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Abstract Almost all species of the orchid genus Ophrys
are pollinated by sexual deception. The orchids mimic the
sex pheromone of receptive female insects, mainly hy-
menopterans, in order to attract males seeking to copulate.
Most Ophrys species have achromatic flowers, but some
exhibit a coloured perianth and a bright, conspicuous
labellum pattern. We recently showed that the pink peri-
anth of Ophrys heldreichii flowers increases detectability
by its pollinator, males of the long-horned bee Eucera
berlandi. Here we tested the hypothesis that the bright,
complex labellum pattern mimics the female of the polli-
nator to increase attractiveness toward males. In a dual-
choice test we offered E. berlandi males an O. heldreichii
flower and a flower from O. dictynnae, which also exhibits
a pinkish perianth but no conspicuous labellum pattern.
Both flowers were housed in UV-transmitting acrylic glass
boxes to exclude olfactory signals. Males significantly
preferred O. heldreichii to O. dictynnae flowers. In a second
experiment, we replaced the perianth of both flowers with
identical artificial perianths made from pink card, so that
only the labellum differed between the two flower stimuli.
Males then chose between both stimuli at random, sug-
gesting that the presence of a labellum pattern does not
affect their choice. Spectral measurements revealed higher
colour contrast with the background of the perianth of
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O. heldreichii compared to O. dictynnae, but no difference
in green receptor-specific contrast or brightness. Our results
show that male choice is guided by the chromatic contrast of
the perianth during the initial flower approach but is not
affected by the presence of a labellum pattern. Instead, we
hypothesise that the labellum pattern is involved in aversive
learning during post-copulatory behaviour and used by the
orchid as a strategy to increase outcrossing.
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Introduction

Long before the discovery of sexual deception as pollina-
tion syndrome, some authors had already recognised the
apparent visual resemblance between flowers of the orchid
genus Ophrys and insect bodies (Linnaeus 1745; Darwin
1862). One early hypothesis, for instance, suggested that
the orchids mimic a feeding insect to advertise a potential
food source to conspecifics of the species being imitated
(Darwin 1862 and citations therein). From the 1920s on,
when Pouyanne discovered that the orchids in fact achieve
pollination by means of sexual deception of male insects,
the insect-like appearance of the labellum was regarded as
imitating various female signals, such as the body shape,
wings, or abdominal markings (Correvon and Pouyanne
1916; Kullenberg 1961; Paulus and Gack 1990; Paulus
2006, 2007).

Nearly 100 years later, pollination by sexual deception
has been described from all continents except Antarctica.
The syndrome has so far only been discovered in the orchid
family (Orchidaceae) and has evolved several times
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independently (van der Pijl and Dodson 1966; Nilsson 1992).
The orchids mimic species-specific mating signals in order to
attract male insects, especially bees and other hymenopter-
ans, and elicit courtship behaviour. Whilst attempting to
copulate with the flower’s labellum, the males come into
contact with the sticky viscidia and the pollinaria become
attached to their bodies. Should the male subsequently be
deceived by another orchid, this pollen is transferred to the
stigma of the next flower and pollination occurs (Kullenberg
1961; Paulus and Gack 1990; Ciotek et al. 2006).

Attraction of the target-male can only be successful if
the orchid mimics the key signals deployed in insect mat-
ing communication. In hymenopterans, the major com-
munication channel is olfaction. Virgin females produce a
sex pheromone that usually consists of a blend of semio-
chemicals that signals mating readiness (Ayasse et al.
2001; Paxton 2005). The olfactory communication is
highly specific and thus constitutes a private communica-
tion channel, i.e. only males of the target species can
decipher the message sent by the female (Endler 1993;
Ayasse et al. 2001; Schaefer et al. 2004). The chemical
profile of the flower closely resembles the behaviourally
active substances of the model insect; as a consequence,
pollinator attraction in sexually deceptive orchids is highly
specific (Schiestl et al. 1999; Ayasse et al. 2000; Schiestl
2005; Mant et al. 2005).

