for
only seven specialized bee taxa in total, six of which were
found to be attracted by the odour sources in bioassays
(Dobson 1987; Bergström et al. 1995; Dobson and Berg-
ström 2000; Dötterl et al. 2005; Andrews et al. 2007; Dötterl

Fig. 2. Representative solitary bees that have evolved pollen specialization: (A) Colletes hederae (European ivy plasterer bee) on Hedera
helix (English ivy); (B) Chelostoma florisomne (sleepy carpenter bee) on Ranunculus sp. (buttercup); (C) Peponapis sp. in an inflorescence
of Cucurbita sp. (gourd); (D) Andrena vaga on an inflorescence of Salix sp. (willow); (E) Macropis fulvipes on Lysimachia punctata (large
yellow loosestrife); (F) Heriades truncorum on Anthemis tinetoria L. (yellow chamomile). All individuals are females except for the indivi-
dual in B. All photographs by N.J. Vereecken except for C, which is by J. Forman Orth (reproduced with permission).
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and Schäffler 2007; Dötterl 2008; Burger et al. 2009, 2010).
The attractive scent compounds have only been identified in
three cases thus far and these are discussed with the context
of our nascent understanding of pollen-host specialization in
bees.

The chemical basis of specialized bee–flower interactions
was first elucidated by Dobson and Bergström (2000), who
investigated the floral scents of the genus Ranunculus L.
(Ranunculaceae; buttercup), the preferred host plants of the
narrow oligolectic Chelostoma florisomne (L., 1758) (West-
rich 1989; Sedivy et al. 2008) (Fig. 2B). They found that
foraging inexperienced adult female bees that had been ex-
posed to pollen and nectar of Ranunculus during the larval
stages were attracted by protoanemonine (5-methylene-
2(5H)-furanone), an uncommon floral scent compound often
found in high concentrations in pollen of Ranunculus spp.
(Bonora et al. 1988; Bergström et al. 1995; Jürgens and Döt-
terl 2004). This volatile lactone, which is particularly toxic
to insects and mammals and has renowned antibiotic proper-
ties (Tocan and Baron 1969; Didry et al. 1991), occurs in a
wide range of Ranunculaceae and may owe its evolutionary
origin to defense against florivory or pathogens because they
often grow in moist habitats. The females of C. florisomne
may use this compound to discriminate Ranunculaceae from
non-Ranunculaceae, but there are likely to be additional fea-
tures (e.g., morphological or other chemical cues) of Ranun-
culus used by Chelostoma to discriminate hosts from
nonhosts within Ranunculaceae, as protoanemonin also oc-
curs in nonhost Ranunculaceae growing with Ranunculus.
Low-volatility compounds may be especially important in
pollen-host recognition, as Chelostoma bees only responded
to pollen odours when they were within 1 cm of their source
(Dobson and Bergström 2000). Experienced Chelostoma
bees recognized host plants based on whole-flower odours
rather than pollen odours, but the compounds important in
this process remain unknown (Dobson and Bergström 2000).

In another study, Andrews et al. (2007) showed that the
females of Peponapis pruinosa (Say, 1837) (North Ameri-
can squash bee), a narrow oligolectic species specialized on
Cucurbita spp. (Fig. 2C), are attracted to flower volatiles
emitted by flowers of their pollen hosts. Volatiles were of-
fered in yellow traps at a concentration 100-fold higher than
that emitted naturally by Cucurbita flowers. The authors
used 1,2,4-trimethoxybenzene and indole, which had been
identified in headspace samples collected from Cucurbita
flowers (Andersen and Metcalf 1987; Mena Granero et al.
2005a; Ferrari et al. 2006), and (E)-cinnamaldehyde, which
was identified in cucurbit floral steam distillates (Andersen
1987). Behavioural experiments using yellow traps baited
with these compounds at concentrations 100� higher than
natural emissions revealed that female bees used 1,2,4-tri-
methoxybenzene and (E)-cinnamaldehyde, but not indole.
Recently it was found that 1,2,4-trimethoxybenzene is emit-
ted mainly by the nectar and indole by the petals of Cucur-
bita pepo L. (field pumpkin) (Mena Granero et al. 2005a).
So, we suggest that this compound may be used by females
of P. pruinosa to discriminate between nectar-rich and nec-
tarless flowers. This study calls for several follow-up experi-
ments, notably (i) to confirm whether (E)-cinnamaldehyde is
also found in headspace samples of Cucurbita flowers,
(ii) to investigate whether both flower naı̈ve and experienced

female bees are attracted by these compounds, and finally
(iii) to examine whether the attraction of female bees would
differ significantly if the experimental stimuli were scaled
down to match the emission patterns of individual Cucurbita
flowers. It would also be of interest to test the extent to
which linalool influences the attraction of females of Pepo-
napis, because this compound is usually emitted in high
amounts not only by the petals but also by the anthers of
Cucurbita flowers. The detection of this compound could,
therefore, be used by the bees to quantify the amount of pol-
len available in flowers.

Dötterl et al. (2005) recently have shown that 1,4-
dimethoxybenzene, another volatile aromatic compound
structurally similar to 1,2,4-trimethoxybenzene, mediates the
attraction of Andrena vaga Panzer, 1799, another narrowly
oligolectic bee that collects pollen only from Salix inflores-
cences (Bischoff et al. 2003) (Fig. 2D). Their GC–EAD
analyses revealed that both female and male bees can detect
several odour compounds emitted from the inflorescences of
Salix caprea L. (goat willow) and Salix atrocinerea Brot.
(= Salix cinerea ssp. oleifolia (Sm.) Macreight) (large gray
willow), but the strongest antennal response to headspace
extracts was elicited by 1,4-dimethoxybenzene (Fig. 3A).
This compound was subsequently found to attract females
of Andrena vaga early after their emergence when assayed
on their nesting site (Dötterl et al. 2005). Another series of
experiments revealed that this compound also attracted
males, and that other biologically active compounds (except
eugenol) were equally attractive to males and females of
A. vaga (Fig. 4). These studies have highlighted that the
bees were only attracted to the scent stimuli early after
emergence (S. Dötterl, unpublished results), which suggests
that flower-naı̈ve bees might rely on innate preferences for
floral or pollen odours during their first visits to their pollen
hosts, whereas experienced bees might be less attracted by
the odour signals and instead use other cues (e.g., land-
marks) to return to specific host-plant patches. The volatile
compounds identified as attractants for A. vaga have also
been found in the scents of diverse flowering plants other
than willows (Knudsen et al. 2006). Furthermore, several of
these compounds are absent in other willow species visited
by A. vaga (Westrich 1989; Füssel et al. 2007; S. Dötterl,
unpublished results), which suggests that other odours, in-
cluding less volatile and perhaps more Salix-specific com-
pounds, could attract females of A. vaga at close range and
allow final host-plant recognition.

