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INTRODUCTION

The Orchidaceae is one of the largest plant families and
represents about 7–10% of all flowering plants (Dressler
1993). This great diversity is often attributed to adaptive
radiation for specific pollinators driven by selection for
outcrossing. A recent review of orchid reproductive suc-
cess by Tremblay et al. (2005) led them to postulate that,
with the exception of autogamous species, the low repro-
ductive success of orchids may account for both their
unique pollination mechanisms and extreme diversity.
Although many orchids provide a reward, nearly one-
third of all orchids have a specialised pollination system
that works by deceit, i.e. the flowers offer no reward at all
(van der Pijl and Dodson 1966; Nilsson 1992), which
may indeed be a factor driving radiation (Cozzolino &

Widmer 2005). Within the orchids, fruit set is higher in
rewarding versus non-rewarding or deceiving species (Nei-
land & Wilcock 1998; Tremblay et al. 2005). The low
reproductive success observed in orchids is pollinator and
pollination limited rather than resource limited, as dem-
onstrated in numerous studies through hand-pollination
(see review in Calvo 1990, 1993; Wilcock & Neiland 2002;
Tremblay et al. 2005). Given these facts, it remains an
enigma why deceptive pollination constitutes an ‘evolu-
tionary stable strategy’ (Jersáková et al. 2006).

Reproductive success remains low even though many
of these non-rewarding pollination-limited orchids have
evolved floral traits that appear to maximise pollination
success, including increased floral longevity and long-lived
pollen (Neiland & Wilcock 1995). Additionally, deceptive
orchids have evolved far-reaching and species-specific
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ABSTRACT

Reproductive success (RS) in orchids in general, and in non-rewarding spe-
cies specifically, is extremely low. RS is pollinator and pollination limited in
food deceptive orchids, but this has rarely been studied in sexually deceptive
orchid species. Here, we tested the effects of several individual (plant height,
inflorescence size, nearest neighbour distance and flower position) and
population (patch geometry, population density and size) parameters on RS
in three sexually deceptive Ophrys (Orchidaceae) species. Inter-specific dif-
ferences were observed in RS of flowers situated in the upper versus the
lower part of the inflorescence, likely due to species-specific pollinator
behaviour. For all three species examined, RS increased with increasing
plant height, inflorescence size and nearest neighbour distance. RS generally
increased with decreasing population density and increasing patch elonga-
tion. Given these results, we postulate that pollinator availability, rather
than pollinator learning, is the most limiting factor in successful reproduc-
tion for sexually deceptive orchids. Our results also suggest that olfactory
‘display’ (i.e. versus optical display), in terms of inflorescence size (and co-
varying plant height), plays a key role in individual RS of sexually deceptive
orchids. In this regard, several hypotheses are suggested and discussed.
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floral morphological modifications so as to optimise pol-
linator attractiveness (Nilsson 1992). This is especially
true within the Ophrys genus, where the pollinating
insects are fooled into ‘pseudocopulating’ with the flow-
ers, resulting in pollination. All species of this genus have
a sexual mimicry pollination system and resemble female
insects both chemically and visually. For example, flowers
of Ophrys sphegodes produce the same chemical com-
pounds and in similar relative proportions as those found
in the sex pheromone of its pollinator species Andrena
nigroaenea (Schiestl et al. 1999).

Reproductive success in non-rewarding flowers is fur-
ther limited by pollinators learning to avoid them. For
example, bumblebees flew shorter sequences and longer
distances between visits to non-rewarding versus nectar-
rewarding flowers (Dukas & Real 1993), greatly decreasing
the probability of pollination of the non-rewarding flow-
ers. Orchids, including Orchis and Ophrys, have developed
several mechanisms to avoid learning in their pollinators
through both intra- and inter-plant variations in pollina-
tor attracting olfactory recognition signals (Ayasse et al.
2000; Salzmann et al. 2007). Additionally, reproductive
success is maximised in Ophrys species through post-pol-
lination alteration of fragrances. Following pollination,
there is a general decrease in odour production accompa-
nied by increased production of farnesyl hexanoate, a
substance signalling unreceptive breeding females (Schiestl
& Ayasse 2001), thereby redirecting subsequent male poll-
inators to unpollinated flowers of the inflorescence.
Despite these numerous traits, reproductive success in
Ophrys species, as measured by fruit set, remains excep-
tionally low, as demonstrated in O. sphegodes (where only
4.9% of plants were visited by a pollinator, Ayasse et al.
2000) and other Ophrys species (e.g. Kullenberg 1950;
Neiland & Wilcock 1998; Tremblay et al. 2005).

The influence of environmental, population and indi-
vidual factors on reproductive success has been exten-
sively studied in numerous non-rewarding species. Non-
rewarding species may be dependent on other species in
the community to provide rewards (Wilcock & Neiland
2002). Aside from the community species composition,
increased population size of the non-rewarding species
itself is often, but not always, associated with increased
pollination success (e.g. Jacquemyn et al. 2002; Kropf &
Renner 2005; Tremblay et al. 2005). This is generally
assumed to be due to an increase in pollinator abundance
through increased patch visibility and attractiveness.
However, an increase in population density often results
in a decrease in individual reproductive success (Jacque-
myn et al. 2002; Tremblay et al. 2005), interpreted as a
consequence of insect learning and subsequent negative
frequency-dependent selection (the higher the level of
aggregation of rewardless plants, the more often pollina-
tors encounter them and the faster they may learn to
avoid them (Internicola et al. 2006). Pollinator limitation
may also result in a negative relationship between popula-
tion size and pollinator visitation rate (e.g. Fritz & Nils-
son 1994). Increased visibility likely explains the positive

