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† Background and Aims A comparative investigation was made of floral scent variation in the closely related, food-
rewarding Anacamptis coriophora and the food-deceptive Anacamptis morio in order to identify patterns of varia-
bility of odour compounds in the two species and their role in pollinator attraction/avoidance learning.
† Methods Scent was collected from plants in natural populations and samples were analysed via quantitative gas
chromatography and mass spectrometry. Combined gas chromatography and electroantennographic detection was
used to identify compounds that are detected by the pollinators. Experimental reduction of scent variability was
performed in the field with plots of A. morio plants supplemented with a uniform amount of anisaldehyde.
† Key Results Both orchid species emitted complex odour bouquets. In A. coriophora the two main benzenoid com-
pounds, hydroquinone dimethyl ether (1,4-dimethoxybenzene) and anisaldehyde (methoxybenzaldehyde), triggered
electrophysiological responses in olfactory neurons of honey-bee and bumble-bee workers. The scent of A. morio,
however, was too weak to elicit any electrophysiological responses. The overall variation in scent was significantly
lower in the rewarding A. coriophora than in the deceptive A. morio, suggesting pollinator avoidance-learning select-
ing for high variation in the deceptive species. A. morio flowers supplemented with non-variable scent in plot experi-
ments, however, did not show significantly reduced pollination success.
† Conclusions Whereas in the rewarding A. coriophora stabilizing selection imposed by floral constancy of the
pollinators may reduce scent variability, in the deceptive A. morio the emitted scent seems to be too weak to be
detected by pollinators and thus its high variability may result from relaxed selection on this floral trait.

Key words: Anacamptis coriophora, Anacamptis morio, food deception, floral odour, GC-EAD, pollination, scentless
flowers.

INTRODUCTION

Insect-pollinated plants advertise their flowers with colour,
shape and scent to attract their pollinators (Fægri and van
der Pijl, 1979). Pollinators may be attracted to floral
signals innately, as was shown for colour (Kugler, 1934;
Gumbert, 2000) and scent (Henning et al., 1992;
Andersson and Dobson, 2003), but pollinators also learn
to associate floral rewards with flower traits, such as
colour (Heinrich et al., 1977; Kunze and Gumbert, 2001),
shape (Manning, 1956) and scent (Wells and Wells, 1985;
Laloi et al., 1999). The association of floral signals with
floral reward can lead to flower constancy, i.e. when
insects restrict their visits to one flower type, even when
other rewarding types are available (Heinrich et al., 1977;
Waser, 1986). This behaviour of pollinators is favourable
for plants, because it reduces inappropriate pollen transfer,
and clogging of stigmas with non-compatible pollen (Jones,
2001). Flower constancy can be influenced by various
factors, such as innate preferences of the pollinators, com-
plexity of the flowers, amount of reward offered and the fre-
quency of a particular flower type within a population or a
plant community (Real, 1981; Smithson and Macnair,
1997a; Gegear and Laverty, 2001). Although it is doubtful

that flower constancy plays an important role in plant spe-
ciation (Chittka, 1999; Goulson, 1999), it seems likely
that this behaviour imposes stabilizing selection on flower
signals, as it selects against phenotypes that fall out of the
search image of the pollinators. Experiments have also
shown that bees forage in a positive frequency-dependent
manner, preferring the most common flower types over
rare ones (Smithson and Macnair, 1996, 1997a). This posi-
tive frequency-dependent foraging behaviour of pollinators
can also select for reduced variation in floral signals,
because more common phenotypes have an advantage.

An opposite scenario is predicted when flowers are
deceptive, i.e. offer no reward to their pollinators
(Ackerman, 1986; Nilsson, 1992; Schiestl, 2005). Among
orchids, this pollination syndrome is common, and can be
classified into two different systems. Orchids that mimic a
specific rewarding species are considered true Batesian
mimics (Dafni and Ivri, 1981; Roy and Widmer, 1999;
Johnson, 2000). By contrast, food-fraud orchids can be
‘non-model mimics’ or ‘general food mimics’ and attract
inexperienced pollinators with general floral features, but
do not mimic a specific plant species (Nilsson, 1984;
Dafni, 1986). Non-model mimics often grow gregariously
and produce conspicuous floral displays (Nilsson 1980,
1992). In non-model deceptive pollination systems, pollina-
tors are expected to learn and avoid floral signals in sub-
sequent visits, and because pollinators encounter common

* For correspondence. Present address: Institute of Systematic Botany,
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morphs more often than rare ones, they may proportionally
over-visit rare morphs. Rare floral morphs of the non-model
mimic are expected to experience a selective advantage in
comparison with common morphs, and thus negative
frequency-dependent selection (nFDS) may maintain high
polymorphism of floral traits (Smithson and Macnair,
1997b; Ferdy et al., 1998). Indeed, in many systems, a
high variability in floral characters has been documented
and interpreted as an adaptive trait to delay avoidance learn-
ing of the pollinators (Heinrich, 1975; Nilsson, 1992; Moya
and Ackerman, 1993). Only a few studies, however, have
tested this hypothesis experimentally (Smithson and
Macnair, 1997b; Gigord et al., 2001; Aragón and
Ackerman, 2004), and only one of them has dealt with
scent (Ackerman et al., 1997). Up to now, nFDS, maintain-
ing high polymorphism of a floral trait, has been reported
only for the two colour morphs of Dactylorhiza sambucina
(Gigord et al., 2001).