Collectively, these three case studies demonstrate that
specialized bees have olfactory receptors for some floral
volatiles emitted by their host plants but most likely not for
others, and that these bees also have evolved innate prefer-
ences for some of these compounds. Considering the results
of the behavioural assays conducted so far, it seems reason-
able to hypothesize that adults of specialized bees might ini-
tially rely on an innate olfactory ‘‘search image’’ (sensu
Tinbergen 1960; Gegear and Laverty 2001) that might be
changed through experience into a learned multimodal
‘‘search image’’, which could include floral colour, shape,
location, and other cues (see also Menzel 1985). However,
the chemical basis for host-plant finding in oligolectic bees
is not fully understood in any of these systems. The current
state of knowledge calls for more research on the role of

Dötterl and Vereecken 679

Published by NRC Research Press



Fig. 3. Antennal responses of female and male bees to floral scent headspace samples of host plants of the oligolectic female bees.
(A) Andrena vaga tested on Salix caprea (from Dötterl et al. 2005 and reproduced with permission of J. Chem. Ecol., vol. 31, issue 12,
p. 2996, #2005 Springer-Verlag). (B) Macropis fulvipes tested on Lysimachia punctata. In Andrena and Macropis species, both sexes re-
sponded similarly to the scent samples, but floral visitation behaviour differed strongly between the sexes. This result suggests that sexual
dimorphism in foraging behaviour results from central processing (rather than peripheral screening) of olfactory stimuli. *Response to 1-
hydro-1-phenyl-2-propanone.

Fig. 4. Attraction of female and male Andrena vaga bees to different floral scent compounds and a mixture thereof compared with a nega-
tive control. The compounds were diluted 10-fold (in paraffin) and presented to the bees on impregnated gas chromatograph (GC) septa.
The total number of bees attracted is given in the bars. The asterisks indicate that bees significantly preferred the compound (or mixture)
over the control (observed vs. expected c2 test, a = 0.05); ns indicates that the odour stimuli and the control did not differ significantly in
attractiveness.
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chemical signals used by specialized bees for host-plant
finding or recognition and the extent to which responses to
visual vs. olfactory signals are modified by experience. The
results obtained from such studies will undoubtedly add im-
portant pieces to the puzzle and challenge our current under-
standing of bee–flower interactions. For example, Dötterl
and Schäffler (2007) have reported that experienced females
of Macropis fulvipes (Fabricius, 1804), a narrow oligolectic
species that collects pollen and floral oil on Lysimachia spp.
(Westrich 1989; Michez and Patiny 2005) (Fig. 2E), can be
attracted to flower extracts of one of its hosts (Lysimachia
punctata L. (large yellow loosestrife)) from up to a few
metres, which emphasizes the importance of flower scent
for host-plant finding in this group of specialist bees (Dötterl
and Schäffler 2007). Some uncommon benzenoid volatiles
have been found in the floral scents of flowers of L. punc-
tata, including the biologically active 1-hydroxy-1-phenyl-
2-propanone (Dötterl and Schäffler 2007; Dötterl 2008) (see
also Fig. 3B). However, this compound failed to attract
flower inexperienced, as well as experienced, female bees
from a distance, even when the enantiomeric composition
found in the pollen hosts was assayed (S. Dötterl, unpub-
lished results). Other EAD-active compounds also did not
attract the bees, suggesting that different approaches will be
necessary to uncover the cues mediating this pollination sys-
tem. It seems unlikely that a colour cue, which is needed in
several oligolectic species for triggering behavioural re-
sponses to scents (Dobson and Bergström 2000), is essential
for host-plant finding in Macropis, as both inexperienced
and experienced bees responded to the host scent without
an additional visual floral stimuli (S. Dötterl, unpublished
results).

Host plant inheritance: chemical legacy vs. genetic
imprinting

How might floral odours contribute to host choice in a
more ultimate context? Like all phytophagous insects, bees
face the major challenge that the host plants supporting their
larval development are selected at the adult stage over a
range of potential hosts by the pollen-collecting female
bees. Linsley (1958) first suggested that the chemosensory
environment provided by pollen odours stored in the brood
cells represents the only chemical ‘‘search image’’ a freshly
emerged female bee can use to find a suitable host plant.
This theory of ‘‘chemical legacy’’, also termed Hopkins’
host-selection principle (HHSP), has been formulated based
on the observation that insects actively prefer the host spe-
cies that supported their larval development when given a
choice among different co-occurring hosts (reviewed by
Barron 2001). The concept continues to be widely debated
in the literature and remains far from resolved at present
(see van Emden et al. 1996; Rietdorf and Steidle 2002;
Facknath and Wright 2007; Niklas et al. 2009).

To test the effect of larval experience on adult condition-
ing and host-plant preference, Dobson and Ayasse (2000)
reared larvae of the polylectic bee Osmia bicornis (L.,
1758) (= Osmia rufa (L., 1758)) on pollen of Brassica napus
L. (turnip rape), but their results showed no effect of larval
experience on the preferences of the next-generation female
bees for B. napus. By contrast, Praz et al. (2008b) tested the
HHSP with the solitary bee Heriades truncorum (L., 1758)

(Fig. 2F) that is broadly oligolectic on Asteraceae but can
also develop on pollen of nonhost plants such as Campanula
L. (Campanulaceae; bellflower), Echium L. (Boraginaceae;
vipersbugloss), and Sinapis L. (Brassicaceae; mustard).
Their results showed unambiguously that the newly emerged
females consistently collected pollen from their preferred
host plants (Asteraceae), irrespective of the pollen types
that they had been fed with during larval development (Praz
et al. 2008b). These results suggest that genetically deter-
mined factors predominate in host-plant recognition in this
species, but the extent to which the conclusions from this
study apply to other specialized bee species remains unclear.