The Mediterranean genus Ophrys comprises about 260
species of which almost all are sexually deceptive and
usually attract males of only one species (Paulus and Gack
1990; Ayasse et al. 2000). Due to the highly specific
olfactory attraction, visual signals are assumed to play only
a minor role (Kullenberg 1961; Kullenberg and Bergstrom
1976). Most Ophrys flowers are indeed dull (Delforge
2006), probably to avoid visual attraction of unspecific
visitors and thus the risk of pollen loss. However, some
Ophrys species exhibit brightly-coloured sepals and petals
besides the labellum (henceforth referred to as perianth for
simplicity). Recent investigations have shown that such
potential visual signals can increase detectability and attr-
activity to the pollinator on the one hand, but may also
impose additional costs (Spaethe et al. 2007, 2010;
Streinzer et al. 2009). Moreover, some Ophrys species
show a bright and conspicuous pattern on the labellum
which has been hypothesised to mimic traits of the polli-
nator’s female, such as the wings or body-markings to
make the flower more attractive for the males (Kullenberg
1961; Paulus 2006, 2007). However, the labellum pattern is
relatively small and the compound eyes of hymenopterans
allow only a coarse spatial resolution (Land 1997) and thus
it is not clear whether males can indeed perceive these
patterns and mistake them for female traits.

Here we tested the hypothesis that the conspicuous
labellum pattern mimics behaviourally-relevant parts of the
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Fig. 1 Male choices for a intact flowers of Ophrys heldreichii (left
column) and O. dictynnae (right column) (73 approaches in total), and
for b flowers where the original perianth was replaced by an artificial
one made from pink card (58 approaches). Number of approaches are
given within the column. *** P < 0.001, n.s., P > 0.05; Xz—test

female’s body and thus increase attractiveness to males.
We conducted dual-choice experiments with two Ophrys
species that both are pollinated by long-horned bees.
Ophrys heldreichii, which is pollinated by Eucera berlandi,
possesses a bright and complex labellum pattern, while
O. dictynnae lacks such a conspicuous pattern (Figs. 1, 2).
Both species have a pink perianth, although they differ
slightly with respect to the colour for a human observer.
We presented both flower types in UV-transmitting acrylic
glass boxes to the pollinator of O. heldreichii, Eucera
berlandi. If the proposed hypothesis is correct, we expect
that males prefer flowers with the conspicuous labellum
pattern over flowers without such a pattern.

Materials and methods
Study sites and species

Experiments were carried out on Crete, about 5 km
northeast of Neapolis (N 35°15'13”, E 25°38/03") with
Heldreich’s bee orchid, Ophrys heldreichii SCHLECHTER
(Orchidaceae), which is member of the O. oestrifera group,
and its specific pollinator, males of the long-horned bee
Eucera (Synhalonia) berlandi DUSMET (Apoidea, Api-
dae, Eucerini). As second orchid species, Ophrys dictynnae
DELFORGE, a recently described representative of the
O. tenthredinifera group, was chosen for the discrimination
experiments. This orchid differs from O. heldreichii in the
absence of a conspicuous labellum pattern and in perianth
colour, which appears slightly brighter to a human observer
(Figs. 1, 2). O. dictynnae is also pollinated by males of a
long-horned bee species, Eucera nigrita FRIESE (Streinzer
and Paulus, unpublished). For the experiments, intact
flowers were collected from various sites within an area of
about 40 km around the experimental site. O. heldreichii
and O. dictynnae do not occur at the experimental site and
thus all tested E. berlandi males were naive to both species.
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Behavioural experiments

To test whether the males discriminate between the two
orchid species we conducted a dual-choice experiment.
Two flowers, one of each species, were presented simul-
taneously to individual males of E. berlandi and choices
were recorded. To eliminate odour-induced bias the flowers
were presented in UV-transmitting acrylic glass boxes at a
height of approx. 30 cm and 10 cm apart from each other
(Spaethe et al. 2007). Since visual stimuli alone are not
sufficient to attract pollinators, we placed 20-25 flowers of
O. heldreichii in a 2-1 acrylic jar. Air was channelled
through the jar by means of an aquarium pump (SCHEGO
optimal, Offenbach am Main, Germany) at a rate of 250 1/
h. The odour-saturated outflow was then distributed equally
to both acrylic glass boxes via a Y-tube (Spaethe et al.
2007). The flowers were presented in front of a piece of
green leaf of a sea onion (Urginea maritima).