In the present study, a phylogenetically balanced, com-
parative approach was used to investigate patterns of varia-
tion in floral scent in two different pollination systems and
an experiment was used to test whether high variability is
adaptive in a food deceptive system. With this aim, floral
scent and its variability were analysed in a rewarding and
in a non-model food-deceptive species of the orchid
genus Anacamptis. Anacamptis coriophora produces
nectar and is pollinated by various types of bees, including
bumble-bees and honey-bees (Dafni and Ivri, 1979; Van der
Cingel, 1995). Nectar production is probably a derived trait
within the genus Anacamptis (Bateman et al., 2003). The
closely related Anacamptis morio, by contrast, is food
deceptive but also pollinated by bumble-bees (Nilsson,
1984; Cozzolino et al., 2005). Specifically, the following
questions were addressed: (1) Which odour compounds
are emitted by flowers of the two orchids? (2) Which
compounds are detected by the pollinators? (3) What are
patterns of variability of odour compounds in the two
species? (4) Are high amounts of variability in the decep-
tive system adaptive by reducing avoidance learning by
pollinators?

MATERIALS AND METHODS

Scent collection

Between 20 and 30 plants were chosen randomly from
several populations in Italy and Switzerland for odour collec-
tion. Plants of Anacamptis morio (L.) R. M. Bateman,
Pridgeon and M. W. Chase were sampled from three popu-
lations, one in southern Italy (Cilento National Park,
Monte San Giacomo, Salerno) and two in Switzerland
(Randen, Schaffhausen and Wollishofen, Zürich). Plants of
Anacamptis coriophora (L.) R. M. Bateman, Pridgeon and
M. W. Chase were sampled from two populations, one in
northern Italy (Bassa del Bardello, Ravenna) and one in
southern Italy (Varriconi, Caserta). Odour was collected by
headspace sorption, a standard method that has been
proven reliable in many systems (Schiestl and Marion-Poll,
2002; Tholl and Röse, 2006). The inflorescence was
covered with a polyethylene terephtalate (PET) cooking

bag (Nalophand, Kalle GmbH, Wiesbaden, Germany) and
air was removed by using a battery-operated vacuum pump
(SKC Inc., Eighty Four, PA, USA; Huber et al., 2005).
Volatiles were trapped on 2.5 mg of Porapak Q sealed in a
glass tube. Before use, the Porapak Q was cleaned with
100 mL dichloromethane and 100 mL of a hexane/acetone
mixture (9 : 1). Ambient air was collected as control
samples to identify and subtract background contamination.
After a sampling period of 3–8 h (approx. 10 mL min21),
adsorbed volatiles were eluted from the Porapak Q with
50 mL of a mixture of hexane/acetone (9 : 1). Samples were
sealed in glass vials and stored at 220 8C.

Quantitative gas chromatography (GC) analyses
and GC-mass spectrometry

For quantitative analysis, 100 ng of n-octadecane was
added to all samples as an internal standard. One millilitre
of each odour sample was injected splitless at 40 8C
(1 min) into a gas chromatograph (GC; Agilent 6890 N)
followed by opening the split valve and programming to
300 8C at a rate of 10 8C min21. The GC was equipped
with an HP-5 column (30 m, diameter ¼ 0.32 mm, film
thickness ¼ 0.25 mm, Agilent Technologies). Hydrogen
was used as carrier gas and nitrogen as make-up gas. For
compound identifications, selected samples were analysed
by gas chromatography with mass selective detection
(GC-MS; Hewlett Packard G1800 A) using the same GC
parameters as described above. Compounds were identified
by comparison of MS spectra and GC retention times with
those of reference compounds. Reference compounds and
mass spectra of the compounds for identification were
kindly provided by Roman Kaiser (Givaudan Schweiz AG,
Dübendorf, Switzerland).

Absolute amounts of odour compounds were calculated
using the internal standard method (Schomburg, 1990)
according to the formula: (area peak/area internal
standard) � 100. Sampling times and sampling volumes
were used to calculate the absolute amount per litre
sampled air, per hour and per plant. Relative amounts
were calculated by dividing individual amounts by the
sum of all compounds. Only those compounds were used
in the analyses that did not occur, or occurred in statistically
significantly lower amounts in the control samples.