relationship between individual reproductive success and
flower height (O’Connell & Johnston 1998; Kropf & Ren-
ner 2005) and inflorescence size (i.e. number of flowers,
Johnson & Nilsson 1999), while negative frequency-
dependent selection may account for decreased reproduc-
tive success in late-flowering individuals (decrease in
naı̈ve pollinators with season, Johnson & Nilsson 1999).
It has also been suggested that reproductive success
within the inflorescence is likely to be highest toward the
bottom of the inflorescence and decrease towards the top
due to foraging behaviour or the depletion of naı̈ve poll-
inators (Tremblay et al. 2005). Indeed, generally, flowers
at the bottom of the inflorescence are the first to open
and may therefore benefit from attracting ‘inexperienced’
or naı̈ve pollinators. Nevertheless, flowers at the bottom
of the inflorescence are not characterised by greater lon-
gevity and therefore do not necessarily benefit from
longer receptive time periods compared with flowers
higher up in the inflorescence. However, all of these
results are uniquely based on food deceptive orchid spe-
cies (but see Kindlmann & Jersáková 2006 for effect of
inflorescence size on reproductive success in deceptive
orchids), and the effects of these individual plant and
population parameters do not necessarily hold for sexu-
ally deceptive orchids such as Ophrys species. Undeniably,
both pollinator behaviour and movement will differ
greatly between foraging (in the case of food deceptive
orchids) and mate searching (in the case of sexually
deceptive orchids) (Peakall 1990).

We explicitly test the influence of different individual,
population and environmental parameters on reproduc-
tive success at four different levels in three sexually decep-
tive species, O. fuciflora, O. insectifera and O. sphegodes.
First, due to depletion of naı̈ve pollinators and ⁄ or insect
learning (Tremblay et al. 2005), we expect that within-
inflorescence reproductive success will be higher towards
the bottom of the inflorescence. However, the probability
of insect visitation to a particular flower within an inflo-
rescence may also be highly dependent on the patrolling
behaviour of the males. Second, we expect that individual
parameters influencing visibility, such as plant height and
inflorescence size, will be positively correlated to repro-
ductive success in all three species (i.e. O’Connell & John-
ston 1998; Johnson & Nilsson 1999), while nearest
neighbour distance (or local density) should have the
opposite effect as a result of negative frequency-depen-
dent selection. Third, population parameters should have
similar effects on reproductive success in the three study
species, with decreased population size (or density) and
increased patch visibility (related to its geometric configu-
ration) resulting in increased reproductive success due to
pollinator limitation (e.g. Jacquemyn et al. 2002; Tremb-
lay et al. 2005) and increased rate in pollinator passages,
respectively. Finally, because reproductive success can vary
substantially among years (e.g. Wilcock & Neiland 2002),
data were collected for two consecutive years to incorpo-
rate annual variation in reproductive success in our anal-
yses.
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MATERIALS AND METHODS

Species and study sites

Ophrys insectifera (Linné), O. fuciflora (Moench) and
O. sphegodes (Miller) are characterised by cephalic pseudo-
copulation (e.g. Paulus & Gack 1990). They are widely dis-
tributed throughout middle Europe and are the only three
allogamous Ophrys species that grow in the study region.
The only other species present within this study region,
O. apifera, is autogamous. Ophrys insectifera is a highly
distinct and morphologically stable species; it is pollinated
by solitary wasps of the genus Argogorytes (A. mystaceus,
A. fargei; van der Cingel 1995). Ophrys fuciflora and
O. sphegodes belong to complex species groups, character-
ised by considerable variations and intense radiation. They
are pollinated by solitary bees, i.e. O. sphegodes by several
Andrena species, and O. fuciflora by Eucera species (E. ni-
grescens, E. longicornis; van der Cingel 1995). The latter is
also occasionally pollinated by Coleopterans, e.g. Phyllop-
ertha horticola (Tyteca et al. 2006). Although pollination
events by species other than Hymenopterans are observed,

they remain rare and are not likely to have any evolution-
ary significance (Paulus 2006).

Populations were visited at the latest possible stage, i.e.
at the end of the flowering period (May and June in both
2005 and 2006 whenever possible), to ensure that all pol-
lination events were accounted for (Table 1). Study site
localities, all situated in southern Belgium and northern
France, and characteristics are summarised in Table 1.
Three populations in Bure (No. 9–11) in fact represent
three sub-populations within the same locality, separated
from each other, and with somewhat different microcli-
matic conditions. The habitats were mainly chalk grass-
lands with a rich flora, located below 300 m, and
characterised by similar slopes (with the exception of
Givet) and solar exposure. To control for inter-annual
variation in pollination success, weather data (duration of
daily sunshine and temperature) were collected from
weather stations (IRM, Institut Royal Météorologique de
Belgique) near the study sites. Whenever pollinators were
sighted, behavioural interactions with the Ophrys species
were noted.

