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† Background and Aims ‘Human-red’ flowers are traditionally considered to be rather unpopular with bees, yet
some allogamous species in the section Oncocyclus (genus Iris, Iridaceae) have evolved specialized interactions
with their pollinators, a narrow taxonomic range of male solitary bees. The dark-red, tubular flowers of these
irises are nectarless but provide protective shelters (i.e. a non-nutritive form of reward) primarily to male solitary
bees (Apidae, Eucerini) that pollinate the flowers while looking for a shelter. An earlier study on orchids sug-
gested that species pollinated predominantly by male solitary bees produce significantly larger amounts and
larger numbers of different n-alkenes (unsaturated cuticular hydrocarbons). Whether or not this also applies to
the Oncocyclus irises and whether pollinators are attracted by specific colours or scents of these flowers is
unknown.
† Methods Using Iris atropurpurea, recording of pollinator preferences for shelters with different spatial para-
meters was combined with analyses of floral colours (by spectrophotometry) and scents (by gas chromatog-
raphy–mass spectrometry) to test the hypotheses that (a) pollinators significantly prefer floral tunnels facing
the rising sun (floral heat-reward hypothesis), and that (b) flowers pollinated predominantly by male solitary
bees produce significantly larger amounts and larger numbers of unsaturated cuticular hydrocarbons
(n-alkenes) in their floral scent (preadaptation to sexual-deception hypothesis).
† Key Results Male bees do not significantly prefer shelters facing the rising sun or with the presence of high
absolute/relative amounts and numbers of n-alkenes in the floral scent.
† Conclusions The results suggest that the flowers of I. atropurpurea probably evolved by pollinator-mediated
selection acting primarily on floral colours to mimic large achromatic (‘bee-black’) protective shelters used pref-
erentially by male solitary bees, and that pollinator visits are presumably not the result of an odour-based sexual
stimulation or motivated by an increased morning floral heat reward in tunnels facing the rising sun.

Key words: Shelter mimicry, floral evolution, pollinator preferences, floral scents, floral colours,
Iris atropurpurea, Oncocyclus.

INTRODUCTION

Flowering plants around the world deploy a spectacular diver-
sity of floral forms, colours and scents, all interacting in
varying degrees, to entice foraging insects that inadvertently
move pollen between or within flowers and bring about pollin-
ation in the process (Proctor et al., 1996). Bees in particular,
with approx. 20 000 species described worldwide (Michener,
2007) and their tight interdependence with flowering plants,
are key to the sexual reproduction of both wild plants and cul-
tivated crops (Free, 1993; Proctor et al., 1996; Biesmeijer
et al., 2006; Klein et al., 2007; Potts et al., 2010). Bees use
combinations of visual, olfactory and tactile floral traits to
locate floral resources (von Frisch, 1919; Lacher, 1964;
Vareschi, 1971; Barth, 1985; Kevan and Lane, 1985;
Menzel, 1985; Dobson, 1994; Giurfa et al., 1996; Whitney
et al., 2009), and although we still know very little about
their innate preferences for colours and scents (see, for
example, Dötterl and Vereecken, 2010), a series of experimen-
tal studies has reported that bees show distinct sensory biases

for violet- and blue-coloured flowers (Lunau et al., 1996;
Keasar et al., 1997; Raine and Chittka, 2007). Although
these innate preferences might become less prevalent as the
foraging bees build up individual experience with other
flowers (Gumbert, 2000; Chittka et al., 2001), certain combi-
nations of hue, saturation and contrast of floral colours that
we perceive as yellow, blue, violet and white are traditionally
associated with the attraction of bees (Lunau and Maier, 1995;
Proctor et al., 1996).