The dynamics and patterns of host-plant use by bees
Although a wide range of bee species are specialized on

certain pollen hosts (Cane and Sipes 2006; Minckley and
Roulston 2006; see above) and the preference of female
bees for these hosts seems — at least in some cases — to
have a relatively strong genetic basis (see above), changes
in host plants do occur among closely related species of
bees. Overall, the most frequently observed patterns are
shifts by oligolectic species from one plant taxon to another.
The host plants used tend to be related in most cases (Sipes
and Tepedino 2005; Patiny et al. 2007; Michez et al. 2008),
which is consistent with the patterns observed in other
groups of phytophagous insects (see Mitter and Farrell
1991) and could be partially explained by the phylogenetic
conservatism of the host plants’ secondary chemistry (Smith
1976). However, some specialist bee species have also
undergone shifts between unrelated host plants (e.g., Müller
1996; Michez et al. 2008; Müller and Kuhlmann 2008), for
which one possible explanation is that these broad taxo-
nomic ‘‘jumps’’ might have been facilitated by a shared
chemistry of the preferred host plants.

When changes are detected in the breadth of host-plant
use, most transitions concern shifts from oligolecty to poly-
lecty; that is, an increase in host breadth or generalization
(Müller 1996; Sipes and Tepedino 2005; Patiny et al. 2007;
Michez et al. 2008). That being said, independent shifts
from generalization to specialization also have been de-
scribed in the family Halictidae (Danforth et al. 2003;
McGinley 2003). Similarly, Bombus consobrinus Dahlbom,
1832 and Bombus gerstaeckeri Morawitz, 1881, two Euro-
pean bumble bee species, have independently evolved spe-
cialization on Aconitum L. (monkshood) and other closely
related species in the Ranunculaceae (Löken 1961; Müller
et al. 1997; Westrich 1989; Mahé 2007; for the phylogeny
of the genus Bombus see Cameron et al. 2007).

What is the relative importance of floral chemistry, com-
pared with floral colour, flower morphology, and pollen
morphology, in mediating evolutionary host shifts by speci-
alized bees? It has been assumed in these cases that the pat-
terns of host-plant evolution might be driven by the floral
morphology of the targeted host plants (Sipes and Tepedino
2005; Michez et al. 2008). For example, some bee lineages
in the North American deserts have shifted between dis-
tantly related but morphologically similar species in the
family Cactaceae and Malvaceae that grow in close vicinity
(Minckley and Roulston 2006, and references therein). An-
other morphological trait of importance might be pollen
size (Pernal and Currie 2002), especially in cases where oli-
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golectic bees are adapted to plants (e.g., Convolvulus L.
(Convolvulaceae; morning glories) or Malva L. (Malvaceae;
mallows)) producing extraordinarily large pollen grains
(Thorp 1979; Minckley and Roulston 2006). Flower colour,
which is one dimension of the visual display of flowers,
seems to play a minor role in host-plant switches in bees.
However, though most bees have three visual receptors
(UV, blue, green), one bee species (the andrenid Callo-
nychium petuniae Cure and Wittman, 1990) that is special-
ized on purple flowers of the Petunia Juss. (Solanaceae;
nightshades) evolved an additional red receptor, which may
have been an important prerequisite in effectively detecting
the purple flowers and using Petunia as host plants (Peitsch
et al. 1992). Pollen nutrient content appears to be less im-
portant for bee foraging and host-use evolution (Roulston et
al. 2000), in contrast to the presence of defensive com-
pounds that may act as a strong barrier to host-plant
switches, because the pollen of some taxonomic groups
might possess protective chemicals that hamper digestion
by bees (see Williams 2003; Praz et al. 2008a). Pollen de-
fensive compounds, therefore, seem to act as a floral filter
(for a discussion on floral filters see Johnson et al. 2006) in
bees, and not only attraction but also repellence may, there-
fore, be an important dimension for host-plant evolution of
bees.

Considering the information reviewed above, flower or
pollen odour appears to contribute significantly to the evolu-
tion of host-plant use in bees. Several oligolectic bees use
floral volatiles to find and discriminate host plants from
nonhosts (Dobson and Bergström 2000). The olfactory pref-
erence of oligolectic bees for their pollen hosts seem to have
an important genetic basis in the few species investigated so
far, when females were not influenced by pollen or nectar
odours to which they were exposed during their larval devel-
opment or as emerging adults (Praz et al. 2008a). Similar
experiments should now be performed on a wider range of
species. In particular, analyses of the attractive scent com-
pounds used by specialist and generalist bees in combination
with the determination of their olfactory capabilities should
be performed to increase our understanding of the mecha-
nisms of host-plant use and switches in oligolectic bee spe-
cies. For example, it could be hypothesized that host-plant
switches are due to changes in the bees’ capacity to detect
floral scents (e.g., gain or loss of olfactory antennal recep-
tors) correlated with changes in behavioural responses to
scents (see Menken and Roessingh 1998). However, rather
than argue for the primacy of one sensory modality over an-
other, we urge bee biologists to design balanced studies in
which several dimensions of floral traits (odour, colour, iri-
descence, tactile cues, shape, size, and composition of pollen
and whole flowers), as well as the community context in
which they are presented, are assayed simultaneously.

Male bees and their ‘‘pseudofemale’’ orchids
Thus far, we have concentrated on the odour-mediated

foraging behaviours of female solitary and social bees and
on the cues used by specialized solitary bees for host-plant
finding. Interestingly, the males of many of the bee lineages
discussed above (e.g., genera Andrena Fabricius, 1775 and
Colletes Latreille, 1802) also visit flowers for a diversity of

reasons that are only now beginning to be fully appreciated.
Male bees are undoubtedly the neglected gender in scientific
studies (Koeniger 2005), particularly on the ecology and
evolution of bee–flower associations. Surely, co-opting male
insects as pollinators should be regarded as an exception in
the pollination biology of flowering plants. Males are usu-
ally short lived and have traditionally been caricatured as in-
vesting their time and energy only transiently to mate with
emerging females, spending the rest of their adult life mov-
ing leisurely amid the nearby vegetation and probing flowers
for nectar. If this were true, it would be fair to consider that
male bees contribute very little to their offspring and virtu-
ally nothing to the pollination of flowers in their habitat. But
in reality, we find that male bees, particularly in non-Apis
species, patrol for mating partners throughout the day and
during the whole mating period, literally using up all their
resources searching for emerging females (Alcock et al.
1978; Paxton 2005). Moreover, the reproduction — and
hence the survival — of hundreds of orchid species relies ex-
clusively on the attraction of male bees and wasps as polli-
nators through sexual deception, i.e., the false promise of
sex.