In the first experiment we presented original flowers of
both species to test whether males discriminate between
them. In a second experiment, to separate the role of the
perianth and the labellum, we removed the original sepals
and petals in both flowers and replaced them with an
identical artificial perianth cut from coloured card that
approximately resembled the original perianth of O. hel-
dreichii in colour, size and shape (Fig. 3, Streinzer et al.
2009). In this test, the only difference between both test
flowers was the labellum.

All approaches of individual males that resulted in
contact with one of the acrylic glass boxes were counted as
a decision. Males were then immediately caught and
marked with a coloured marker on the thorax or abdomen.
Repeat visits by individual males were excluded from the
analysis. The position of the flowers was interchanged after
every fifth visit to exclude any bias due to side. Moreover,
the orchid flowers were replaced every couple of hours
from a random sample of flowers collected from different
populations (see below).

Flower morphology

Flowers from both species differ slightly in shape and size.
To account for size effects on choice behaviour we mea-
sured sepal and labellum surface of O. heldreichii and
0. dictynnae flowers. Specimens were collected from the
same populations where we took the flowers for the
behavioural experiments (one population of O. heldreichii,
two of O. dictynnae). We randomly chose one flower from
each plant (No. netareicnii = 15, No, dictynnae = 27) for
morphological and spectral measurements.

The sepals were separated from the labellum and all
parts were transferred onto a piece of adhesive tape toge-
ther with a size reference, and photographed with a digital

camera (Nikon D70s, AF 105 mm/2,8 D; Nikon, Japan).
Pictures were subsequently transferred to a personal com-
puter and analyzed with Image] (http://rsbweb.nih.gov/ij/).
We measured the total area of the three sepals and of the
labellum (without the stylum).

Spectral measurements and bee colour space
calculations

Spectral reflectance measurements of the perianth were
carried out on the same flowers as for morphological
measurements. Spectra were obtained by means of a USB
2000 spectrometer with a balanced deuterium/halogen light
source (Ocean Optics B.V., Duiven, The Netherlands)
between 300 and 700 nm on an approx. 0.25 cm? area of
the median sepal. The spectrometer was calibrated with a
white PTFE standard (Diffuse Reflectance Standard, WS-1,
Ocean Optics). Spectral data were processed in Microsoft
Excel 2002.

To estimate the bee specific receptor contrasts and
perceptual colour distance between the perianth and the
stimulus background we applied the bee colour hexagon
(Chittka 1992). Since the receptor sensitivities of E. ber-
landi are unknown, we used the spectral sensitivity func-
tions of Apis mellifera (Peitsch et al. 1992). This approach
seems appropriate since most bees have been found to
share similar receptor properties with respect to number
and shape of the sensitivity curves (Peitsch et al. 1992).
Colour loci and receptor-specific excitations were calcu-
lated using standard procedures (Spaethe et al. 2001;
Chittka and Kevan 2005). It is assumed that photoreceptors
adapt, depending on the ambient illumination, to the
background (Chittka 1992). We therefore chose an aver-
aged reflection spectrum of several leaves from different
flowers which are abundant in the experimental area
(including Urginea maritima) as adaptation background
(Fig. 3a). Colour distance between colour loci of the flower
perianths and the stimulus background were calculated as
the Euclidean distance in the colour hexagon. Green
receptor-specific contrast was calculated as the absolute
value of the difference between the calculated excitation of
the long-wavelength receptor by the background and the
flower. Brightness was calculated as the sum of all three
receptor excitations (Spaethe et al. 2001).