By contrast, red flowers as we perceive them (‘human-red’)
have classically been associated with the pollination by hum-
mingbirds (trochilophily) or by butterflies (psychophily)
(Faegri and Van der Pijl, 1979; Proctor et al., 1996; Fenster
et al., 2004, and references therein) and have been suggested
repeatedly to go unnoticed by bees (but see Lack and
Kevan, 1987; Irwin and Brody, 1999; Briscoe and Chittka,
2001). Experimental evidence from recent studies indicates
that changes in a few genes with large phenotypic effect
(e.g. the change from red to another colour), when combined
with variation in external ecological factors (e.g. pollinator
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efficiency or visitation rates), have the potential to drive shifts
in pollination ‘syndromes’ from melittophily to trochilophily
(Schemske and Bradshaw, 1999; Bradshaw and Schemske,
2003; Wilson et al., 2006; Thomson and Wilson, 2008, and
references therein). These results suggest that red, as a
colour, has a filtering effect on pollinators, discouraging bees
(see also Raven, 1972; Castellanos et al., 2004; Lunau et al.,
2011) whose visual receptors are more sensitive to other wave-
lengths, namely to the UV-blue-green range of the spectrum
(see also Spaethe et al., 2001; Wilson et al., 2006). Bees
have long been considered to be red-blind because pure red
colours usually absorb light across the 30- to 630-nm range
and reflect light in wavelengths where the bees’ discrimination
capabilities (and the relative excitation of their green visual re-
ceptor) are comparatively very low (e.g. Chittka et al., 1992).
However, the analysis of floral colours from a human perspec-
tive has limitations, and several studies have challenged this
theory of the bees’ red-blindness. For example, it has been
reported that a significant proportion of the ‘human-red’
floral colours might actually reflect sufficient UV or blue
light to be perceived as coloured by bees (Menzel and
Shmida, 1993; Chittka et al., 1994; Chittka and Waser,
1997). Furthermore, several studies have provided evidence
that pure red flowers (i.e. those with a reflectance restricted
to longer wavelengths) seen against a green foliage back-
ground might provide sufficient achromatic contrast to be

detected by the bees’ green receptor (Chittka and Waser,
1997; Kevan et al., 2001; Reisenman and Giurfa, 2008;
Martinez-Harms et al., 2010).

Among the few ‘human-red’ flowers that have evolved spe-
cialized interactions with bees are species belonging to the
section Oncocyclus of the genus Iris (Iridaceae). These
plants are endemic to dry, Mediterranean-type climates, par-
ticularly to the semi-desert areas of the Middle-East, Turkey
and the Caucasus (Mathew, 1989). The tunnel-like flowers of
the Oncocyclus irises are large and some species display
dark-red petals with a characteristic black disc marking the en-
trance of the floral tunnels (Fig. 1). The flowers do not produce
nectar but provide protective shelters (i.e. a non-nutritive form
of reward) primarily to male solitary bees, particularly by
eucerine bees (Apidae, Eucerini), that pollinate the flowers
during periods of overcast weather or late in the afternoon
while looking for an overnight shelter (Sapir et al., 2005;
Monty et al., 2006). The same bees that pollinate the
Oncocyclus irises can also be found in ‘natural’ shelters, i.e.
in rock crevices, under flat stones or in hollow wood stems,
at exactly the same time of day and/or under the same climatic
conditions (N. J. Vereecken, pers. obs.). These male eucerine
bees generally ignore the flowers altogether during daytime
when they visit flowers of other plants for the collection of
pollen and nectar. These circumstances led to the hypothesis
that the Oncocyclus irises mimic protective shelters used by
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FI G. 1. Shelter mimicry in Iris atropurpurea (section Oncocyclus, genus Iris): (A) detail of a flower of I. atropurpurea at the study site of Netanya; (B, C) males
of Synhalonia spectabilis (Hymenoptera, Apidae) inside (B) and at the entrance (C) of the floral tube of I. atropurpurea; (D) male of Megachile (Chalicodoma)
sicula (Hymoptera, Megachilidae) leaving a floral tube of I. atropurpurea. The white pollen grains are visible on the body of the male bees in (B) and (D). All

photographs by N. J. Vereecken.
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male solitary bees (Sapir et al., 2005), a phenomenon also
observed in the Mediterranean orchid genus Serapias (Vöth,
1980; Dafni et al., 1981; Vereecken et al., 2012).