Unlike the vast majority of flowering plants, but similar
to approximately one third of all 30 000 orchid species de-
scribed to date, the flowers of ‘‘sexually deceptive’’ orchids
provide no reward of any kind to their pollinators (Dafni
1984; Jersáková et al. 2006; Renner 2006). For example, it
has been suggested that these orchids might achieve unusu-
ally high degrees of pollinator specificity in pollen transfer
and low rates of pollen loss through the assiduous focus of
males on finding conspecific mates throughout their repro-
ductive season (Alcock et al. 1978; Paxton 2005). Besides,
the movement patterns of males during the reproductive sea-
son differ strikingly from those of conspecific females,
many of whom are central-place foragers bound physically
by proximity to their nests (Eickwort and Ginsberg 1980).
In particular, the capacity of males to patrol for mating part-
ners over long distances (Williams and Dodson 1972;
Peakall 1990; Peakall and Beattie 1996) could potentially
help the orchids maximize outcrossing distances and
promote genetic mixing within and among populations via
long-distance dispersal of pollen masses (see Johnson et al.
2004).

Pollination by sexual deceit has evolved several times
independently in different genera across Australia (e.g.,
Coleman 1928; Stoutamire 1975; Peakall et al. 1987; Jones
1988; Peakall 1990; Bower 1996, 2006), the Neotropics
(van der Pijl and Dodson 1966; Dod 1976; Singer 2002;
Singer et al. 2004; Blanco and Barboza 2005; Ciotek et al.
2006), South Africa (genus Disa P.J. Bergius (Orchidaceae);
Steiner et al. 1994), and Europe (Schiestl 2005; Ayasse
2006; Delforge 2006; Jersáková et al. 2006; Vereecken
2009). Cross-pollnation in sexually deceptive orchids is brought
about through a process termed ‘‘pseudocopulation’’, whereby
the male bees unwittingly transfer the orchids’ pollen
masses from one flower to the next as they successively
attempt copulation with the flower labellum as a female
decoy. The floral signals involved in this mimicry
remained a mystery until the second half of the 20th
century when based on behavioural experiments with the
pollinators and comparative analyses of floral traits of the

682 Can. J. Zool. Vol. 88, 2010

Published by NRC Research Press



orchid Ophrys L. (Orchidaceae), Bertil Kullenberg pro-
posed that floral odours were the key to the attraction of
the male insects as pollinators (Kullenberg 1956, 1961). In
Ophrys orchids, it has been shown that out of the 100+
compounds emitted by the individual flowers (Schiestl et
al. 1999, 2000; Ayasse et al. 2000), only a subset of
them, in particular straight-chained, monounsaturated al-
kenes 21–29 carbons long, are also used by the female
bees in similar proportions and effectively constitute the
female sex pheromone signal (Schiestl et al. 1999; Mant
et al. 2005a; Stökl et al. 2007). Sympatric Ophrys species
that are adapted to different pollinators are usually repro-
ductively isolated through the species-specific patterns of
alkenes emitted by their flowers (Schiestl and Ayasse
2002; Stökl et al. 2005) (ethological isolation, but see
Stökl et al. 2008). When the sympatric Ophrys species
have converged towards the attraction of the pollinator spe-
cies, cross-pollination is usually prevented by the species-
specific orientations of the hairs covering the labellum of
each species, leading the attachment of the orchids’ pollen
masses on different body parts of the insect (e.g., head vs.
abdomen tip) during pseudocopulations (Kullenberg 1961;
Ågren et al. 1984; Borg-Karlson 1990; see also Pauw
2006; but see Gögler et al. 2009). Mechanical and etholog-
ical isolation barriers help maintain strong reproductive
isolation, especially when they act in concert (Johnson
2006; but see Cortis et al. 2009).

In-depth studies into the reproductive behaviour of the
plasterer bee Colletes cunicularius (L., 1761) have led to in-
sights on the mechanisms that drive the evolution of sexual
deception in Ophrys orchids. In a first series of experiments
that combined chemical analyses of floral scents with
behavioural bioassays in a subtractive design, Mant et al.
(2005a) successfully narrowed down the whole spectrum of
several tens of odour compounds to just three alkenes
((Z)-7-heneicosene, (Z)-7-tricosene, (Z)-7-pentacosene) that
were as attractive as the whole blend and used by the
emerging females as sex pheromones. This finding paved
the way for further experiments on a multiple-population
scale that assessed the spatial variation of sex pheromone
signals and floral scents in this Ophrys–bee interaction.
These follow-up studies found evidence for population-
specific patterns of the key odour compounds in a manner
reminiscent of ‘‘dialects’’ (Mant et al. 2005b; Vereecken et
al. 2007). Although it was expected that the orchids’ floral
odour bouquet should mimic the female sex pheromone of
its pollinator as closely as possible to attract the targeted
males, Vereecken and Schiestl (2008) found that the
proportions of the three alkenes emitted by the orchids in
sympatry were significantly different from the bees’.
Ensuing behavioural bioassays using natural extracts of the
bees and the orchids showed that the ‘‘imperfect’’ orchid
mimics were in fact actively preferred by males over their
own females. The authors suggested that because males of
C. cunicularius have a clear preference for exotic female
signals (see Vereecken et al. 2007), their preferences might
have transferred into selection on the floral scent of the
orchids towards similar but not identical proportions of the
odour compounds found in the local females’ sex
pheromone (Vereecken and Schiestl 2008).

The abovementioned studies have largely focused on flo-

ral scent, particularly the low-volatile compounds, because
they proved to be capable of triggering attraction 2–3 m
from the odour source, landing and stereotyped copulatory
behaviour in the male insects, even when assayed on visu-
ally neutral dummies such as small plastic beads (see Mant
et al. 2005a, 2005b; Vereecken et al. 2007; Vereecken and
Schiestl 2008). Conversely, the highly volatile compounds
that have been the focus of earlier investigations on the
chemistry of Ophrys–pollinator interactions only triggered
‘‘quick approaches’’, ‘‘persistent approaches’’, or ‘‘quick vis-
its’’ (terms coined by Kullenberg 1956) by the patrolling
males and failed to reproduce genuine copulation attempts
of the male insects with the scented dummies (Kullenberg
1956; Tengö 1979; Bergström et al. 1980; Borg-Karlson et
al. 1985; Borg-Karlson and Tengö 1986). The results de-
picted in Fig. 5 show that linalool, a highly volatile com-
pound emitted by females of C. cunicularius (Bergström
and Tengö 1978; Cane and Tengö 1981; Borg-Karlson et al.
2003) and by the flowers of Ophrys exaltata Tenore (Borg-
Karlson 1990; Borg-Karlson and Groth 1986; Mant et al.
2005a) acts as a long-range attractant for males of C. cuni-
cularius. However, this compound is not capable of trigger-
ing copulation attempts by the males when assayed alone
(Fig. 5). Because the cuticular hydrocarbons used in these
bioassays are less-volatile compounds secreted on the cuticle
surface of females of C. cunicularius, Mant et al. (2005a)
suggested that the sex pheromone of C. cunicularius should
be considered a multicomponent blend, with linalool acting
as long-range mate attractant, whereas the epicuticular com-
pounds elicit male mating behaviour at short range.