Statistics

All statistical analyses were performed using SPSS 11.5
(SPSS Inc., Chicago, IL). To test if behavioural responses
of the males differ significantly from chance a y’-test was
applied. For morphological measurements and colour
contrast we first validated whether the two populations
of O. dictynnae differ from each other. All measured
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parameters were found to be not significantly different and
thus data from both populations were pooled (data not
shown). To test whether spectral and morphological
parameters differ between the two orchid species we
applied a Mann—Whitney U-test. All P-values above 0.05
were considered as statistically non-significant.

Results
Behavioural experiments

When males of the long-horned bee E. berlandi were
allowed to choose between intact flowers of O. heldreichii
and O. dictynnae, they significantly preferred O. heldrei-
chii over O. dictynnae (y* = 20.84, P < 0.001, N = 73;
Fig. 1a). Since the olfactory signal was the same for both
stimuli, the result clearly shows that males use visual cues
or signals to discriminate between the two species of
orchids. To test whether the preference of O. heldreichii
flowers is due to differences of the perianth and/or the
labellum, we replaced the original perianth with an artifi-
cial one, which was identical for both flower stimuli. We
found that when only the labellum differs, males do not
show a preference for either of the two flower types
(x> = 0.07, P = 0.79, N = 58; Fig. 1b).

Flower morphology measurements

Perianth surface did not differ between both orchid species
(Z= 0.25, P = 0.80; NO. heldreichii = 15, NO. dictynnae =
27; Fig. 2a). When we compared the labellae, O. dictynnae
showed a significantly larger labellum than O. heldreichii
Z = —4.19, P < 0.001; No. netdreichii = 15, No. dictynnae =
27; Fig. 2b). However, the behavioural data indicate that
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Fig. 2 Flower morphology of the perianth (a) and the labellum (b) of
O. heldreichii (left column) and O. dictynnae (right column). Perianth
size does not differ between the two species. However, O. dictynnae
has a significantly larger labellum compared to O. heldreichii. Np,
heldreichii = 15, No_ dictynnae = 27, means =+ SEM, FEE P < 0001,
n.s., P > 0.05; Mann—Whitney U-test
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neither labellum size nor the presence/absence of a label-
lum pattern affect male choice.

Spectral measurements

The spectral reflectance curves of the O. heldreichii and
O. dictynnae sepals show a different shape (Fig. 3a—c). To
examine whether the two species also differ in their
appearance to the bee’s visual system we plotted the
perianth colours in a bee specific colour space (Chittka
1992; Fig. 3d; Table 1). The colour loci of the two popu-
lations of O. dictynnae were found to overlap and were
therefore pooled for further analysis (data not shown).
O. heldreichii flowers exhibit a higher colour contrast to
the background compared to O. dictynnae (Z = 4.55,
P < 0.001). Beside the difference in colour contrast, the
two species also differ in hue, i.e. the angle they subtend
from the centre (Ocheldreichii = 100.6 &+ 10.90; Oldictynnae =
124.8 £ 22.2°; Mean + SD; Fig. 3d; Z= —-3.54, P<
0.001; where 0° corresponds to the vector between centre
and the UV corner of the colour hexagon). Green receptor
contrast, a sensory channel used by bees to detect objects at
small angular sizes, and total brightness did not differ
between the two species (Z= —0.46, P = 0.65 and
Z = 138, P = 0.17, respectively; Table 1).

Discussion

In this study we tested whether E. berlandi males use visual
cues to discriminate between flowers of two species of the
sexually deceptive orchid genus Ophrys. We chose two
species that differ both in the appearance of the labellum
and also the colour of the perianth. In dual-choice experi-
ments we found that males are clearly able to discriminate
between both species visually. However, when we replaced
the coloured perianth with an artificial one, males chose
both flower types at random. From these results we can
conclude that (1) the labellum pattern of O. heldreichii is
not involved in male attraction and that (2) when males can
choose between flowers they prefer flowers with a perianth
with the higher chromatic contrast.