Table 1. Population and site characteristics.

species

locality

(Prov ⁄ Dept, Country) habitat

coordinates

long E, lat N

altitude

(m)

slope,

exposure year n

patch

geometry density RS %

Ophrys

fuciflora

Givet, France Chalk grassland

with shrubs

4� 47¢ 14¢¢
50� 07¢ 00¢¢

120–140 20–50�, SW 2005 82 0.786 0.027 11.24

2006 62 0.786 0.021 3.12

Lavaux-Ste-Anne,

Belgium

Chalk grassland

with bushes

5� 05¢ 53¢¢
50� 06¢ 23¢¢

190 15�, SSW 2005 9 0.628 0.389 19.44

2006 37 0.611 0.762 3.69

Nismes, Belgium Open chalk

grassland

4� 32¢ 43¢¢
50� 04¢ 40¢¢

200 10–15�, S 2005 46 0.826 1.219 0

2006 82 0.665 1.670 0.56

St-Thomas, France Open, pastured

chalk grassland

3� 49¢ 22¢¢
49� 30¢ 12¢¢

190 20�, S 2005 66 0.986 0.185 3.78

2006 79 0.674 0.797 1.77

Ophrys

insectifera

Ave, Belgium Chalk grassland

(old quarry)

5� 08¢ 09¢¢
50� 05¢ 59¢¢

225 5�, SSW 2005 46 0.439 1.391 11.08

2006 66 0.592 0.620 6.98

Branscourt, France Chalk grassland

with trees

3� 48¢ 41¢¢
49� 16¢ 41¢¢

140 5–10�,
changing

2005 52 0.502 0.314 2.39

2006 58 0.429 0.449 0.60

Bure, Belgium Chalk grassland

(old quarry),

three

separated

sub-populations

5� 14¢ 48¢¢
50� 06¢ 06¢¢

290 0–5�, S 2005 48 0.439 0.462 11.59

1 2006 53 0.527 0.389 9.59

5� 14¢ 45¢¢
50� 06¢ 07¢¢

2 0� 2005 9 0.814 0.191 26.52

2006 11 0.293 0.488 11.67

5� 14¢ 44¢¢
50� 06¢ 06¢¢

3 30–40� NNE 2005 47 0.235 0.464 40.72

2006 99 0.078 0.300 23.43

Lavaux-Ste-Anne,

Belgium

Open chalk

grassland

5� 05¢ 58¢¢
50� 06¢ 23¢¢

190 15�, S 2006 78 0.423 0.054 7.43

St-Thomas, France Open, pastured

chalk grassland

3� 49¢ 21¢¢
49� 30¢ 12¢¢

190 20�, S 2006 16 0.350 0.236 12.88

Ophrys

sphegodes

Bourg-et-Comin,

France

Chalk grassland

with sand

3� 39¢ 04¢¢
49� 24¢ 14¢¢

140 0� 2005 45 0.170 0.958 3.33

2006 44 0.248 0.218 2.65

St-Thomas, France Open, pastured

chalk grassland

3� 49¢ 20¢¢
49� 30¢ 12¢¢

190 20�, S 2005 11 0.139 0.028 51.67

2006 15 0.162 0.022 38.33

Velosnes, France Chalk grassland 5� 27¢ 16¢¢
49� 30¢ 00¢¢

275 20�, SSE 2005 66 0.717 1.044 2.83

Inor, France Chalk grassland 5� 10¢ 05¢¢
49� 33¢ 18¢¢

260 30�, SE 2005 54 0.713 0.446 3.43

N = population size (number of individuals); patch geometry = patch width divided by length; density = number of flowering individuals per

square meter; reproductive success (RS) % = population average of individual RS (number of pollinated flowers ⁄ total number of flowers).
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Data collection

Individual reproductive success (RS) was approximated as
the number of fruits (i.e. inflated capsules per inflores-
cence) and capsule set (ratio of pollinated flowers or
inflated capsules divided by the total number of flowers
in a given inflorescence). The nearest neighbour distance
(NND, i.e. shortest distance to the nearest flowering indi-
vidual), plant height, inflorescence size (i.e. number of
flowers per inflorescence including buds, open and wilted
flowers) were measured in every population. NND, the
local density, was log-transformed because of its clearly
asymmetric distribution in all populations; i.e. with many
individuals having their nearest neighbour in close prox-
imity (low NND) and only a few isolated individuals with
no immediate neighbour (large NND). This type of distri-
bution likely results from occupation of the optimal habi-
tat by numerous individuals, i.e. high density towards the
centre of the population, and more isolated location of
individual plants towards the population periphery.
Population parameters included population size (number
of flowering individuals), population density (number of
flowering individuals per square meter) and patch geome-
try (width divided by length). The latter parameter was
included because a potentially larger number of insects
are likely to encounter patch boundaries (and conse-
quently immigrate into or emigrate out of the patch)
when the perimeter increases.

Data analyses

In order to test for position-dependent pollination success
(i.e. within an inflorescence), RS was divided into two
groups (i) lower inflorescence RS (RSlower), i.e. inflated
capsules below the middle of the inflorescence, and (ii)
upper inflorescence RS (RSupper), i.e. inflated capsules
above the middle of the inflorescence. A paired t-test was
carried out on the entire dataset (populations and years
combined).

Significance of individual variables (inflorescence size,
plant height and NND) affecting RS was tested by subdi-
viding the data into two subsets: (i) success (plants with
RS greater than zero) versus failure (plants with no RS) to
analyse reproductive success versus reproductive failure,
and (ii) RS between plants with a RS greater than zero to
analyse causal effects in multiple successful pollination
events. This was necessary because of the very high pro-
portion of non-pollinated plants observed in the study.
Generalised linear models were used to assess the rela-
tionship of RS to the explanatory variables with the SAS
GENMOD procedure with a logit link function and bino-
mial distribution (for the success versus failure subset) or
an identity link function and normal distribution (for the
RS greater than zero subset). When two or more explana-
tory variables were not independent, i.e. significantly cor-
related (Pearson’s correlation coefficient), a principal
component analysis (PCA) was used to represent the vari-
ation. To allow for discrete independent effects between

population and years, a ‘population–year’ variable was
created (classification variable). Although this leads to a
loss of information, it increases the statistical power of
the analyses. Interactions between the explanatory and
classification variables were included in the generalised
linear models (GLMs) to test for changes in the relation-
ship between the dependent and explanatory variables by
the classification variable. For all analyses, all possible
explanatory variables and their interactions were
modelled. Type III sum of squares was used to test signif-
icance of explanatory and classification variables. Akaike’s
Information Criterion (AIC) was used to select the best
model (that with the lowest AIC value). AIC represents
the trade-off between the fit of the model (adjustment to
data) and its complexity (number of parameters), and
was calculated as follows:

AIC ¼ �2ln½LðhÞ� þ 2K

where L(h) represents the likelihood of the model and K,
the number of parameters in the model (Akaike 1973).