Although there is a general agreement that floral chemis-
try holds the key to the mechanism of sexual deception in
Ophrys orchids, parallel investigations have studied the role
(if any) of visual cues in the attractiveness of flowers of
Ophrys orchids, driven by the obvious fact that flowers of
Ophrys orchids display spectacular colours and look remark-
ably like insects to the human eye (see Figs. 6C, 6D). Kul-
lenberg (1961) and Paulus (1988, 2007) showed that male
bees and wasps could be attracted to the flowers of their as-
sociated Ophrys species by a combination of visual and ol-
factory signals. However, Spaethe et al. (2007) pioneered
the quantification of the relative contribution of olfactory
vs. visual signals in pollinator attraction in Ophrys orchids
by performing dual-choice bioassays with intact flowers vs.
flowers deprived of their perianth, using Ophrys heldreichii
Schlechter, a species from Crete with a large pinkish peri-
anth surrounding the ‘‘pseudofemale’’ labellum. The authors
reported that the presence of the perianth triggered an in-
crease in the visitation rates by males of Tetralonia berlandi
Dusmet, 1926 (the long-horned bee), thus acting in synergy
with the odour signals of the labellum (Fig. 6D). Further-
more, the authors showed that the overall perianth colour of
O. heldreichii coincides precisely with the spectral reflec-
tance of sympatric ‘‘rendez-vous’’ flowers, i.e., other plant
species on which mating takes place shortly after males and
females emerge from their underground nest (Spaethe et al.
2007). This study illustrates that although chemical mimicry
of female cuticular pheromones might be the primary strat-
egy to attract male bees as pollinators in Ophrys orchids,
some species also might include visual contextual signals
along with their sex pheromone mimicry to enhance their at-
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tractiveness and thereby maximize their reproductive suc-
cess (see also Streinzer et al. 2009). No other such report
has been made so far in the genus Ophrys except by Ver-
eecken and Schiestl (2009), who showed that the polymor-
phic coloured perianth of Ophrys arachnitiformis Gren. &
M. Philippe does not influence visitation rates of males of
C. cunicularius, its main pollinator. The role of colour sig-
nals in pollination of Ophrys orchids is still largely unex-
plored, and we assume that floral colour might play a role
in other species such as in the narrow endemic Ophrys
aveyronensis (Wood) from southern France, which also dis-
plays a large white and pink perianth that is not found in
closely related species (Fig. 6C). This orchid is pollinated
by males of the mining bee Andrena hattorfiana (Fabricius,
1775) (Paulus and Gack 1999), the females of which are oli-
golectic on the white or pinkish inflorescences of
Knautia spp. and Scabiosa spp. (Dipsacaceae) (Figs. 6A,
6B) (Westrich 1989). Early in the reproductive season, the
males patrol these ‘‘rendez-vous’’ flowers in search of
freshly emerged females and attempt copulation with the lat-
ter as they collect pollen and nectar (Fig. 6B). This Ophrys–
pollinator pair might represent another instance of multi-
component floral mimicry that supports the findings by
Spaethe et al. (2007). The genus Ophrys promises a multi-
tude of other examples in which visual stimuli, labellum tex-
ture, and other contextual cues modify the chemical mimicry
of female sex pheromone to maximize the flowers’ attrac-
tiveness towards patrolling males (Vereecken 2009).

Floral scent and crop pollination
Bees have a great impact on the productivity of at least 50

of the leading agricultural crops in the world. In some of
these crops such as the watermelon, melon, pumpkin,
squash, zucchini, and kiwifruit (Actinidia deliciosa (A.
Chev.) C.F. Liang & A.R. Ferguson), bees are essential pol-
linators (Klein et al. 2007). Honey bees, especially Apis mel-
lifera and to a minor extent other Apis species (e.g., Apis
cerana Fabricius, 1793), are important pollen vectors for
many crop plants, but other social bees (bumble bees, sting-
less bees) and solitary bees (e.g., megachilids, anthophorids,
halictids) also contribute to crop yield. In some crops (e.g.,
passionfruit), productivity is ensured only through the polli-
nation service of solitary bees. Although the pollination of
crops by bees is acknowledged to be a critical ecosystem
service (Daily 1997; Kremen et al. 2002, 2004), little is
known about the attraction of bees to the flowers of crop
plants or about the extent to which floral scent contributes
to pollinator attraction, discrimination, and constancy in
agricultural settings. In crops such as tomato, mango, al-
mond, and Robusta coffee, the compounds emitted from the
flowers remain unknown. However, some knowledge is
available in cucurbits (Andersen 1987; Mena Granero et al.
2004, 2005a; Ferrari et al. 2006; Theis et al. 2009), different
Prunus L. species, such as sweet cherry and apricot (Baraldi
et al. 1999), apple (Loughrin et al. 1990; Buchbauer et al.
1993; Baraldi et al. 1999), pear (Baraldi et al. 1999), rasp-
berry (Robertson et al. 1995), turnip rape (Tollsten and
Bergström 1988; Ômura et al. 1999), roses (e.g., Dobson et
al. 1990), fennel (Chung et al. 2003), and kiwi (Tatsuka et
al. 1990; Crowhurst et al. 2008). In all these crops at least
one compound known to be attractive to at least one bee
species has been found (see Table 1), and several species
pollinated by the honey bee A. mellifera emit compounds
known to elicit behavioural responses from them. Moreover,
cucurbit flowers emit scents that have already been shown to
attract a specialized cucurbit pollinator, Peponapis pruinosa
(Andrews et al. 2007). These results emphasize the impor-
tance of flower scent in attracting generalized, as well as
specialized, bee pollinators to the major crops and point to
floral scent as an important (indirect) factor in world-crop
production.