Various types of labellum patterns are present in the
genus Ophrys and were assumed to mimic female traits to
increase attractiveness to the males (Paulus 1988, 2006,
2007). However, whether the males indeed mistake these
patterns as females or at least key parts of a female’s body,
has not yet been shown. O. heldreichii exhibits a whitish,
highly contrasting pattern on a dark labellum, which is also
found of similar type in all species of the Ophrys oestrifera
group (Delforge 2006). At a first glance the labellum pattern
shows no similarity to the female of the pollinator species,
which is reddish—brownish and without any conspicuous
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Fig. 3 a—c Spectral reflectance curves of the perianth of Ophrys
heldreichii (dark violet), Ophrys dictynnae (pale pink), the artificial
perianth (dark pink) and the background (green) as a function of
wavelength. In a only mean reflectance of the flower perianth are
given (No. netdreicnii = 15, No, dictynnae = 27, NBackground =35, see
text). b and ¢ show the mean reflectance of O. heldreichii and
O. dictynnae, respectively, presented with the standard deviation of
the mean to visualize the variation within the species. d The colour
loci of Ophrys heldreichii (dark violet), O. dictynnae (light pink), the

artificial perianth and two major food plants (Vicia cracca and Salvia
fructicosa) represented in the colour hexagon model (Chittka 1992).
The large circle denotes 0.1 hexagon units around the centre. All loci
within this circle are assumed to appear achromatic to the bee
(Chittka and Kevan 2005). The grey line indicates the loci of pure
spectral lights at background intensity. Colour distances in the
hexagon space are calculated as the Euclidean distance between two
loci (Chittka 1992)

Table 1 Chromatic contrast, green contrast and brightness in relation to the background

Ophrys heldreichii (n = 15)

Ophrys dictynnae (n = 27) Mann—Whitney U-test

Chromatic contrast (Hexagon units) 0.23 + 0.03
Green contrast (dimensionless) 0.09 £+ 0.05
Brightness (dimensionless) 1.74 £ 0.21

0.16 & 0.04 P < 0.001
0.09 £+ 0.05 NS
1.62 £+ 0.25 NS

The values represent means =+ standard deviations. Values were calculated using the colour hexagon model (Chittka 1992). For the calculation
we used the spectral sensitivity curves of Apis mellifera (Peitsch et al. 1992). Note that for the green-receptor contrast the absolute values are

given (Spaethe et al. 2001)

bright patterns on the body or wings. Our results show that
the presence of such a pattern does not affect a male’s initial
flower choice, and thus it is most likely that the pattern does
not mimic any female traits that increase attractivity to the

males. What then is the functional significance of the
labellum pattern? We speculate that it may be involved in
aversive learning during post-copulating behaviour, that is,
the male associates the unsuccessful copulation attempt
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with the labellum pattern and avoids further visits to flowers
with an identical pattern (see Paulus 1988). Two observa-
tions support this hypothesis. First, males of E. berlandi do
not fly away immediately after pseudocopulation but hover
a few centimetres in front of the flower for periods of sev-
eral seconds up to a minute (personal observation).
Although the compound eyes limit the spatial resolution of
diminutive and fine patterns, at this short distance the males
might be able to resolve the labellum pattern (Lunau et al.
2009). Recent investigations have shown that bees are
capable of learning and discriminating even very complex
and fine-scale natural scenes (Dyer et al. 2008b). Second,
pattern size and shape are found to be highly variable
among flowers of a population, but very similar among
flowers within a plant (Paulus 2007, personal observation).
The high variation of this floral trait among O. heldreichii
individuals might facilitate increased outcrossing, since, if
the males are indeed able to learn the pattern, they would
avoid other flowers with similar patterns to ones they had
recently visited, but would be more willing to visit flowers
from another plant with a different pattern. However, this
hypothesis requires confirmation from behavioural studies
showing that males are able to learn and discriminate pat-
terns from different plants, and that males avoid flowers
with patterns similar to those that have been encountered
during a previous pseudocopulation.