Both Dafni et al. (1981) and Sapir et al. (2006) observed that
the temperature in the floral tunnels of shelter-mimicking
species reached a maximum of 2.5 8C above that of the
ambient air in the morning, and Sapir et al. (2006) therefore
suggested that the dark flowers of the Oncocyclus irises had
evolved to gather heat when exposed to solar radiation early
in the morning. Sapir et al. (2006) postulated that this increased
morning floral heat was used as a reward by the pollinators,
which significantly preferred east-facing floral tunnels (i.e.
facing the rising sun) as shelters. Although the floral
heat-reward hypothesis in Oncocyclus irises is based on little ex-
perimental evidence (see below), it has become popular in the
literature and in modern textbooks on pollination biology (see,
for example, Willmer, 2011). In a recent study on the floral
scents of various species of Mediterranean orchids, including
representatives of the orchid genus Serapias, Schiestl and
Cozzolino (2008) suggested that species pollinated predomin-
antly by male solitary bees produce significantly larger
amounts and higher numbers of different n-alkenes (unsaturated
cuticular hydrocarbons) than the species pollinated either pri-
marily by female bees or other insects. These compounds are
virtually absent in floral scents of plants pollinated by female
bees and other pollinators, but they are found in significant
amounts (and high numbers of different compounds) in the
floral scents of a wide range of Ophrys orchids where they are
key pollinator (male bees) attractants (Schiestl and Cozzolino,
2008; Vereecken and McNeil, 2010). Schiestl and Cozzolino
(2008) therefore suggested that the specific attraction of male
bees could be driven by the increased absolute amounts and
numbers of these compounds in the floral scents, and that the
presence of these compounds in floral scents may be a possible
pre-adaptation to the evolution of pollination sexual deception
(sexual mimicry). Whether or not this phenomenon also
applies to the Oncocyclus irises pollinated primarily by male
eucerine bees has not been investigated so far.

We investigated the adaptive significance of floral traits in
Iris atropurpurea, a member of the section Oncocyclus. We
combined field surveys of pollinators with investigations of
floral colours (by spectrophotometry), and scents [by gas chro-
matography–mass spectrometry (GC-MS)] to assess the adap-
tive significance of phenotypic characteristics as to the
following. (a) How do pollinators perceive the floral colours
of I. atropurpurea? (b) Do pollinators preferentially visit
floral tunnels facing the rising sun? (c) Do pollinators
exhibit preferences for floral tunnels emitting specific blends
of compounds in their floral scent? In light of our results, we
provide an alternative explanation for the evolution of
dark-red colours in Oncocyclus irises, and we re-examined
the role of floral scents in these highly specialized interactions
with male solitary bees as pollinators.

MATERIALS AND METHODS

Study species and sites

Iris atropurpurea Baker belongs to the section Oncocyclus and
is endemic to the coastal plains of Israel and usually blooms in

early spring, from late January to early April. Individual plants
reach up to 40 cm in height and bear three large, dark-red
flowers which are 7–9 cm in diameter (Lynch, 1904;
Mathew, 1989). Observations were conducted in populations
of Iris atropurpurea within the central coastal plains of
Israel (32.25 8N, 34.85 8E) between February and March
2011. All the experiments were carried out in March 2011.

Surveys of solitary bees sheltering in flowers

To investigate if night-sheltering male bees preferentially
visited east-facing floral tunnels, we monitored flowers
throughout March at Yaqum and Netanya in 2011. We
focused on night-sheltering visits because prior observations
showed that bees rarely sheltered in flowers during the
daytime (Sapir et al., 2005), unless during periods of overcast
weather. The tunnels of each flower were sampled for night-
sheltering male bees either 1 h before sunset or shortly after
sunrise. Each observer examined all open flowers in a desig-
nated area of the population and over 30 and 60 min. When
bees were found in the floral tubes, those flowers were
tagged and the following information was recorded: the
number of individuals per species of bee per tunnel, the orien-
tation of the occupied tunnels (eight compass bearings), and
the number of flowers surveyed. A sample of bees was col-
lected from flowers and deposited individually into labelled
vials for later identification.