For many years agriculturalists have sought to increase
the yield of many different crops by manipulating odours
that mediate the behaviour of bees. Honey bees were fed in-
side or outside the hive with sugar water containing the
scent of the crops or placed close to crop flowers (according
to protocols described by von Frisch (1944, 1965) and refer-
ences therein). When feeding in the hive, bees were condi-
tioned to the scent, and if they were recruited by a dancer,
were more likely to visit the crop whose scent was presented
in the hive. Similarly, visitation rates to specific crops could
be increased when feeding the bees outside the hive. Forag-
ers feeding from the scented feeding stations that were
placed in the crop fields effectively recruited nest mates in
the hive by dancing and these recruited bees subsequently
visited flowers emitting the odour that they learned from
the dancer. These scent guidance methods have promoted
increased yield in clover (genus Trifolium L.), oilseed rape
(Brassica napus var. oleifera Delile) and turnip rape
(B. rapa), but not in horsebean (Vicia faba L.) or buckwheat

Fig. 5. Relative contribution of the highly volatile linalool (racemic
mixture) vs. a synthetic mixture of the low-volatility cuticular hy-
drocarbons (CHCs) in the long-range attraction (number of inspect-
ing flights; open bars) and landing or copulation (number of
contacts; solid bars) of males of Colletes cunicularius with a
scented dummy during 3 min behavioural bioassays. Values are
mean ± SE. Different letters above the bars indicate significant dif-
ferences at a = 0.05 (modified after Mant et al. 2005a).
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(Fagopyrum esculentum Moench) (von Frisch 1965; Silva et
al. 2003), and appear not to do so for garden onion (Allium
cepa L.) (Silva et al. 2003).

Because scent augmentation techniques are time consum-
ing, do not work with all bee-pollinated crops, and need to
be adjusted for each crop individually, researchers have
sought to develop a general bee attractant that might in-
crease crop visitation rate and yield independent of the tar-
get plant and its blooming phenology. Two important
candidates were the honey bee Nasonov pheromone (Wil-
liams et al. 1981a, 1981b; Wells et al. 1993) and queen
mandibular pheromone (QMP) (Currie et al. 1992a; Higo et
al. 1995). Nasonov pheromone is made up of seven com-
pounds (neral and geranial, the corresponding alcohols and
acids, and (E,E)-a-farnesol) and is released by worker bees
to attract other workers (Pickett et al. 1980). It is useful in
several contexts; for example, it helps workers find the en-
trance to their hive, sources of water, or artificial food, and

is important during swarming (Slessor et al. 2005). A
spraying reagent containing synthetic Nasonov compounds
has been developed for this purpose (Elmstrom and
Maynard 1991; Schultheis et al. 1994) and is now commer-
cially available as BeeScent1. The QMP, which consists of
five compounds ((2E)-9-oxodec-2-enoic acid, (R)-(2E)-9-
hydroxydec-2-enoic acid, (S)-(2E)-9-hydroxydec-2-enoic acid,
methyl-4-hydroxybenzoate, 4-hydroxy-3-methoxypheny-
lethanol); Keeling et al. 2004), has many functions, includ-
ing the attraction of drones (Gary 1962; Butler and Fairey
1964) and workers (especially members of the retinue) to
the queen (Slessor et al. 2005). Spraying crops with syn-
thetic Nasonov pheromone and QMP increased visitation
rate and (or) crop production in some cases (Elmstrom
and Maynard 1991; Currie et al. 1992a, 1992b; Higo et al.
1995), but not in others (Schultheis et al. 1994; Winston
1995). Several reasons have been proposed as to why these
pheromone blends were not universally effective, one of

Fig. 6. Examples of the interaction between visual and odour signals in the reproductive biology of solitary bees and in the pollination
biology of Ophrys orchids. (A) The females of the mining bee Andrena hattorfiana are oligolectic on different Scabiosa species. (B) The
photograph shows a male of A. hattorfiana that had just attempted to mate with a female foraging on the ‘‘rendez-vous’’ flowers (a Scabiosa
species) and that returned a few seconds later, although the female was still on its back. (C) Detail of a flower of Ophrys aveyronensis, a
narrow endemic species that is pollinated exclusively by males of A. hattorfiana. The spectral similarity between the large white and pink
perianth and the Scabiosa inflorescences might enhance the flower attractiveness. (D) Behavioural bioassay in dual-choice design illustrat-
ing the experiments by Spaethe et al. (2007) on the relative role of visual vs. olfactory signals in Ophrys–pollinator interactions. The
photograph depicts a male of Tetralonia berlandi attempting to copulate with a flower of Ophrys heldreichii. In their study, Spaethe et al.
(2007) showed that the coloured perianth of the flowers of O. heldreichii significantly increases the attractiveness of the flowers to their
pollinator. All photos by N.J. Vereecken except for D, which is by P.M. Schlüter (reproduced with permission).
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which is that pheromones were used out of the natural
context and that not only flowers but whole plants were
sprayed, which might ultimately confuse the bees (Wells
et al. 1993; Winston 1995; Paldi 2004). Interestingly, with
the exception of the acids, all compounds occurring in the
Nasonov pheromone are well known and widespread floral
scent compounds occurring also in plants pollinated by
bees (Dobson 2006; Knudsen et al. 2006). These com-
pounds therefore may not only have pheromonal functions
but also may be mediators in bee–plant interactions, de-
pending upon their concentrations and combinatorial rela-
tionships with other compounds. However, the importance
of these compounds in attracting honey bees to flowers in
a natural setting begs further study. A promising model
system for this is the domestic apple (Malus � domestica
Borkh.), whose flowers emit three of the Nasonov com-
pounds and several others known to be attractive for honey
bees (e.g., linalool). Assessing the importance of the single
compounds and mixtures thereof may help to understand
the relative importance of Nasonov compounds in compar-
ison with other compounds in the attraction of bees to
(apple) flowers.