At the population level, RS was calculated as the per-
centage of pollinated flowers divided by the total number
of flowers (all individuals combined). This dependent
variable was regressed against patch geometry and popu-
lation size and density using the GENMOD procedure,
with year as classification variable. Population size and
density and patch geometry were log-transformed to
approach a normal distribution. Population size and pop-
ulation density were highly correlated for all three species;
therefore, regressions were carried out separately with
population density and population size. Only the former
is discussed, since density gave the models with the best
fit. Model selection was again based on AIC values.

For inter-annual variations in RS, only populations
sampled in both 2005 and 2006 were considered in the
t-test analyses. Due to increased variance with increased
RS, RS was log-transformed. Daily sunshine and tempera-
ture were also compared between years for O. fuciflora
and O. insectifera (no precise data were available for the
O. sphegodes field stations). All statistical analyses were
performed in sas 9.1 (SAS Institute, Cary, NC, USA).

RESULTS

Measures of capsule set and number (RS), NND, inflores-
cence size, plant height, population size and density and
patch geometry are summarised in Table 1. RS was low
and highly variable between populations and years, rang-
ing between 0–19.44% pollinated flowers in O. fuciflora
(mean: 4.26 ± 0.71%), 0.60–40.72% pollinated flowers in
O. insectifera (mean: 13.79 ± 1.31%) and 2.65–51.67%
pollinated flowers in O. sphegodes (mean: 8.92 ± 2.09%).

Pseudocopulation in Ophrys populations

Only seven pseudocopulatory events by pollinating
insects, in 2784 flowers from the 581 surveyed Ophrys
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plants, were observed during the 2005 field season. Three
of these pseudocopulations were performed by Hymen-
opterans (two Argogorytes mystaceus on O. insectifera and
one Eucera sp. on O. fuciflora), and the remaining four
by a Coleopteran, namely Phyllopertha horticola on O. fu-
ciflora (Tyteca et al. 2006). No pseudocopulatory events
were observed during the 2006 field season (3664 flowers
from 700 plants).

Within inflorescence reproductive success

For both O. fuciflora and O. sphegodes, flowers from the
lower part of the inflorescence set more seeds than flow-
ers from the upper part of the inflorescence
(t-value = 4.18, P < 0.0001, df = 70 and t-value = 2.4,
P = 0.0211, df = 42, respectively). Ophrys insectifera, on
the other hand, had a significantly greater RSupper than
RSlower (t-value = )2.62, P = 0.0094, df = 224).

Inter-individual variation in reproductive success

Individual plant parameters for all three species are sum-
marised in Table 2. In Ophrys fuciflora, plant height,
inflorescence size and log(NND) were all significantly cor-
related. Two PCA axes were retained, the first (positively
correlated to all three variables) explaining 57.24% of the
variation, the second (negatively correlated to plant
height and inflorescence size, positively correlated to
NND) explaining 31.61% of the variation (Table 3). For
the success versus failure dataset, the GLM model
(Table 4) with the lowest AIC retained the first axis, sug-
gesting that the probability of at least one successful polli-
nation event (RS > zero) increased with inflorescence
size, height and NND. There was a significant popula-
tion–year effect, implying that RS varied significantly, but
in a similar manner (no interaction effect), between
populations and years. Similar results were found within

Table 2. Individual plant parameters and reproductive success averaged over populations.

species year locality NND (m) number of flowers plant height (cm) RS number

Ophrys

fuciflora

2005 Givet 0.64 ± 0.82 (0.01–3.75) 4.60 ± 2.13 (1–13) 20.76 ± 6.26 (8.0–42.5) 0.59 ± 1.01 (0–5)

Lavaux-Ste-Anne 1.01 ± 1.03 (0.36–3.15) 5.44 ± 1.13 (4–8) 26.94 ± 6.68 (17.0–35.7) 1.11 ± 1.17 (0–3)

Nismes 0.29 ± 0.38 (0.01–1.62) 3.57 ± 1.29 (1–7) 10.89 ± 3.43 (5.9–21.3) 0 ± 0 (0)

St-Thomas 0.46 ± 0.66 (0.01–3.54) 5.92 ± 2.47 (2–13) 25.33 ± 7.05 (13.5–40.8) 0.27 ± 0.67 (0–4)

average 0.52 ± 0.72 (0.01–3.75) 4.83 ± 2.24 (1–13) 20.28 ± 8.16 (5.9–42.5) 0.37 ± 0.83 (0–5)

2006 Givet 0.87 ± 1.41 (0.03–9.12) 4.63 ± 2.09 (1–11) 20.23 ± 6.62 (7.1–34.2) 0.15 ± 0.40 (0–2)

Lavaux-Ste-Anne 0.57 ± 0.54 (0.06–2.84) 5.30 ± 1.96 (3–10) 27.68 ± 9.78 (12.5–46.0) 0.27 ± 0.56 (0–2)