In a second experiment, three separate patches of
I. atropurpurea at Yaqum were selected in the centre of the
population to determine if the same individuals returned to
the same flowers on consecutive nights. Seven flowers in
each patch were tagged and colour coded pink, green and
orange, and then sampled for bees. The experimental patches
were approx. 50 m2. Each evening over a 5-d period, those
bees found in flowers were marked on the abdomen with fluor-
escent markers (pens), corresponding to the colour of the
tagged flowers in each designated experiential patch. Each
patch was sampled for marked bees using ultraviolet light
during consecutive nights.

The voucher specimens of bees collected during this study
are deposited in the collection of the Laboratory of
Pollination Ecology, Institute of Evolution, University of
Haifa, Israel.

Chemical analyses

In both the Yaqum and Netanya populations, flowers hosting
male bees in the same tunnels over consecutive nights were
tagged and the falls (lower petals) were collected for floral
scent analysis. We extracted the odour compounds from the
falls of control unvisited (n ¼ 26) and visited (n ¼ 23)
tunnels in 2 mL of n-hexane (HPLC grade) for 2 min to char-
acterize the patterns of cuticular hydrocarbons and their deri-
vatives (for details on the method, see Mant et al., 2005).
All samples were then stored at –20 8C.

Prior to the analyses, 50 ng of n-octadecane (n-C18) were
added as an internal standard and the extracts were analysed
by GC-MS on a Finnigan Trace Ultra GC coupled to a
Finnigan POLARIS Q ion trap mass. We used an Agilent
DB-5 MS column (30 m length × 0.25 mm diameter ×
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25 mm film thickness). Aliquots (1 mL) of the extracts were
injected in splitless mode at 50 8C (1 min, followed by a pro-
grammed increase of oven temperature to 300 8C at a rate of
10 8C min21; helium was used as carrier gas.

We identified the compounds by comparisons of the mass
spectrum and retention time of known reference substances
(purchased from Dr Ehrenstorfer GmbH, Germany), and the
double-bond positions in mono-unsaturated compounds were
assigned by DMDS derivatization according to Buser et al.
(1983) and Dunkelblum et al. (1985).

All compounds found in the floral odour were used for the
statistical analyses. Their absolute amounts were calculated
by dividing the peak area of each compound by the peak
area of the internal standard and multiplied with the internal
standard amount. Relative proportions (%) were calculated
by summing the absolute amounts of all compounds; absolute
amounts of individual compounds were then divided by the
sum and multiplied by 100.

Spectral measurements of flowers

We used a portable spectrophotometer (AVASPEC-2048-
USB2-UA; Avantes, Eerbeek, The Netherlands) equipped
with a Xenon light source (AVALIGHT-XE; Avantes) to
measure the relative reflectance (in %, 300–700 nm in 5-nm
steps) of ten flowers of Iris atropurpurea picked randomly at
the study site of Yaqum. The spectrophotometer was calibrated
with a white standard (WS-2; Avantes). We measured the re-
flectance of the black disc that delimits the entrance of the
floral tube as well as that of the dark-red falls (see Figs 1A
and 2A). We used the spectral sensitivity functions of the hon-
eybee (Apis mellifera) because they are representative of a
wide taxonomic spectrum of higher Hymenoptera, and they
are largely consistent within the Apoidea (bees sensu lato)
(Peitsch et al., 1992; Chittka and Kevan, 2005). We plotted
the mean relative reflectance (in %) of the red falls together
with the relative spectral sensitivity curves (in %) across the
300–700 nm range (see Fig. 5A). We then converted the raw
data (relative reflectance measurements of red sepals and
black discs) into individual loci in the bee colour hexagon
(Chittka, 1992) by using the honeybee receptor-sensitivity
curves and a mid-grey adaptation background of 30 % reflect-
ance across all wavelengths (300–700 nm). We assessed and
quantified the colour and achromatic contrasts between the
dark-red sepals and the black discs by calculating (a) pairwise
Euclidean distances between loci and (b) the mean Euclidean
distance between the species centroids in the bee colour
hexagon. The Euclidean distance between any two loci indi-
cates the perceived colour difference or contrast between the
stimuli, and threshold values of hexagon units for colour dis-
crimination usually range between 0.062 (Dyer and Chittka,
2004a, b; Dyer et al., 2008) and 0.100 (Chittka et al., 1997)
for bees.