Although we could clearly show that E. berlandi males
are not attracted by the labellum pattern of O. heldreichii
flowers in their initial flower choice, our results cannot
simply be generalised for all Ophrys species. The labellum
of O. speculum, for instance, possesses a conspicuous shiny
blue mirror that also reflects in the ultraviolet (UV). In
dual-choice tests, males of the sphecid wasp Dasyscolia
ciliata, the pollinator of O. speculum, preferred flowers
with an unmanipulated labellum to flowers whose mirror
had been manipulated to reduce the UV reflectance (Paulus
2007, personal observations). However, for most Ophrys
species with labellum patterns the functional significance
of such markings in flower-pollinator communication is
still unknown.

The only visual trait we could find that affects male
choice behaviour was the colour of the perianth. The peri-
anths of O. heldreichii flowers have a higher colour contrast
(but identical green-receptor and brightness contrasts) and
are more attractive compared to O. dictynnae (but see
Vereecken and Schiestl 2009). In a recent study we found
that the detection of O. heldreichii flowers by E. berlandi
from a distance of approximately 30 cm was improved
when the green contrast between the perianth and the
background increased, but colour contrast was found to
have no effect (Streinzer et al. 2009). However, in the
present study, males could choose between the two flower
stimuli within a range of a few centimetres which most
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likely enabled them to use the chromatic channel that only
works at large visual angles (Giurfa et al. 1996; Dyer et al.
2008a). Flower choice experiments with naive bumblebees
revealed a preference for colours providing a large colour
contrast to the background and might reflect a more general
preference in the flower choice behaviour of bees (Lunau
1990; Lunau et al. 1996). Besides colour contrast, the
spectral purity of a target (i.e. saturation) may also affect
colour choice (Lunau et al. 1996). Our experimental setup,
however, does not allow to disentangle whether the choice
behaviour of E. berlandi males is primarily based on the
colour contrast between the perianth and the background or
the saturation of the perianth or both. Alternatively, males
might prefer the hue of the perianth of O. heldreichii
flowers compared to that of O. dictynnae because it more
closely resembles the flower colour of the females’ most
frequent host plants (e.g. Vicia cracca and Salvia fructico-
sa, see Spaethe et al. 2007 for spectral reflectance curves).
However, the colour loci of the food plants overlap at least
partially with the loci of both orchids, O. heldreichii and
O. dictynnae, respectively (Fig. 3d). Additional behavioural
experiments are necessary to disentangle the role of colour
contrast, saturation and hue in male attraction.

Pollinator visitation rate is a critical factor determining
reproductive success in Ophrys (Vandewoestijne et al.
2009). Thus, it is surprising that selection did not lead to a
perianth colour that provides higher colour contrast (and is
thus more attractive) in O. dictynnae, which is also polli-
nated by a long-horned bee. We suggest two non-mutually
exclusive hypotheses which may account for this discrep-
ancy. First, males of the two pollinator species, E. berlandi
and E. nigrita, may exhibit preferences for different colour
hues which resulted in a separation of the perianth colours
of the two Ophrys species by natural selection. We
observed males and females of E. berlandi foraging on
various food plants at the experimental site (see above).
However, we neither know the colour of the major host
plants of E. nigrita, nor if the flowers visited by the two
pollinator-species cover different areas in the bees’ colour
space. Second, differences in colour contrast (and also hue)
between the two Ophrys species are caused by differences
in the expression of floral pigments in the perianth.
Anthocyanins are probably the major pigment in the pink
perianths of Ophrys flowers (Arditti and Fisch 1974; Up-
hoff 1979), and an increased anthocyanin concentration
may lead to a higher colour contrast. However, the pro-
duction of flower pigments most probably imposes costs on
the plant and O. dictynnae might be more limited in
resources that can be allocated to the anthocyanin pro-
duction compared to O. heldreichii. Again, further inves-
tigations are necessary to fully understand the ultimate and
proximate mechanisms accounting for differences in peri-
anth colour among Ophrys.
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In conclusion, the conspicuous labellum pattern of
O. heldreichii flowers does not increase pollinator attrac-
tion during the initial flower approach flight. Instead, we
suggest that the pattern is involved in aversive learning by
the males during post-copulatory behaviour and constitute
a strategy of the orchid to increase outcrossing. Labellum
patterns are commonly found within the Ophrys genus but
differ largely in size, colour and complexity, and thus most
likely in their function for flower-pollinator interaction.
Further behavioural investigations could provide insights
into whether a particular pattern-type is associated with a
specific pollinator group, or mimic a particular female trait
as previously suggested.