Nismes 0.24 ± 0.29 (0.00–1.12) 3.98 ± 1.63 (2–8) 17.74 ± 4.71 (8.8–28.4) 0.02 ± 0.16 (0–1)

St-Thomas 0.26 ± 0.36 (0.01–2.00) 5.32 ± 2.33 (1–13) 20.96 ± 7.51 (5.9–40.6) 0.10 ± 0.30 (0–1)

average 0.44 ± 0.80 (0.00–9.12) 4.73 ± 2.09 (1–13) 20.73 ± 7.57 (5.9–46.0) 0.11 ± 0.35 (0–2)

global average 0.48 ± 0.76 (0.00–9.12) 4.77 ± 2.15 (1–13) 20. 53 ± 7.83 (5.9–46.0) 0.23 ± 0.62 (0–5)

Ophrys

insectifera

2005 Ave 0.47 ± 0.45 (0.01–1.77) 6.43 ± 2.31 (3–13) 26.49 ± 9.83 (9.8–50.7) 0.89 ± 1.30 (0–5)

Branscourt 0.69 ± 0.70 (0.01–2.79) 7.62 ± 2.71 (2–14) 43.46 ± 13.28 (16.7–67.5) 0.19 ± 0.53 (0–2)

Bure – 1 0.60 ± 1.55 (0.02–10.7) 5.33 ± 1.77 (3–10) 20.03 ± 6.45 (8.5–40.0) 0.73 ± 1.25 (0–6)

Bure – 2 1.66 ± 1.55 (0.17–4.60) 6.67 ± 2.29 (4–12) 23.97 ± 8.61 (18.7–45.7) 2.22 ± 2.77 (0–8)

Bure – 3 0.53 ± 0.98 (0.02–6.53) 5.15 ± 1.60 (2–9) 24.86 ± 7.19 (8.7–39.0) 2.17 ± 1.72 (0–6)

average 0.63 ± 1.05 (0.01–10.70) 6.19 ± 2.36 (2–14) 28.83 ± 13.07 (8.5–67.5) 1.03 ± 1.54 (0–8)

2006 Ave 0.49 ± 0.76 (0.00–4.84) 6.08 ± 1.89 (2–11) 27.62 ± 7.92 (15.0–45.1) 0.47 ± 0.85 (0–3)

Branscourt 0.59 ± 0.60 (0.02–3.09) 6.78 ± 2.66 (2–14) 37.00 ± 13.06 (13.1–67.6) 0.03 ± 0.18 (0–1)

Bure – 1 0.71 ± 0.57 (0.02–2.57) 5.62 ± 1.93 (2–13) 24.31 ± 6.76 (13.5–45.4) 0.62 ± 1.11 (0–4)

Bure – 2 1.07 ± 1.00 (0.13–2.89) 5.18 ± 1.78 (3–8) 22.59 ± 7.07 (14.0–36.8) 0.55 ± 0.82 (0–2)

Bure – 3 0.45 ± 0.55 (0.01–3.32) 5.13 ± 2.07 (1–10) 25.19 ± 7.86 (9.0–50.3) 1.27 ± 1.44 (0–6)

Lavaux-Ste-Anne 1.22 ± 2.39 (0.01–20.78) 6.38 ± 2.34 (3–14) 25.90 ± 9.21 (13.0–48.7) 0.59 ± 1.14 (0–6)

St-Thomas 1.10 ± 1.27 (0.01–3.52) 7.38 ± 2.31 (3–10) 29.86 ± 8.11 (13.2–39.5) 1.00 ± 1.10 (0–4)

average 0.72 ± 1.27 (0.00–20.78) 5.97 ± 2.26 (1–14) 27.55 ± 9.88 (9.0–67.6) 0.68 ± 1.15 (0–6)

global average 0.69 ± 1.20 (0.00–20.78) 6.04 ± 2.30 (1–14) 28.00 ± 11.09 (8.5–67.6) 0.80 ± 1.31 (0–8)

Ophrys

sphegodes

2005 Bourg-et-Comin 0.39 ± 0.73 (0.04–3.68) 2.82 ± 0.78 (1–5) 20.93 ± 6.04 (5.8–29.8) 0.09 ± 0.36 (0–2)

St-Thomas 2.09 ± 1.47 (0.55–4.45) 3.36 ± 1.21 (2–5) 19.10 ± 3.47 (12.5–25.9) 1.64 ± 0.92 (0–3)

Velosnes 0.35 ± 0.46 (0.01–2.10) 3.36 ± 1.44 (1–8) 17.27 ± 5.63 (7.4–30.0) 0.12 ± 0.33 (0–1)

Inor 0.32 ± 0.39 (0.04–2.48) 3.09 ± 1.05 (1–5) 18.05 ± 5.15 (7.4–36.7) 0.13 ± 0.34 (0–1)

average 0.46 ± 0.75 (0.01–4.45) 3.14 ± 1.18 (1–8) 18.56 ± 5.64 (5.8–36.7) 0.21 ± 0.54 (0–3)

2006 Bourg-et-Comin 1.13 ± 2.59 (0.00–11.88) 2.59 ± 0.76 (1–4) 18.70 ± 4.50 (11.4–32.9) 0.07 ± 0.25 (0–1)

St-Thomas 3.43 ± 3.87 (0.13–15.24) 3.20 ± 1.01 (2–5) 18.57 ± 4.10 (12.2–26.3) 1.27 ± 0.96 (0–3)

average 1.72 ± 3.10 (0.00–15.24) 2.75 ± 0.86 (1–5) 18.67 ± 4.37 (11.4–32.9) 0.37 ± 0.74 (0–3)

global average 0.78 ± 1.76 (0.00–15.24) 3.04 ± 1.12 (1–8) 18.59 ± 5.34 (5.8–36.7) 0.25 ± 0.60 (0–3)

NND = nearest neighbour distance; RS number = average number of pollinated flowers per plant, standard deviation and the range in parentheses.
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the ‘RS greater than zero’ subset where the selected model
included the first PCA axis and the population–year vari-
able. RS, expressed as the number of pollinated flowers
per plant, increased with height, number of flowers and
NND (Table 4).