Statistical analyses

Because the variances in our data were not homogeneous,
we used a Mann–Whitney U-test with a Bonferroni correction
(a ¼ 0.05 divided by the number of comparisons) to compare
both the absolute (in ng) and the relative amounts (in % of the

total blend) of n-alkanes vs. n-alkenes vs. the compounds
belonging to other categories in the floral scent extracts. We
then compared the mean absolute amounts of odour com-
pounds emitted by visited vs. non-visited flowers of
I. atropurpurea by using Student’s t-test. These tests were
made using the SPSS 17.0 statistical software.

Because the multivariate normality of variances of our
‘individuals × compounds’ matrix was not met [Shapiro–
Wilk normality test, W ¼ 0.1273, P-value ¼ 1.654 × 10215,
test in the mvnormtest package (Jarek, 2012) in R (R Core
Team, 2012)], we made two multivariate non-parametric ana-
lyses based on Multiple Response Permutation Procedures
(MRPP) with the average Bray–Curtis distances weighted to
group size and 999 permutations (Mielke and Berry, 2001;
McCune and Grace, 2002) to test H0 of no difference in
floral scent (relative amounts, in %) according (a) to the orien-
tation of the floral tubes (eight compass bearings) and (b) to
the flower visitation patterns observed under natural conditions
(visited vs. non-visited flowers). The MRPP tests were per-
formed with the vegan package (version 2.0-5) (Oksanen
et al., 2012) in R (R Core Team, 2012).

To detect floral scent compounds with presences statistically
associated with specific orientations of the floral tubes or with
visitation patterns observed under natural conditions (visited
vs. non-visited flowers), we used an Indicator Species
Analysis with 999 random permutations. The computed
Indicator Value of each compound reflects both its relative
abundance (specificity) and its relative frequency ( fidelity),
and the associated P-values indicated if specific compounds
are significant indicators of certain groups (here, the orienta-
tion of the floral tubes or with visitation patterns observed).
The Indicator Species Analysis was carried out with the indic-
species package (De Caceres and Legendre, 2009) in R (R
Core Team, 2012).

To visualize the floral scent dissimilarities among samples
associated with different groups (the orientation of the floral
tubes visits vs. visitation patterns observed), we used a non-
metric multi-dimensional scaling (nMDS) ordination based
on a matrix of Bray–Curtis dissimilarities calculated on the
relative proportions of odour compounds (in % of the total
blend). The appropriateness of the nMDS results was assessed
by comparing, in a Shepard diagram, the distances among
samples in the ordination plot with the original distances,
and the stress value generated by the nMDS analysis reflects
how well the ordination summarizes the observed distances
among the samples. The nMDS analysis was performed with
the vegan package (version 2.0-5; Oksanen et al., 2012) in R
(R Core Team, 2012).

We used Rayleigh’s Z-test of uniformity to assess the sig-
nificance of the mean resultant length which determines
whether the distribution of sheltering male bees in floral
tunnels with different orientation is random or non-random
(i.e. are the azimuths of the distribution clumped in a particular
direction?). We also used the same approach to test whether
the occupancy of floral shelters by male solitary bees follow
a unimodal distribution with a specified mean direction
(here, the floral tunnels pointing towards the east) and
unknown mean resultant length. All directional statistical ana-
lyses were performed with the circular package (version 0.4-3;
Agostinelli and Lund, 2011) in R (R Core Team, 2012). We
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also tested the null hypothesis of a random distribution of male
bees in floral tunnels with a G-test for goodness-of-fit (likeli-
hood ratio or log-likelihood test). The randomly expected
numbers were calculated using the theoretical expectation
that male bees have an equal likelihood of visiting floral
tunnels of each orientation (McDonald, 2009). We used the
ratio between the total number of male bees observed and
the number of orientations of the floral tunnels (690/8 ¼
86.25) as an expected value, and the significance level was
set to a ¼ 0.05. We tested the 28 possible comparisons by per-
forming x2 post-hoc tests, and to avoid Type I errors, we used a
Bonferroni correction by dividing a ¼ 0.05 by the number of
comparisons (28), yielding a critical value of 0.00178 against
which all P-values were tested.