Acknowledgments We would like to thank AG Dyer for valuable
input on colour measurements. This study was supported by a grant
from the Austrian Academy of Sciences (KIOS) to HFP and from the
Austrian Science Fund (FWF, grant No. P21521-B17) to JS.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

Arditti J, Fisch MH (1974) Anthocyanins of the Orchidaceae:
distribution, heredity, functions, synthesis, and localization. In:
Arditti J (ed) Orchid biology: reviews and perspectives. Cornell
University Press, London, pp 117-156

Ayasse M, Schiestl FP, Paulus HF, Lofstedt C, Hansson B, Ibarra F,
Francke W (2000) Evolution of reproductive strategies in the
sexually deceptive orchid Ophrys sphegodes: how does flower-
specific variation of odor signals influence reproductive success?
Evolution 54:1995-2006

Ayasse M, Paxton RJ, Tengo J (2001) Mating behaviour and chemical
communication in the order Hymenoptera. Annu Rev Entomol
46:31-78

Chittka L (1992) The colour hexagon: a chromaticity diagram based
on photoreceptor excitations as a generalized representation of
colour opponency. J Comp Physiol A 170:533-543

Chittka L, Kevan PG (2005) Flower colour as advertisement. In:
Dafni A, Kevan PG, Husband BC (eds) Practical pollination
biology. Enviroquest, Cambridge, pp 157-196

Ciotek L, Giorgis P, Benitez-Vieyra S, Cocucci AA (2006) First
confirmed case of pseudocopulation in terrestrial orchids of
South America: pollination of Geoblasta pennicillata (Orchid-
aceae) by Campsomeris bistrimacula (Hymenoptera, Scoliidae).
FLORA 201:365-369

Correvon H, Pouyanne A (1916) Un curieux cas de mimétisme chez
les Ophrydées. J Soc Nat Hortic Fr 17:29-31

Darwin CR (1862) On the various contrivances by which British and
Foreign orchids are fertilized by insects. John Murray & Sons,
London

Delforge P (2006) Orchids of Europe, North Africa and Middle East.
Timber Press, Oregon

Dyer AG, Spaethe J, Prack S (2008a) Comparative psychophysics of
bumblebee and honeybee colour discrimination and object
detection. J] Comp Physiol A 194:617-627

Dyer AG, Rosa MGP, Reser DH (2008b) Honeybees can recognise
images of complex natural scenes for use as potential landmarks.
J Exp Biol 211:1180-1186

Endler JA (1993) Some general comments on the evolution and
design of animal communication systems. Philos Trans R Soc
Lond B 340:215-225

Giurfa M, Vorobyev M, Kevan P, Menzel R (1996) Detection of
coloured stimuli by honeybees: minimum visual angles and
receptor specific contrasts. J Comp Physiol A 178:699-709

Kullenberg B (1961) Studies in Ophrys pollination. Zool Bidr Fran
Upps 34:1-340

Kullenberg B, Bergstrom G (1976) Hymenoptera Aculeata males as
pollinators of Ophrys orchids. Zool Scr 5:13-23

Land MF (1997) Visual acuity in insects. Annu Rev Entomol 42:
147-177

Linnaeus C (1745) Olindska och Gothlindska Resa. Gottfried
Kiesewetter, Stockholm

Lunau K (1990) Colour saturation triggers innate reactions to flower
signals: flower dummy experiments with bumblebees. J] Comp
Physiol A 166:827-834

Lunau K, Wacht S, Chittka L (1996) Colour choices of naive bumble
bees and their implications for colour perception. J Comp
Physiol A 178:477-489