Identification of biologically active compounds

To identify compounds which are detected by the polli-
nators (‘biologically active compounds’), ten samples
each of A. morio and A. coriophora were pooled to
provide a representative sample comprising most com-
pounds of both species. These samples were then analysed
via combined gas chromatography and electroantenno-
graphic detection (GC-EAD; Schiestl and Marion-Poll,
2002). For each analysis, one antenna of a Bombus terres-
tris worker (Andermatt Biocontrol AG, Grossdietwil,
Switzerland) or Apis mellifera worker (Botanic Garden
Zürich, Switzerland) was cut off at its base and mounted
between two silver electrodes. Contact was made with the
help of an electroconductive gel (Parker Laboratories).

Salzmann et al. — Scent Variability in Orchids758



The preparation was shielded with a Faraday cage to reduce
electrical interference. A GC effluent splitter (SGE
Australia; split ratio 1 : 1) was used and the outlet was
placed in a purified and humidified air stream. This air
was directed over the antennae from which summed olfac-
tory neuron responses (EAD) were recorded via Syntech
software (Kirchzarten, Germany). EAD signals and flame
ionization detector (FID) responses were simultaneously
recorded. For each bee species, at least five individuals
were tested with each odour-type. A compound was
judged EAD active when a clear EAD response was consis-
tently present in at least three GC-EAD runs with three
different antennae.

Scent variability and pollination success in A. morio

The aim of the experiment was to test the adaptive value
of floral scent variation by making flowers of A. morio
more similar to A. coriophora in terms of active compound
emission and its variation. This was achieved by adding a
uniform amount of anisaldehyde, an active compound natu-
rally produced by A. coriophora, to the flowers of A. morio.
A rubber septum (Supelco, Bellefonte, PA, USA) beaded on
a thread was soaked for 1 h in a solution of anisaldehyde/
dichloromethane (1 : 10). A scented septa was coiled
around each A. morio inflorescence and was replaced every
second day by a freshly scented one. In a pre-experimental
study, the odour emission of septa treated in that way was
found to correspond to the amount of natural anisaldehyde
emission of A. coriophora (data not shown).

The experiment was conducted from 26 April to 2 May,
2005 in Portici (Naples), southern Italy. Forty-six artificial
plots in three patches of an agricultural grassland at the foot
of Mt. Vesuvius were established. A plot consisted of a
polystyrene rack of 0.58 � 0.32 � 0.06 m, in which nine
vials were placed evenly, each filled with water and contain-
ing a cut inflorescence of A. morio. The plants originated
from populations in the area and were randomly assigned
to the plots. Flowers with pollen on the stigma or with pol-
linia removed were removed before the onset of the experi-
ment. The distance between plots was 3 m. All plants of a
plot were treated identically: plots either contained plants
that received scent treatment (scented rubber septum) or
plants that received a control treatment (scentless
septum). The application of the same scent to all plants in
treatment plots enhanced odour emission and reduced
odour variability among individuals – individuals in
control plots, however, retained the high odour variability
of natural populations. After the experiment, male and
female reproductive success (removed pollinia or massulae
on stigma, respectively) of each plant were recorded. As
male and female pollination success did not differ, the
two measurements were combined to give: pollination
success ¼ (sum of flowers pollinated or pollinia removed)/
(total number of flowers).

Statistical analyses

Variability of odour compounds was assessed for both
species by calculating the coefficient of variance (CV ¼

standard deviation/mean). Mean CV was compared
among populations within species and between species as
well as between active and non-active odour compounds
in A. coriophora (Mann–Whitney U-test with subsequent
Bonferroni correction, where appropriate). The absolute
amount of scent was also compared between species by
using the Mann–Whitney U-test.

Data from the A. morio experiment for scent variability
were analysed with an ANOVA with mean pollination
success per plot as the dependent variable, treatment and
plot as fixed factors and number of flowers as covariate.
For all statistical analyses, the program SPSS 12.0.1 for
Windows (SPSS Inc., Chicago, IL, USA) was used.

RESULTS

Scent analyses

In both orchid species, numerous floral volatiles were
found; 34 compounds were identified in A. morio and 54
compounds in A. coriophora (Tables 1 and 2). The floral
bouquet of A. coriophora was mainly characterized by
high amounts of benzenoids (.80 %). Two benzenoids,
anisaldehyde and hydroquinone dimethyl ether, dominated
the scent profile, making up 83 % (‘Varriconi’ population)
and 60 % (‘Ravenna’ population) of the total odour
bouquet. In A. morio, monoterpenes were present in the
scent profile of the Italian population, comprising more
than 50 % of the total, but made up only a minor proportion
in the two Swiss populations (16 and 22 %, respectively).
The absolute amount of scent emission was significantly
lower in A. morio than in A. coriophora (Mann–Whitney
U-test, U ¼ 341, P , 0.001; Fig. 1).