RESULTS

Pollinators of Iris atropurpurea

The tunnels of 5934 individual flowers of I. atropurpurea were
surveyed for sheltering male bees, and we observed aggregates
of up to 12 sheltering male bees in a single flower (mean of all
the flowers checked over the entire season ¼ 2.03+ 1.85 s.d.
and 1.53+ 1.50 s.d. in Yaqum and Netanya, respectively).
Of those flowers sampled for bee preferences in relation to
orientation of tunnels, 553 individuals were recorded. From
those flowers sampled over 33 mornings/evenings, 5.7 % con-
tained bees. Between 16 % and 19 % of flowers sampled
hosted male bees in the same tunnels over 2–4 consecutive
nights in the Netanya and Yaqum populations. During the
peak of aggregation, between 23 and 28 March 2011 (i.e.
towards the end of the flowering season), 59 % of those bees
marked returned to the same flowers in experimental patches
(marked bees; n ¼ 17; colour-coded flowers; n ¼ 21), i.e.
bees marked pink returned to pink patches and bees marked
orange returned to orange-tagged flowers. In two cases, two
bees marked orange returned to the same tagged flowers in
the pink patch and one individual marked pink was found in
a flower in the green patch. The remainder of flowers
sampled in the three patches had either bees with no marks
or no bees in tunnels. Despite the small sample size, this
result suggests that the same individual bees returned to the
same flowers over consecutive nights, but this behaviour was
only observed towards the end of the flowering season.

Among the male solitary bees collected at our study sites,
we recorded ten species belonging to the Eucerini tribe, in-
cluding three previously undescribed species (see also Watts
et al., 2013). Males of Synhalonia spectabilis (Hymenoptera,
Apidae, Eucerini; Fig. 1) were by far the most frequent shelter-
ing individuals of all bee species collected across sites and
seasons, and the most frequent species found to form shelter-
ing aggregations in the floral tubes. We occasionally found
other Hymenoptera in the flowers, including males of the
mason bee Megachile (Chalicodoma) sicula (Hymenoptera,
Megachilidae, Megachilini) (Fig. 1), and, more rarely,
workers of the social wasp Vespa germanica (Hymenoptera,
Vespidae) and of the bumblebee Bombus terrestris
(Hymenoptera, Apidae), a non-native species introduced in
the study region for the pollination of agricultural crops (see
Dafni and Shmida, 1996).

Floral scent differentiation, shelter orientation and pollinator
preferences

The odour extracts of fresh individual falls (lower sepals) of
I. atropurpurea consisted primarily of mixtures of long,
straight-chained n-alkanes ranging from 19 to 33 carbon
atoms and, to a lesser extent, of their associated n-alkenes.
Collectively, they represent on average 90.03 % (+ 4.87 %)
of all compounds identified in the floral scent extracts. We
found that the mean (+ s.e.) total absolute amounts (in ng)
and relative amounts (in % of the total blend) of n-alkenes
were significantly lower than those of both their corresponding
n-alkanes and of two unknown compounds (marked as ‘other’)
(Mann–Whitney U-test with Bonferroni correction, two-tailed
P , 0.0001; Fig. 2).

We found no significant difference in the total absolute
amounts of odour compounds emitted by individual falls that
were visited vs. those that were not visited (Student’s t-test,
P ¼ 0.427). Our MRPP analysis indicates that there are no dif-
ferences in floral scent (relative amounts, in %) according (a) to
the orientation of the floral tubes (eight compass bearings)
(MRPP, A ¼ 0.0038, dobs ¼ 0.2434, dexp ¼ 0.2443, P ¼ 0.414)
and (b) to the flower visitation patterns observed under natural
conditions (visited vs. non-visited flowers) (MRPP, A ¼
–0.0025, dobs ¼ 0.2449, dexp ¼ 0.2443, P ¼ 0.527). The
Indicator Species Analysis failed to detect any significant asso-
ciation between any compound within the blends of floral scents
and the orientation of the floral tubes or the visitation patterns
observed. Likewise, the nMDS ordination did not produce dis-
crete clusters of samples according to any category. The
nMDS biplots produced were characterized by high linear and
non-metric fits (R2 ¼ 0.948 and 0.986, respectively) and a low
stress value (0.12), indicating that the ordination summarizes
well the observed chemical distances among samples (Fig. 3).