Since the 1990s, coupled GC–EAD (Thiery et al. 1990;
Henning and Teuber 1992) and behavioural measurements
(Wadhams et al. 1994; Blight et al. 1997; Le Métayer et al.
1997; Pham-Delègue et al. 1997) have increased our under-
standing of the chemical basis for honey bee – crop interac-
tions. By using these combined methods, individual
components that are electrophysiologically active, as well as
those that are behaviourally active, were identified from
complex scent mixtures emitted from alfalfa (Medicago sat-
iva L.) (Henning et al. 1992; Henning and Teuber 1992),
sunflower (Thiery et al. 1990), and oilseed rape flowers
(Wadhams et al. 1994; Blight et al. 1997; Le Métayer et al.
1997; Pham-Delègue et al. 1997). In alfalfa, bees responded
in the GC–EAD measurements to all 10 common alfalfa vol-
atiles tested (Henning and Teuber 1992), and 5 of these
compounds were subsequently used in behavioural experi-
ments (Henning et al. 1992). Only linalool was found to be
attractive, (E)-b-ocimene and (Z)-3-hexenyl acetate were
neutral, and methyl salicylate and 3-octanone were repellent
in comparison with an odourless source (control). The au-
thors suggested that alfalfa breeders should select for vari-
eties emitting high amounts of linalool and low amounts of
methyl salicylate and 3-octanone (but see Waller et al.
1974).

Although sunflowers emit a highly complex volatile blend
with up to 250 compounds (Pham-Delègue et al. 1989), a
series of chemical (including fractionations), electrophysio-
logical, and behavioural experiments have pinpointed a
small subset of six floral scent compounds (including bornyl
acetate, vanillin, propiovanillone) as major attractants to the
honey bee (Pham-Delègue et al. 1986, Thiery et al. 1990).

Finally, studies with honey bees and flower volatiles from
oilseed rape identified the compounds used by experienced
bees (individuals were either fed with pollen or allowed to
forage freely before testing) to recognize the flowers (Wad-
hams et al. 1994; Blight et al. 1997; Le Métayer et al. 1997;
Pham-Delègue et al. 1997). Eight compounds (a-pinene, a-
terpinene, 3-carene, linalool, (E,E)-a-farnesene, phenylace-
taldehyde, p-cymene, 2-phenylethanol) were learned by the

bees, and among these eight compounds, linalool, (E,E)-a-
farnesene, and phenylacetaldehyde were identified as key
compounds used by bees in recognizing the flowers (Blight
et al. 1997).

The identification of volatiles emitted by crop plants and
their flowers, along with behavioural and electrophysiologi-
cal screening to determine their importance in attracting bee
pollinators, should be prioritized during the next few years if
we are to advance our understanding of the olfactory basis
of bee–crop interactions. Furthermore, comparing the chem-
ical signals of crops with those of their wild relatives may
reveal why cultivated plants are often less attractive to polli-
nators than wild types (Young and Severson 1994). Simi-
larly, comparisons among crop varieties will uncover why
some varieties are more attractive to bees than others (Boren
et al. 1962; Loper et al. 1974). Recently, it was shown that
inbreeding level is a factor influencing floral scent chemis-
try, which might likewise affect bee–crop interactions. In
Cucurbita pepo, experimental self-pollination resulted in
both reduced emissions of floral scent and different chemi-
cal composition (particularly different relative contributions
by individual compounds) detectable in first-generation
selfed progeny compared with outcrossed progeny (Ferrari
et al. 2006). Similarly, artificial selection for specific floral
or plant traits during the course of plant breeding and do-
mestication often has pleiotropic effects on floral scent com-
position (Dudareva and Pichersky 2006), and honey bees
have been shown to distinguish between cultivars owing to
their odours alone (Wright et al. 2005). Thus, our growing
knowledge of the chemical ecology of bee–crop interactions
could serve as a guide to the transgenic manipulation of the
scent emitted by crop flowers or whole-crop plants to in-
crease their attractiveness to bee pollinators, which might in
some cases result in higher yield (Pichersky and Dudareva
2007).

Conclusions and perspectives
We have outlined our current knowledge of the chemical

ecology of bee–flower interactions, contrasting female and
male bee responses to different floral odours along a spec-
trum of highly host-specialized to highly generalized floral
foragers. Three themes have emerged from our review and
deserve further attention.

First, there are alarmingly few cases in which the floral
scent attractants (and their relative importance compared
with visual cues) have been identified for ANY bee–flower
interactions, running the gamut from host-specialized to gen-
eralized bees. Indeed, there is a strong disconnect between
the community-scale studies of bee pollination that dominate
the recent literature (e.g., Kremen et al. 2004; Ricketts et al.
2004) and the patch- or flower-scale behavioural studies
with single bee species outlined in our review. This gap re-
flects a historical ‘‘anosmia’’ endemic to pollination biology
(see Raguso 2008), and more importantly, a dearth of stud-
ies that bridge different spatial scales in pollinator behav-
iour, from migration or dispersal to habitat selection to
individual flower choice.

Second, several floral scent compounds known from bee-
pollinated plants play a role in the bees’ sexual or social bi-
ology (e.g., Mena Granero et al. 2005b). However, we still
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do not know whether these compounds are mediators in
bee–plant interactions, as well as pheromones. We urgently
need a well-designed phylogenetic study of innate odour
preference and social pheromones among congeneric bees,
something akin to the phylogeographic study of colour vi-
sion among Mediterranean Bombus spp. by Chittka et al.
(2001).

Third, apart from the cases of genetic predisposition for
host odors, sensory flexibility and learned modification of
responses to odours are apparent across the spectrum of
bees discussed here. This finding suggests that studies nar-
rowly focused on single sensory modalities or bees of a sin-
gle age class are likely to miss the more nuanced reality of
floral foraging that includes, but is not limited to, foraging
experience and olfactory signalling.
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enne des vapeurs de protoanémonine [Antibacterial activity of
vapors of protoanemonine]. Pharmazie, 46(7): 546–547. [In
French.] PMID:1784621.

Dobson, H.E.M. 1987. Role of flower and pollen aromas in host-

Dötterl and Vereecken 689

Published by NRC Research Press



plant recognition by solitary bees. Oecologia (Berl.), 72(4): 618–
623. doi:10.1007/BF00378991.

Dobson, H.E.M. 1994. Floral volatiles in insect biology. In Insect–
plant interactions. Edited by E.A. Bernays. CRC Press, London.
pp. 47–81.

Dobson, H.E.M. 2006. Relationship between floral fragrance com-
position and type of pollinator. In Biology of floral scent. Edited
by N. Dudareva and E. Pichersky. CRC Press, Boca Raton, Fla.
pp. 147–198.

Dobson, H.E.M., and Ayasse, M. 2000. Does larval pollen diet influ-
ence host-flower selection in solitary bees? Am. J. Bot. 87(6): 42.

Dobson, H.E.M., and Bergström, G. 2000. The ecology and evolu-
tion of pollen odor. Plant Syst. Evol. 222(1-4): 63–87. doi:10.
1007/BF00984096.