GC-EAD analyses showed that the two main scent com-
pounds in A. coriophora, hydroquinone dimethyl ether
(1,4-dimethoxybenzene) and anisaldehyde (methoxyben-
zaldehyde), elicited a physiological response in the anten-
nae of the pollinator species Bombus terrestris and Apis
mellifera (Fig. 2; data only shown for B. terrestris). In the
A. morio samples, however, no compound elicited a physio-
logical response in the pollinators’ antennae.

Comparing the mean CV of the odour compounds between
all populations sampled, no significant differences were
found between populations within a species (Fig. 3).
However, populations of the food-deceptive A. morio were
overall more variable than in the food-rewarding
A. coriophora. Most pronounced were the differences
between the Italian populations of A. morio ‘Cilento’ –
A. coriophora ‘Varriconi’ and A. morio ‘Cilento’ –
A. coriophora ‘Ravenna’ (Mann–Whitney U-test, U ¼ 474,
P ¼ 0.001 and U ¼ 374 and P , 0.001, respectively).
Within A. coriophora the mean CV of the physiologically
active odour compounds was significantly lower than the
CV of the non-active compounds (Mann–Whitney U-test,
U ¼ 2, P , 0.001; Fig. 4).

Scent variability and pollination success in A. morio

Analyses of variance did not reveal a significant effect of
odour treatment on pollination success of A. morio, nor did
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TABLE 1. Mean relative values (+ s.e.) of odour compounds identified in headspace samples of Anacamptis morio

Italy (Cilento), n ¼ 20 Switzerland (Schaffhausen), n ¼ 21 Switzerland (Zurich), n ¼ 18

Compound Mean+ s.e. Min. Max. CV % Mean+ s.e. Min. Max. CV % Mean+ s.e. Min. Max. CV %

Fatty acid derivatives 0.18+++++0.13 0.00 2.56 3.18 1.44+++++0.35 0.16 7.51 1.13 3.13+++++0.39 0.60 6.30 0.53
Aldehydes 0.18+0.13 0.00 2.56 3.18 1.44+0.35 0.16 7.51 1.13 3.13+0.39 0.60 6.30 0.53
Nonanal 0.18+0.13 0.00 2.56 3.18 30 1.44+0.35 0.16 7.51 1.13 100 3.13+0.39 0.60 6.30 0.53 100

Benzenoids 1.87+++++0.74 0.08 12.56 1.77 2.30+++++0.32 0.10 6.09 0.64 4.15+++++0.60 0.00 8.25 0.61
Aldehydes 1.87+0.74 0.08 12.56 1.77 2.30+0.32 0.10 6.09 0.64 4.15+0.60 0.00 8.25 0.61
Benzaldehyde 1.87+0.74 0.08 12.56 1.77 100 2.30+0.32 0.10 6.09 0.64 100 4.15+0.60 0.00 8.25 0.61 89

Isoprenoids 53.15+++++7.27 0.00 93.28 0.61 15.75+++++4.59 3.02 73.59 1.33 21.68+++++4.68 5.6 73.7 0.92
Irregular terpenes 0.30+0.12 0.00 1.53 1.78 0.51+0.14 0.00 2.94 1.27 0.75+0.17 0.00 2.30 0.97
6-Methyl-5-hepten-2one 0.30+0.12 0.00 1.53 1.78 40 0.51+0.14 0.00 2.94 1.27 91 0.75+0.17 0.00 2.30 0.97 72