In O. insectifera, as in O. fuciflora, the three explana-
tory variables were summarised into two PCA axes
because of their highly significant correlations
(PCA1 = 58.58%, PCA2 = 32.63%; Table 3). For both
data subsets, both PCA1 and PCA2 explained variation in
RS. Yet again, an increase in inflorescence size and plant
height increased the probability of at least one pollination
(success versus failure dataset), as well as enhancing total
RS (number of flowers pollinated per inflorescence). Since
NND is positively correlated to PCA1 and PCA2 (and the
regression coefficient for PCA1 was positive, and negative
for PCA2, see Table 4), we may conclude that NND does
not directly influence RS. This was confirmed by the
absence of a significant correlation between NND and RS
(r = 0.057, P = 0.169) in O. insectifera. The population–
year variable was also retained within the models for both
data subsets, and interactions were significant, indicating
that RS varied significantly and differently between popu-
lations and years (Table 4).

In O. sphegodes, plant height and inflorescence size
were significantly correlated, consequently, their varia-
tion was summarised using PCA, where the first axis
contained 74.76% of the information (Table 3). The
model with the best fit retained PCA1, indicating that
the probability of pollination (RS) significantly increased
with inflorescence size and plant height. Population–
year was also a significant factor (Table 4). The same
model was selected for the ‘RS greater than zero’ data-
set (Table 4). NND was not included in either of the
models.

Inter-population variation in reproductive success

Patch geometry and population density were independent
(O. fuciflora, r = )0.2754, P = 0.5091; O. insectifera,
r = 0.0280, P = 0.9311; O. sphegodes, r = 0.5038,
P = 0.3083) for all of the three species studied. Popula-
tion density and patch geometry (and year effect) were
retained in the model (with the lowest AIC) for O. fucifl-
ora, suggesting that decreasing density and more elon-
gated patch shapes increased total RS in populations of
this species (Table 5). Patch geometry (and year effect)
had a similar significant consequence on RS in O. insectif-
era populations. Population density was not retained in
the model with the lowest AIC. Finally, density was
retained as the only significant variable explaining varia-
tion in RS in O. sphegodes populations (Table 5). Once
again, an increase in population density led to a decrease
in RS. A significant year effect was also detected for this
species. RS decreased with population size, but this vari-
able is not retained in any of the models (i.e. models had
a better fit when including population density rather than
size).

Table 3. Principal component analyses on individual plant parame-

ters: variation in inflorescence size, plant height and nearest neigh-

bour distance (NND) are summarised into principal components (PCA)

when significantly correlated.

PCA1 PCA2

Ophrys fuciflora

inflorescence size 0.681 )0.199

plant height 0.685 )0.170

NND 0.260 0.966

Ophrys insectifera

inflorescence size 0.699 )0.094

plant height 0.695 )0.143

NND 0.168 0.985

Ophrys sphegodes

inflorescence size 0.707

plant height 0.707

Table 4. Individual reproductive success (pollinated flower number)

in relation to individual plant parameters.

source

correlation

coefficient df v2 Pr > v2

Ophrys fuciflora

reproductive success versus failure

PCA1 0.71 1 38.53 <0.0001

population–year 7 40.04 <0.0001

pollinated flower number

PCA1 0.27 df 15.73 <0.0001

population–year 6 20.28 0.0025

Ophrys insectifera

reproductive success versus failure

PCA1 3.76 1 52.46 <0.0001

population–year 11 132.13 <0.0001

PCA1*Population–year 11 23.08 0.0172

PCA2 )6.51 1 2.36 0.1242

PCA2*population–year 11 35.53 0.0002

PCA1*PCA2 1 6.67 0.0098

pollinated flower number

PCA1 0.62 1 35.3 <0.0001

PCA2 )0.14 1 5.59 0.0181

population–year 11 59.57 <0.0001

PCA1*Population–year 11 27.33 0.0041

Ophrys sphegodes

reproductive success versus failure

PCA1 0.74 1 17.31 <0.0001

population–year 5 70.35 <0.0001

pollinated flower number

PCA1 0.23 1 6.89 0.0087

population–year 5 20.09 0.0012

AIC = Akaike’s Information Criterion; PCA = principal component

analysis.

Inflorescence size, plant height and nearest neighbour distance (NND)

are summarised in PCA components. For each of the three species,

the model with the lowest AIC (best fit) is shown. Reproductive suc-

cess was modelled with (i) reproductive success (RS > 0) versus failure

(RS = 0) data and (ii) pollinated flower number data (RS > 0).
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Inter-annual variation in reproductive success

Although average RS of populations was generally higher
in 2005 compared to 2006 for all three species (Table 1),
the only significant difference between years in RS was
for O. fuciflora (O. fuciflora: t-value = 2.73, P = 0.0342,
df = 6; O. insectifera: t-value = 0.85, P = 0.4210, df = 8;
O. sphegodes: t-value = 0.12, P = 0.4210, df = 2).
Although there was no significant difference in tempera-
ture between years during the flowering period of O. fu-
ciflora and O. insectifera (May: t-value = )0.67,
P = 0.5067, df = 30; June: t-value = )0.68, P = 0.5010,
df = 29), there was significantly more daily sunshine in
May 2005 compared to May 2006 (t-value = 2.07,
P = 0.0470, df = 30). No significant differences were
detected for the month of June (t-value = )0.32,
P = 0.7494, df = 29).