We recorded a total of 690 male solitary bees at Yaqum and
at Netanya in 2011 to test the biological null hypothesis that

a

b
c

a

b
c

80

100
Absolute amount (ng) Relative amount (%)

60

A
m

ou
nt

 o
f c

om
po

un
ds

 in
 fl

or
al

 s
ce

nt
 e

xt
ra

ct

40

20

0
n-alkanes n-alkenes Other n-alkanes n-alkenes Other

FI G. 2. Mean (+ s.e.) absolute (left) and relative (right) amounts of
n-alkanes (saturated hydrocarbons), n-alkenes (unsaturated hydrocarbons)
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male bees visit the floral tunnels randomly, without regard to
their orientation. Our results indicate that this hypothesis is
rejected (Rayleigh’s Z ¼ 0.1979, P , 0.0001, angular
deviation ¼ 1.323; angular variance ¼ 1.751, small mean re-
sultant length ¼ 0.1246), and that east-facing tunnels do not
host significantly more sheltering male bees (Rayleigh’s test
of an unimodal probability distribution with a specified
mean direction to the east and unknown mean resultant
length, Z ¼ –0.1228, P . 0.05; Fig. 4). These results are
also supported by the G- test for goodness-of-fit (likelihood
ratio or log-likelihood test; Supplementary Data Fig. S1).

Spectral measurements of flowers

Our analysis of the spectral reflectance of I. atropurpurea
shows that the red flowers absorb light strongly between 300
and 640 nm and have a slightly increasing reflectance
between 640 and 700 nm where the values reach just above
10 % (mean 10.63 %; Fig. 5A). The colour loci of the
dark-red falls (lower petals) and the black discs were found
to overlap greatly near the 0.1 hexagon units centre of the hex-
agonal bee colour space (Fig. 5B), indicating that they appear
similar and almost achromatic (‘bee black’) from the bees’ per-
spective. Indeed, the mean colour contrast measured between
the spectral reflectance of the dark-red falls and the black
discs of I. atropurpurea was found to amount to 0.045
hexagon units, i.e. below the lower threshold value of
hexagon units for colour discrimination (Dyer and Chittka,
2004a, b; Dyer et al., 2008), suggesting that the male bees
are unlikely to be able to discriminate between these two
visual stimuli based on colour. All achromatic contrasts calcu-
lated with different background types were also equivalent
(Table 1), suggesting that pollinators are unlikely to use achro-
matic contrasts to discriminate between the dark-red falls and
the black discs of the flowers.

DISCUSSION

Male eucerine bees and shelter mimicry

To date, pollination by shelter mimicry is known only from the
Euro-Mediterranean region and its neighbouring areas where it
has evolved independently in at least three groups of flowering
plants. Besides the 10+ representative species in the section
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of the floral tubes or to the flower visitation patterns observed under natural conditions (visited versus non-visited flowers); see Results section for details. Stress

value ¼ 0.12.
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FI G. 4. Rose diagram illustrating the orientation preferences of sheltering
male bees, illustrating total number of male bees found in floral tunnels of
Iris atropurpurea flowers facing eight different compass bearings. Data were
pooled across the Yaqum and Netanya populations for 2011, representing a
total of 690 male bee specimens. The dotted circle represents the kernel
density estimate of the observed counts of male bees in floral tunnels of
each orientation. Our results reject the null hypothesis of random visitation
of floral tunnels by sheltering male bees (Rayleigh’s Z-test of uniformity:
Z ¼ 0.19797, P , 0.0001, angular deviation ¼ 1.323; angular variance ¼
1.751, small mean resultant length ¼ 0.1246) but also rejects the hypothesis
that east-facing tunnels host significantly more sheltering male bees (Z ¼
–0.1228, P . 0.05). For additional analyses, see Supplementary Data Fig. S1.
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Oncocyclus of the genus Iris (Iridaceae) (Sapir and Shmida,
2002; Sapir et al., 2005), this mimicry system is also the
main pollination strategy adopted by 20+ species in the
orchid genus Serapias (most outcrossing species) (Bellusci
et al., 2008), as well as in the orchid genus Ophrys where
O. helenae, a narrow endemic species from northern Greece
and Albania, is the only species in the genus pollinated by
shelter mimicry rather than by sexual deception (Paulus and
Gack, 1993; Vereecken et al., 2012). A common characteristic
of all these shelter-mimicking species is that they all attract
primarily male eucerine bees as pollinators, and results from