Monoterpenes 52.85+7.31 0.00 93.28 0.62 15.24+4.61 2.50 73.35 1.39 20.93+4.65 5.6 73.5 0.94
a-Pinene 11.34+2.63 0.00 37.10 1.04 85 2.50+1.60 0.00 30.78 2.93 71 3.25+2.11 0.00 31.38 2.75 39
Camphene 0.31+0.22 0.00 4.54 3.20 50 0.03+0.03 0.00 0.50 3.50 10 0.02+0.02 0.00 0.24 2.93 11
Sabinene 8.65+1.71 0.00 20.50 0.88 85 1.95+0.66 0.13 11.85 1.55 100 2.07+0.97 0.00 13.54 1.98 50
b-Pinene 1.84+0.35 0.00 4.98 0.86 75 0.92+0.26 0.15 5.07 1.27 100 1.93+0.34 0.00 4.58 0.74 83
Myrcene 5.60+1.18 0.00 21.43 0.94 95 2.26+0.50 0.24 9.21 1.02 100 2.95+0.53 0.00 6.62 0.77 83
b-Phellandrene 0.26+0.06 0.00 0.76 0.97 70 0.91+0.12 0.25 2.16 0.61 100 3.29+1.19 0.00 20.60 1.53 83
Limonene/eucalyptol 13.08+2.36 0.00 36.32 0.81 80 1.48+0.62 0.09 11.33 1.90 100 2.45+0.87 0.00 12.23 1.50 67
g-Terpinene 1.00+0.44 0.00 8.19 1.97 45 0.16+0.11 0.00 1.74 3.17 10 0.15+0.08 0.00 0.94 2.31 17
Linalool 7.68+4.03 0.00 77.65 2.35 85 4.16+3.06 0.00 65.23 3.37 95 2.54+0.57 0.00 9.18 0.95 89
a-Pinene-epoxide 1.10+0.27 0.00 3.81 1.11 75 0.09+0.06 0.00 0.92 3.16 10 0.29+0.14 0.00 1.75 2.03 22
Terpinene-4-ol 1.37+0.54 0.00 9.73 1.77 65 0.67+0.22 0.00 3.31 1.46 86 1.93+0.28 0.39 4.04 0.61 100
a-Terpineol 0.62+0.29 0.00 6.01 2.10 80 0.10+0.05 0.00 0.72 2.03 38 0.05+0.04 0.00 0.52 2.94 11

Miscellaneous 4.72+++++2.18 0.00 43.88 2.06 3.90+++++0.89 0.28 19.01 1.05 6.19+++++1.50 0.00 23.76 1.02
2,3-Benzofuran 4.72+2.18 0.00 43.88 2.06 95 3.90+0.89 0.28 19.01 1.05 100 6.19+1.50 0.00 23.76 1.02 94

Unidentified compounds 40.07+++++6.47 5.95 94.76 0.72 76.61+++++4.57 25.87 93.79 0.27 64.85+++++4.59 23.73 86.99 0.30
Compounds 1–18 40.07+6.47 5.95 94.76 0.72 100 76.61+4.57 25.87 93.79 0.27 100 64.85+4.59 23.73 86.99 0.30 100

Within a chemical class, compounds are ordered according to retention time. Min.: minimal relative value; Max.: maximal relative value; CV: coefficient of variance (¼ standard deviation/mean);
%: proportion of individuals emitting a particular compound.
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TABLE 2. Mean relative values (+s.e.) of odour compounds identified in headspace samples of Anacamptis coriophora

Italy (Riserva Varriconi), n ¼ 17 Italy (Ravenna), n ¼ 26

Mean+ s.e. Min. Max. CV % Mean+ s.e. Min. Max. CV %

Fatty acid derivatives 2.58+++++0.42 0.42 6.19 0.68 7.77+++++1.02 2.35 21.38 0.67
Aldehydes 0.17+0.04 0.05 0.62 0.89 0.21+0.04 0.06 0.52 0.57
Nonanal 0.17+0.04 0.05 0.62 0.89 100 0.21+0.02 0.06 0.52 0.57 100

Miscellaneous 2.41+0.40 0.36 5.57 0.68 7.56+1.01 2.20 21.12 0.68
4-Methyl-4-pentanolide 0.19+0.03 0.00 0.50 0.69 94 0.23+0.04 0.05 1.07 0.86 100
d-Caprolactone 1.16+0.20 0.12 2.65 0.70 100 1.31+0.35 0.00 8.46 1.35 96
trans-4-Methyl-5-hexanolide 1.07+0.23 0.07 3.17 0.90 100 6.01+0.86 2.08 19.32 0.73 100

Benzenoids 90.47+++++1.52 73.88 96.79 0.07 81.84+++++1.74 60.63 91.63 0.11
Aldehydes 28.37+1.66 17.66 40.84 0.24 27.38+2.54 3.83 47.85 0.47
Anisaldehyde 28.14+1.63 17.62 40.53 0.24 100 27.28+2.52 3.83 47.62 0.47 100
p-Methoxy-cinnamic aldehyde 0.23+0.05 0.00 0.69 0.90 94 0.10+0.03 0.00 0.45 1.38 50

Alcohols 1.45+0.26 0.06 2.97 0.73 2.20+0.31 0.09 5.90 0.71
Anisyl alcohol 0.50+0.12 0.00 1.68 0.99 100 0.41+0.08 0.06 1.71 0.94 100
p-Methoxy phenylethyl alcohol 0.95+0.20 0.00 2.88 0.87 94 1.79+0.26 0.00 4.19 0.73 96