DISCUSSION

While numerous studies on RS have been carried out on
food deceptive orchids, this is one of the first to test a set
of individual, population and environmental variables in
sexually deceptive orchid species. This study confirms that
orchids in general, and non-rewarding species in particu-
lar, have very low rates of RS (Neiland & Wilcock 1998;
Tremblay et al. 2005). For example, a literature review on
reproductive success in orchids found that fruit set was,
on average, 27.7% compared to 63.1% in nectarless versus
nectariferous European orchids, respectively (Tremblay
et al. 2005). Ophrys fuciflora had the lowest RS of the
three studied species (4.02% capsule set) and O. insectif-
era the highest (13.00%), although inter-population varia-
tion is quite high (Table 1). These values are similar to
those cited in the literature, such as 8.7% (Neiland &
Wilcock 1998) and 5.4–27.1% (Kullenberg 1950) for
O. insectifera, and from 0.03% (Delpino cited in Darwin
1877) and 4.9% (Ayasse et al. 2000) to 21.1% (Neiland &
Wilcock 1998) in O. sphegodes. Although it could be
argued that, given the high number of seeds within one

orchid fruit, a high RS is not necessarily essential for
these species, the number of individual plants with at
least one fruit was also low (15.33% for O. fuciflora;
38.59% for O. insectifera; 18.30% for O. sphegodes).

Our first hypothesis, that reproductive (or pollination)
success would be highest towards the bottom of the
orchid inflorescence and decrease towards the top, was
confirmed in O. fuciflora and O. sphegodes. In food
deceptive orchids this type of pattern has been attributed
to foraging behaviour (i.e. pollinators tend to move
upwards along an inflorescences in order to forage for
nectar and may depart after unsuccessfully probing a few
flowers, resulting in reduced pollination of flowers located
towards the top) and ⁄ or depletion of naı̈ve pollinators
(i.e. flowers emerging in the latter half of the season
would receive fewer pollinators, Tremblay et al. 2005), or
to negative frequency-dependent selection for those flow-
ers that open later in the season (when flower abundance
is greater; Sabat & Ackerman 1996). However, within
inflorescence RS in O. insectifera showed an inverse trend,
with flowers from the upper part of the inflorescence set-
ting significantly more fruit than those from the lower
parts. In sexually deceiving flowers, this type of inter-spe-
cific discrepancy may be due to differences in the patrol-
ling behaviour of the pollinating male insects. For
example, pollinator discrimination among floral heights
has been reported in an Australian sexually deceptive
orchid (Handel & Peakall 1993; Peakall & Handel 1993),
as has pollinator preferences for flowers placed closer to
the ground in relation to male patrolling behaviour (in
Ophrys speculum, Paulus & Gack 1980). Therefore, it is
possible that male pollinators of O. fuciflora and O. spheg-
odes search for females closer to the ground (and conse-
quently essentially pollinate flowers in the lower part of
the inflorescence), while pollinators of O. insectifera
search for females higher up. That O. insectifera is the
tallest of the three species in this study may lend some
support to this hypothesis. Unfortunately, too few
pseudocopulatory events were observed to confirm or
deny this hypothesis, and other factors such as degree of
overlap between flowering period and male pollinator
abundance are possible parameters of interest.

Higher RS in more visible plants (larger inflorescences
and ⁄ or taller plants) in all three studied Ophrys species
confirmed our second hypothesis, and was in agreement
with results found in food deceptive orchids (increased
RS in taller plants, e.g. O’Connell & Johnston 1998;
Kropf & Renner 2005; Dickson & Petit 2006) and plants
with larger inflorescences (e.g. Johnson & Nilsson 1999).
In the case of the sexually deceiving orchid species used
in this study, higher visibility should not necessarily be
interpreted in terms of visual cues (although these
remain important for the pollinator at close range), but
rather in terms of olfactory cues. It can logically be
assumed that plants with a larger number of flowers
(inflorescence size) will produce more floral scent, as has
been shown in other plant species (Valdivia & Niemeyer
2006). Schiestl (2004) also demonstrated that orchids

Table 5. Population reproductive success in relation to population

parameters including population size and density and patch geometry

(only model with the lowest AIC, i.e. best fit, is shown).