Dobson, H.E.M., Bergström, G., and Groth, I. 1990. Differences in
fragrance chemistry between flower parts of Rosa rugosa
Thunb. (Rosaceae). Isr. J. Bot. 39: 143–156.

Dobson, H.E.M., Groth, I., and Bergström, G. 1996. Pollen adver-
tisement: chemical contrasts between whole-flower and pollen
odors. Am. J. Bot. 83(7): 877–885. doi:10.2307/2446264.

Dobson, H.E.M., Danielson, E.M., and van Wesep, I.D. 1999. Pol-
len odor chemicals as modulators of bumble bee foraging on
Rosa rugosa Thunb. (Rosaceae). Plant Species Biol. 14(2):
153–166. doi:10.1046/j.1442-1984.1999.00020.x.

Dod, D.D. 1976. Oncidium henekenii: bee orchid pollinated by bee.
Am. Orchid Soc. Bull. 45: 792–794.

Dodson, C.H., Dressler, R.L., Hills, H.G., Adams, R.M., and Wil-
liams, N.H. 1969. Biologically active compounds in orchid fra-
grances. Science (Washington, D.C.), 164(3885): 1243–1249.
doi:10.1126/science.164.3885.1243. PMID:17772561.

Dornhaus, A., and Chittka, L. 1999. Evolutionary origins of bee
dances. Nature (London), 401(6748): 38. doi:10.1038/43372.

Dornhaus, A., Brockman, A., and Chittka, L. 2003. Bumble bees
alert to food with pheromone from tergal gland. J. Comp.
Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 189: 47–51.

Dötterl, S. 2008. Antennal responses of an oligolectic bee and its
cleptoparasite to plant volatiles. Plant Signal. Behav. 3(5): 296–
297. PMID:19841650.

Dötterl, S., 1, and Jürgens, A. 2005. Spatial fragrance patterns in
flowers of Silene latifolia: lilac compounds as olfactory nectar
guides? Plant Syst. Evol. 255(1–2): 99–109. doi:10.1007/
s00606-005-0344-2.
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Grüter, C., Balbuena, M.S., and Farina, W.M. 2008. Informational
conflicts created by the waggle dance. Proc. R. Soc.Lond. B
Biol. Sci. 275(1640): 1321–1327. doi:10.1098/rspb.2008.0186.

Guerenstein, P.G., and Hildebrand, J.G. 2008. Roles and effects of
environmental carbon dioxide in insect life. Annu. Rev.
Entomol. 53(1): 161–178. doi:10.1146/annurev.ento.53.103106.
093402. PMID:17803457.

Guerenstein, P.G., A Yepez, E., van Haren, J., Williams, D.G., and
Hildebrand, J.G. 2004. Floral CO2 emission may indicate food
abundance to nectar-feeding moths. Naturwissenschaften, 91(7):
329–333. doi:10.1007/s00114-004-0532-x. PMID:15257387.

Hamilton, D.W., Schwartz, P.H., and Townshend, B.G. 1970. Cap-
ture of bumble bees and honey bees in traps baited with lures to
attract Japanese beetles. J. Econ. Entomol. 63: 1443–1445.

Hefetz, A., Batra, S.W.T., and Blum, M.S. 1979. Linalool, neral
and geranial in the mandibular glands of Colletes bees — an ag-
gregation pheromone. Cell. Mol. Life Sci. 35(3): 319–320.
doi:10.1007/BF01964324.

Heinrich, B., Mudge, P.R., and Deringis, P.G. 1977. Laboratory
analysis of flower constancy in foraging bumblebees: Bombus
ternarius and B. terricola. Behav. Ecol. Sociobiol. 2(3): 247–
265. doi:10.1007/BF00299738.

Henning, J.A., and Teuber, L.R. 1992. Combined gas
chromatography–electroantennogram characterization of alfalfa
floral volatiles recognized by honey bees (Hymenoptera:
Apidae). J. Econ. Entomol. 85(1): 226–232.

Henning, J.A., Peng, Y.-S., Montague, M.A., and Teuber, L.R.
1992. Honey bee (Hymenoptera: Apidae) behavioral response to
primary alfalfa (Rosales: Fabaceae) floral volatiles. J. Econ.
Entomol. 85: 233–239.

Herrera, C.M. 1996. Floral traits and plant adaptation to insect pol-
linators: a devil’s advocate approach. In Floral biology: studies
on floral evolution in animal-pollinated plants. Edited by D.G.
Lloyd and S.C.H. Barrett. Chapman and Hall, New York.
pp. 65–87.

Herrera, C.M. 2005. Plant generalization on pollinators: species
property or local phenomenon? Ecology, 92: 13–20.

Herrera, C.M., Garcı́a, I.M., and Pérez, R. 2008. Invisible floral lar-
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nectar addition on pollen removal and geitonogamy in the non-
rewarding orchid Anacamptis morio. Proc. R. Soc. Lond. B
Biol. Sci. 271(1541): 803–809. doi:10.1098/rspb.2003.2659.

Johnson, S.D., Hargreaves, A.L., and Brown, M. 2006. Dark, bitter-
tasting nectar functions as a filter of flower visitors in a bird-
pollinated plant. Ecology, 87(11): 2709–2716. doi:10.1890/
0012-9658(2006)87[2709:DBNFAA]2.0.CO;2. PMID:17168015.

Jones, D.L. 1988. Native orchids of Australia. American Orchid
Society, Delray Beach, Fla.

Jürgens, A., and Dötterl, S. 2004. Chemical composition of anther
volatiles in Ranunculaceae: genera-specific profiles in Anemone,
Aquilegia, Caltha, Pulsatilla, Ranunculus, and Trollius species.
Am. J. Bot. 91(12): 1969–1980. doi:10.3732/ajb.91.12.1969.

Kaiser, L., and De Jong, R. 1993. Multi-odour memory influenced
by learning order. Behav. Processes, 30(2): 175–183. doi:10.
1016/0376-6357(93)90007-E.
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Mena Granero, A., Egea González, F.J., Garrido Frenich, A.,
Guerra Sanz, J.M., and Martı́nez Vidal, J.L. 2004. Single step
determination of fragrances in Cucurbita flowers by coupling
headspace solid-phase microextraction low-pressure gas

692 Can. J. Zool. Vol. 88, 2010

Published by NRC Research Press



chromatography–tandem mass spectrometry. J. Chromatogr. A,
1045(1–2): 173–179. doi:10.1016/j.chroma.2004.06.026. PMID:
15378892.
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