Esters 5.42+0.63 1.65 11.09 0.48 18.32+2.65 2.28 43.68 0.74
Methyl benzoate 0.01+0.01 0.00 0.14 4.12 6 0.18+0.05 0.00 0.68 1.33 46
Methyl anisate 3.38+0.36 1.17 5.88 0.44 100 14.97+2.47 1.66 39.57 0.84 100
Methyl-(E)-cinnamate 0.65+0.31 0.09 5.47 1.95 100 1.06+0.21 0.00 3.15 1.00 96
Methyl-(Z)-p-methoxycinnamate 0.66+0.20 0.00 3.26 1.27 100 1.13+0.14 0.14 3.44 0.64 100
Methyl-(E)-p-methoxycinnamate 0.72+0.14 0.13 2.06 0.79 100 0.98+0.12 0.09 2.96 0.63 100

Ethers 55.23+2.70 38.05 74.04 0.20 33.93+2.26 17.53 59.29 0.34
p-Methyl anisole 0.36+0.08 0.08 1.23 0.92 100 1.64+0.24 0.16 4.51 0.75 100
Hydroquinone dimethyl ether 54.87+2.69 37.77 73.86 0.20 100 32.29+2.27 16.01 56.29 0.36 100

Unidentified compounds 6.95+++++1.18 2.47 19.93 0.70 10.39+++++0.91 4.87 22.95 0.45
Compounds 1–39 6.95+1.18 2.47 19.93 0.70 100 10.39+0.91 4.87 22.95 0.45 100

Within a chemical class, compounds are ordered according to retention time. Min.: minimal relative value; Max.: maximal relative value;
CV: coefficient of variance (¼ standard deviation/mean); %: proportion of individuals emitting a particular compound.

FI G. 1. Absolute amount of scent emitted by inflorescences of Anacamptis
morio and A. coriophora Mann–Whitney U-test, *P , 0.001. Bars show

mean+ s.e.

FI G. 2. Gas chromatographic analysis and electroantennographic detec-
tion (GC-EAD) of ten pooled headspace samples of Anacamptis corio-
phora using an antenna of a Bombus terrestris queen. Two compounds,
hydroquinone dimethyl ether and anisaldehyde, showed a consistent phys-
iological response (arrows) in antennae of Bombus terrestris and Apis mel-
lifera. FID: flame ionization detector trace from the gas chromatograph;

EAD: electroantennographic detection trace from the antenna.
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the plot or number of flowers (Table 3). When the data were
pooled over the whole experiment, only a trend that odour-
treated plants were less pollinated than untreated plants was
found (Fig. 5; ANOVA, F1,44 ¼ 1.307, P ¼ 0.259).

DISCUSSION

Variation in floral traits is the basis for evolutionary change in
floral characters. Consequently, a large number of studies
have investigated and documented such variation, but little
is still known about the selective forces, or random genetic
and environmental factors, that shape patterns of variation.
In the present comparative study it was found that the reward-
ing A. coriophora varies significantly less in floral odour over
two populations than the deceptive A. morio. This pattern is
consistent with the hypothesis of stabilizing selection
imposed by pollinator learning and floral constancy.

Although floral odour is generally acknowledged as highly
relevant for plant reproduction, the chemical composition
and ecological functions of floral odour are unknown in
many plant species, which is largely due to the long-term
bias of pollination ecology towards floral colour (Fægri and
van der Pijl, 1979; Dobson, 2006). One of the reasons for
this is its often high chemical complexity that serves multiple
functions, ranging from pollinator attraction to chemical
defence, and may also comprise ‘biochemical noise’ intro-
duced by the often low specificity of enzymes producing
floral odour compounds (Raguso, 2003). The present investi-
gations have confirmed this overall complexity in two
Anacamptis species, although most of the identified com-
pounds herein are commonly found in other bee-pollinated
plants (Knudsen et al., 1993; Hansted et al., 1994; Olesen
and Knudsen, 1994; Gaskett et al., 2005; Wright et al.,
2005). Nevertheless, the two orchid species were clearly sep-
arated by their scent profiles. A monoterpene blend domi-
nated the scent of the Italian A. morio population,
confirming earlier studies by Nilsson (1984) in Swedish
A. morio plants. The scent of A. coriophora, by contrast, con-
sisted mainly of benzenoids, which are structurally less
diverse and hence occur in fewer numbers among bee-
pollinated plants (Dobson, 2006). One means by which to
break down the complexity of floral odour, and to identify
compounds involved in pollinator attraction, is the appli-
cation of EAD. This powerful method analyses all com-
pounds in the bouquet for their potential to elicit responses
in olfactory neurons of pollinators and has been highly suc-
cessful for identifying pollinator-attracting compounds in
rewarding (Plepys et al., 2002; Huber et al., 2005; Dötterl
et al., 2006) and deceptive pollination systems (Schiestl
et al., 1999, 2003). By using this method, the two main ben-
zenoid compounds emitted by A. coriophora, hydroquinone
dimethyl ether and anisaldehyde, were demonstrated to be
EAD-active in honey-bees and bumble-bees. Hydroquinone
dimethyl ether was found in the flowers of two Salix
species, and was shown to be EAD-active as well as attractive
in field bioassays for the pollinator bee (Dötterl et al., 2005).
This compound may thus represent a general bee attractant,
although the attractiveness of hydroquinone dimethyl ether
and anisaldehyde was not specifically investigated in the
present study.