source

correlation

coefficient df v2 Pr > v2

Ophrys fuciflora

log(density) )4.88 1 8.69 0.0032

log(geometry) )88.29 1 13.71 0.0002

year 1 14.01 0.0002

Ophrys insectifera

log(geometry) )22.94 1 4.17 0.0412

year 1 3.91 0.0481

Ophrys sphegodes

log(density) )32.96 1 19.77 <0.0001

year 1 8.97 0.0027
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(Chiloglottis trapeziformis) emit larger quantities of ‘pher-
omones’ than the female insects (Neozeleboria cryptoides),
resulting in increased attractiveness of the flower com-
pared to the female for the male pollinator. Conse-
quently, since larger inflorescences had more flowers
open at a time than small inflorescences (D. Tyteca,
unpublished results), we can expect plants with larger
inflorescences to be more attractive to male pollinators
than smaller inflorescences. Increased concentrations of
floral scent may also increase the probability of a flower
being detected by a male pollinator from a certain dis-
tance. This is of special interest in Ophrys species, where
long-range (between 50 cm and several meters) attraction
of the male pollinators is largely achieved by imitating
the sex pheromones of the pollinator species (Schiestl
et al. 1999, 2000). Additionally, as shown in O. sphegodes,
odour was the most important factor releasing the polli-
nator copulatory behaviour (Schiestl et al. 2000) neces-
sary for effective pollination. Therefore, larger
inflorescences (larger odour plumes and higher substance
concentrations) likely attract more male pollinators and
increase pollination efficiency. It should be highlighted
that, in this study, increased RS in larger inflorescences is
not simply the result of pollinators visiting a higher
number of flowers, since inflorescence size was a signifi-
cant variable explaining RS in both data subsets, i.e. anal-
yses comparing reproductive success versus failure and
analyses comparing RS within plants having a RS greater
than zero. Finally, these results do not necessarily contra-
dict the within inflorescence results discussed above.
First, we believe that inflorescence size, rather than plant
height, better explains variation in RS because (i) when
modelling RS without summing inflorescence size and
plant height in the principal components, models includ-
ing inflorescence size consistently had a better fit (higher
likelihood) compared to models including plant height;
and (ii) correlation coefficients were two- to eight-times
greater for inflorescence size compared to plant height
(results not shown). Second, there are numerous other
constraints, beside pollinator selection, on plant height,
including light (and other resource) limitation. Third, a
study relating height to pollinator behaviour in the sexu-
ally deceptive orchid Chiloglottis trilabra (Peakall &
Handel 1993) concluded that pollinator-mediated selec-
tion cannot explain the precise height of the flowers but
may contribute to the evolution of their relatively short
height. Given these results, we suggest that pollinator-
mediated selection has resulted in generally shorter plants
in O. fuciflora and O. sphegodes (compared to O. insectif-
era), with lower flower position within the inflorescence
benefiting from increased pollination. Within these spe-
cies, taller plants attract more pollinators, not necessarily
because of their height but because they have larger infl-
orescences and consequently provide increased olfactory
cues to their pollinators. Additionally, plants with larger
inflorescences will increase their probability of pollination
by increasing the likelihood of overlap between their
flowering period (i.e. receptive flowers) and pollinator

presence through a longer flowering period (D. Tyteca,
unpublished results).

Both local density (NND, in the case of O. fuciflora)
and population density (in the case of O. fuciflora and
O. sphegodes) reduce RS in sexually deceptive orchids,
confirming our third working hypothesis, and in agree-
ment with results in nectar deceiving orchid studies (Fritz
& Nilsson 1994; Jacquemyn et al. 2002; Kropf & Renner
2005; Tremblay et al. 2005; but see Wilcock & Neiland
2002) where it is attributed to a pollinator limitation
effect and pollinator learning. Although not retained in
models with best fit (in favour of population density),
population size was also negatively correlated to RS. Polli-
nator learning and consequent avoidance of deceiving
flowers has been detected in Ophrys pollinators, as experi-
mental tests with Andrena nigroaenea, a pollinator of
O. sphegodes, have shown (a significant decrease in copu-
lation attempts and pouncing events between the first and
second presentation of the same flower was observed,
Ayasse et al. 2000). However, several mechanisms have
evolved in Ophrys flowers to avoid pollinator learning.
First, variation in the pollinator-attracting olfactory rec-
ognition signals between flowers within an inflorescence
may reduce pollinator learning. Indeed, a study in
O. sphegodes found that 67% of the males that visited one
flower of an inflorescence returned to visit a second (but
different) flower of the same inflorescence (Ayasse et al.
2000). Additionally, O. sphegodes flowers, once pollinated,
produce a substance imitating unreceptive breeding
females (Schiestl & Ayasse 2001) thereby redirecting poll-
inators to unpollinated flowers of the inflorescence. Con-
sequently, since both population density and population
size negatively influence RS in the studied Ophrys species,
pollinator limitation is likely to be the main factor limit-
ing RS, although pollinator habituation should certainly
not be discarded as a potential limiting factor.

In this study, patch geometry also played an important
role, with increased RS in the more elongated patches,
likely due to a greater number of insect migrations into
the patch. This may be a perimeter scaling effect, where
the number of immigrants (in this case pollinating insects)
is proportional to the length of the perimeter and there-
fore to the perimeter to area ratio (Englund & Hamback
2007). In other words, holding area constant, a patch
with a longer perimeter will likely have more organisms
(i.e. pollinators) encounter it, resulting in increased polli-
nation. Finally, although inter-annual RS is highly vari-
able, results were consistent among years. Factors
influencing insect activity, such as sunshine, likely explain
the yearly differences in RS observed in this study.

To conclude, results from this study suggest that inflo-
rescence size (and co-varying plant height) plays a key
role in individual RS of sexually deceptive orchids. Our
hypothesis is that larger inflorescences, producing larger
odour plumes that travel further distances, attract a lar-
ger number of male pollinators. Moreover, higher con-
centrations of pseudocopulatory-inducing chemicals may
lead to increased success of pollinia removal and ⁄ or
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deposition. Furthermore, larger inflorescences extend
flowering period and increase the probability of temporal
overlap with pollinator presence. Additional comprehen-
sive pollinator behaviour and chemical studies should
help confirm the hypotheses. On the other hand, pollina-
tor selection for particular flower heights may be related
to species-specific differences in pollinator patrolling
behaviour, also resulting in position-dependent RS
within an inflorescence. Given these results and the few
pseudocopulatory events observed during the field sea-
son, we believe that pollinator limitation is more impor-
tant than negative frequency-dependent selection in
affecting population RS in the sexually deceptive orchids
studied here.
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