Lunau K, Unseld K, Wolter F (2009) Visual detection of diminutive
floral guides in the bumblebee Bombus terrestris and the
honeybee Apis mellifera. ] Comp Physiol A 195:1121-1130

Mant J, Brindli C, Vereecken NJ, Schulz CM, Francke W, Schiestl
FP (2005) Cuticular hydrocarbons as sex pheromone of the bee
Colletes cunicularius and the key to its mimicry by the sexually
deceptive orchid, Ophrys exaltata. J Chem Ecol 31:1765-1787

Nilsson LA (1992) Orchid pollination biology. TREE 7:255-259

Paulus HF (1988) Co-Evolution und einseitige Anpassungen in
Bliiten-Bestdaubersystemen: Bestiduber als Schrittmacher in der
Bliitenevolution. Verh Dtsch Zool Ges 81:25-46

Paulus HF (2006) Deceived males—pollination biology of the
Mediterranean orchid genus Ophrys (Orchidaceae). J Eur Orchid
38(2):303-353

Paulus HF (2007) Wie Insekten-Minnchen von Orchideenbliiten
getduscht werden—Bestidubungstricks und Evolution in der
mediterranen Ragwurzgattung Ophrys. In: Gusenleitner F (ed)
Evolution—Phdnomen Leben, vol 20. Denisia, Linz, pp 255-294

Paulus HF, Gack C (1990) Pollinators as prepollinating isolation
factors: evolution and speciation in Ophrys (Orchidaceae). Isr J
Bot 39:43-79

Paxton RJ (2005) Male mating behaviour and mating systems of bees:
an overview. Apidologie 36:145-156

Peitsch D, Fietz A, Hertel H, de Souza J, Fix Ventura D, Menzel R
(1992) The spectral input systems of hymenopteran insects and
their receptor-based colour vision. J Comp Physiol A 170:23-40

Schaefer HM, Schaefer V, Levey DJ (2004) How plant-animal
interactions signal new insights in communication. TREE
19(11):577-584

Schiestl FP (2005) On the success of a swindle: pollination by
deception in orchids. Naturwissenschaften 92:255-264

Schiestl FP, Ayasse M, Paulus HF, Lofstedt C, Hansson BS, Ibarra F,
Francke W (1999) Orchid pollination by sexual swindle. Nature
399:421-422

Spaethe J, Tautz J, Chittka L (2001) Visual constraints in foraging
bumblebees: flower size and color affect search time and flight
behavior. Proc Natl Acad Sci USA 98:3898-3903

Spaethe J, Moser WH, Paulus HF (2007) Increase of pollinator attraction
by means of a visual signal in the sexually deceptive orchid,
Ophrys heldreichii (Orchidaceae). Plant Syst Evol 264:31-40

Spaethe J, Streinzer M, Paulus HF (2010) Why sexually deceptive
orchids have coloured flowers. CIB 3(2):1-3

@ Springer



148

M. Streinzer et al.

Streinzer M, Paulus HF, Spaethe J (2009) Floral colour signal
increases short-range detectability of a sexually deceptive orchid
to its bee pollinator. J Exp Biol 212:1365-1370

Uphoff W (1979) Anthocyanins in the flowers of European orchids.
CMLS 35:1013-1014

van der Pijl L, Dodson CH (1966) Orchid flowers. Their pollination
and evolution. University of Miami Press, Coral Gables

@ Springer

Vandewoestijne S, Réis AS, Caperta A, Baguette M, Tyteca D (2009)
Effects of individual and population parameters on reproductive
success in three sexually deceptive orchid species. Plant Biol
11:454-463

Vereecken NJ, Schiestl FP (2009) On the roles of colour and scent in
a specialized floral mimicry system. Ann Bot 104(6):1077-1084



	Visual discrimination between two sexually deceptive Ophrys species by a bee pollinator
	Abstract
	Introduction
	Materials and methods
	Study sites and species
	Behavioural experiments
	Flower morphology
	Spectral measurements and bee colour space calculations
	Statistics

	Results
	Behavioural experiments
	Flower morphology measurements
	Spectral measurements

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