Floral scent can influence pollinator behaviour in mul-
tiple ways. Beside the mere attraction of pollinators, it has
been shown that scent increases the attention of pollinators
towards visual stimuli and stimulates their landing or
feeding behaviour (Nilsson, 1983; Lunau, 1992; Dobson

FI G. 4. Comparison of the coefficient of variance (CV ¼ standard devi-
ation/mean) between the physiologically active and non-active compounds
in Anacamptis coriophora. Mann–Whitney U-test, *P , 0.001). Bars

show mean+ s.e.

FI G. 3. Comparison of the coefficient of variance (CV ¼ standard devi-
ation/mean) between populations of Anacamptis morio (‘Cilento’,
‘Schaffhausen’, ‘Zurich’) and A. coriophora (‘Varriconi’, ‘Ravenna’).
Mann–Whitney U-test and subsequent Bonferroni correction, ***P ,

0.001, **P , 0.01, *P , 0.05. Bars show mean+ s.e.
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et al., 1999; Andersson and Dobson, 2003; Raguso and
Willis, 2005). Floral scent can also mediate preferential vis-
itation and flower constancy. Bumble-bees preferentially
visited sweet smelling morphs over skunky smelling
morphs in Polemonium, irrespective of their flower colour
(Galen and Kevan, 1983), and in an experiment with artifi-
cial flowers, honey-bees became flower constant to either
scent or colour when given the choice (Wells and Wells,
1985). When floral scent is paired with other floral traits,
it may increase flower constancy, as bumble-bees become
more constant when flowers differ in more than one
sensory signal, e.g. colour and odour (Gegear and
Laverty, 2001) or size and odour (Gegear, 2005), than
when they differ in one of the traits alone. A strong
odour emission, as in A. coriophora, may thus be selec-
tively advantageous in a rewarding plant, as it increases
the attraction of pollinators and enables the association of
odour and reward. Flower constancy may cause stabilizing
selection in the odour bouquet of A. coriophora by

promoting the mating of similar-smelling individuals with
each other, expressed by a consistent occurrence and
lower variability of the two EAD-active compounds com-
pared with the non-active compounds in all individuals.
Different variability in active and non-active compounds
suggests stabilizing selection on active compounds, prob-
ably imposed by pollinators (Mant et al., 2005). Reduced
variability in active compounds was also found in the
food-rewarding Gymnadenia (Huber et al., 2005) and in
sexually deceptive Ophrys species (Ayasse et al., 2000;
Mant et al., 2005). In the interspecific comparison,
A. coriophora also showed less overall scent variability
than the deceptive A. morio, further supporting the stabiliz-
ing selection scenario.

As much as floral scent is advantageous for nectar-
producing plants to advertise their rewards and thus increase
their reproductive fitness, different rules apply for food-
deceptive species, where scent may be used by pollinators
to learn and avoid the deceptive flowers, and scent may be
learned more quickly than colour (Kunze and Gumbert,
2001; Galizia et al., 2005). The current study suggests that
the amounts of compounds emitted by A. morio may be too
weak to be consistently detected by the pollinators. No com-
pound in the fragrance of A. morio elicited a response in
bumble-bee or honey-bee antennae. This is probably due to
the low concentration of the odour compounds emitted
from the flowers, as some of them, such as myrcene, limonene
and linalool, are known to be principally detected by honey-
bees and bumble-bees (Henning et al., 1992; Henning and
Teuber, 1992; Laloi et al., 1999). Flowers with scent emis-
sion below the detection level of the olfactory neurons in
the antennae – de facto scentless for pollinators – may be
adaptive in this pollination system. An experiment performed
by Kunze and Gumbert (2001) with artificial flowers of a
rewarding model and a differently coloured non-rewarding
mimic showed that bumble-bees discriminated better
between scented than between non-scented model and
mimic. Thus, the mere presence of scent enhanced the dis-
crimination ability of the bumble-bees, suggesting that scent-
less non-model deceptive flowers should have a selective
advantage. The present results support this hypothesis by
the low total scent emission in the food-deceptive A. morio,
with a lack of detectable EAD responses to any floral odour
compound. In future experiments, more sensitive methods,
such as electroantennography with single sensillum record-
ing (Schiestl and Marion-Poll, 2002), or behavioural experi-
ments could be used to confirm the lack of detection of
A. morio compounds. Alternatively, the low amounts of
odour may also be explained with resource-saving by avoid-
ance of the costly odour production.

Scent variability and reproductive success

Although high degrees of variation are common in
deceptive orchids (summarized in Schiestl, 2005), this is
the first comparative study showing that variation in floral
odour is considerably higher in a deceptive orchid as com-
pared with the closely related rewarding species. High
degrees of variation in floral signals of deceptive orchids
have been explained by evolutionary processes including

TABLE 3. Factors that explain variation in pollination
success in Anacamptis morio. Data were analysed using an
ANOVA with treatment and plot as fixed factors and number

of flowers as covariate.

Source d.f. SS* MS F P

Dependent variable: percentage pollination success
Corrected model 6 0.064† 0.011 1.137 0.360
Treatment 1 0.018 0.018 1.876 0.179
Plot 2 0.031 0.016 1.666 0.202
Plot � treatment 2 0.007 0.003 0.349 0.707
Number of flowers 1 0.009 0.009 0.911 0.346

* Type III SS.
† Adjusted R2 ¼ 0.018.

FI G. 5. Difference in pollination success (¼ sum of flowers pollinated or
pollinia removed/total amount of flowers) between untreated and odour-
treated plants across all plots (ANOVA, F1,44 ¼ 1.307, P ¼ 0.259). Bars

show mean+ s.e.
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nFDS (Ackerman et al., 1997; Smithson and Mcnair,
1997b; Gigord et al., 2001) and genetic drift (Ackerman
and Zimmerman, 1994; Aragón and Ackerman, 2004).
Variation in floral traits in deceptive orchids may be adap-
tive for the plants, as it may delay the avoidance learning of
the pollinators (Heinrich, 1975). The aim of our field exper-
iment was to show whether individuals of the deceptive
A. morio in treatment plots, having a strong odour and
reduced variation similar to that of A. coriophora, have
lower pollination success compared with control plots
with natural high odour variability. This hypothesis could
not be confirmed, as low variability among plants in the
plots had no significant effect on pollination success.
Thus, the data suggest that odour variability is non-adaptive
in A. morio. This is in accordance with earlier studies by
Ackerman et al. (1997), who did not find any evidence
for nFDS on the odour of Tolumnia variegata. Similarly,
in floral colour, although nFDS was predicted in a study
on Dactylorhiza sambucina using experimental plots
(Gigord et al., 2001), no evidence for it was found in
natural populations of that species (Pellegrino et al.,
2005; Jersakova et al., 2006). The present study adds to
these findings by suggesting that high degrees of variation
are not necessarily adaptive in a food-deceptive system.
Alternatively, high variation in floral scent of deceptive
orchids may be the outcome of relaxed selection
(Ackerman et al., 1997). If the low amounts of scent
emitted by A. morio are indeed not detected by the pollina-
tors, this trait would not influence pollinator behaviour and
‘neutral’ variation may accumulate.

Conclusions

The results support the hypothesis that stabilizing selec-
tion shapes floral scent variability in the food-rewarding
A. coriophora. Evidence for this is the low variability of
odour compounds, especially among the main compounds
that are also biologically active in the pollinators. Odour
compounds in the food-deceptive A. morio, by contrast,
were too weak to elicit any EAD responses in the pollinator
antennae but were significantly more variable perhaps as a
consequence of relaxed selection on this trait.
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(ETH Research Grant 28/01-4 to F.P.S.) and by the PRIN
programme.

LITERATURE CITED

Ackerman JD. 1986. Mechanisms and evolution of food-deceptive polli-
nation systems in orchids. Lindleyana 1: 108–113.

Ackerman JD, Zimmerman JK. 1994. Bottlenecks in the life histories of
orchids: resources, pollination, population structure, and seedling
establishment. In: Pridgeon A, ed. Proceedings of the 14th world
orchid conference. London: Her Majesty’s Stationary Office,
125–129.

Ackerman JD, Méléndez-Ackerman EJ, Salguero-Faria J. 1997.
Variation in pollinator abundance and selection on fragrance pheno-
types in an epiphytic orchid. American Journal of Botany 84:
1383–1390.

Andersson S, Dobson HE. 2003. Behavioral foraging responses by the
butterfly Heliconius melpomene to Lantana camara floral scent.
Journal of Chemical Ecology 29: 2303–2318.

Aragón S, Ackerman JD. 2004. Does flower color variation matter in
deception pollinated Psychilis monensis (Orchidaceae)? Oecologia
138: 405–413.

Ayasse M, Schiestl FP, Paulus HF, Löfstedt C, Hansson BS, Ibarra F,
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