100

A

B

I. atropurpurea sepals

75

R
el

at
iv

e 
se

ns
iti

vi
ty

 (
%

)

Wavelength (nm)

Blue

–1

UV

1

Green

Red falls

Black discs

50

25

0
300 350 400 450 500 550 600 650

0 0·1–0·1

700

Bee spectral sensitivity:
UV
Blue
Green

FI G. 5. Spectral analysis of Iris atropurpurea flowers. (A) Mean relative reflectance (in %) as a function of wavelength for sepals of I. atropurpurea (red curve,
n ¼ 20) against the spectral sensitivity functions of the UV, blue and green receptors of bees drawn from Chittka and Kevan (2005). The vertical dashed line
indicates wavelengths above which bees have virtually no discrimination capability (no green receptor excitation). (B) Loci of the black discs and the
dark-red colours of falls (lower sepals) of I. atropurpurea in the bee colour hexagon. All loci included in the 0.1 hexagon unit centre are considered achromatic

from the bees’ perspective, and the thin grey line illustrates loci of pure monochromatic lights at the background intensity.

TABLE 1. Mean (+ s.d.) achromatic contrasts (L-receptor
contrasts) of the red falls (n ¼ 20) and the black discs (n ¼ 20)

of Iris atropurpurea at the study site of Yaqum

Background type
Achromatic contrasts

of red falls
Achromatic contrasts

of black discs

Green foliage measured
in situ

0.48 (+ 0.01) 0.45 (+ 0.01)

Mid-grey (uniformly 30 %) 0.48 (+ 0.01) 0.47 (+ 0.02)
Black discs 0.48 (+ 0.005) -
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other studies indicate that some shelter mimics occasionally
exploit male solitary bees belonging to the same species. For
example, males of Synhalonia rufa (¼ Tetralonia berlandi)
have been reported to pollinate both I. atropurpurea (Fig. 1;
Sapir and Shmida, 2002; Sapir et al., 2005; Watts et al.,
2013) and O. helenae (Paulus and Gack, 1993; Vereecken
et al., 2012). Likewise, and males of Megachile
(Chalicodoma) sicula reported to occasionally shelter in
flowers of I. atropurpurea (Fig. 1; Watts et al., 2013) also pol-
linate the shelter flowers of Serapias levantina (alongside
other male eucerine bees such as Eucera decipiens) in the
coastal plains of Israel, in natural populations located just a
few hundreds of metres away from our study sites of
I. atropurpurea (N. J. Vereecken, pers. obs.). Our own investi-
gations on the behavioural ecology of solitary bees in the
Mediterranean basin during the past decade suggest that
there is no evidence that the sleeping behaviour of eucerine
bees differs from that of other wild bees, and that male eucer-
ine bees are therefore not more likely than any other group of
bees to exploit flowers as protective shelters.

We predict that more in-depth pollinator surveys will reveal
extensive pollinator sharing among shelter-mimicking species,
and we suggest that the floral convergence in form and func-
tion among shelter-mimicking orchids and irises represents a
striking and new pollination syndrome. Male solitary bees
are sometimes found sheltering overnight in aggregations or
as singletons in tubular or bowl-shaped flowers of other
plant species, particularly during their short reproductive
period and in those plants that are visited by females of oligo-
lectic species (i.e. pollen specialists) and used as ‘rendez-vous’
sites for mating (Westrich, 1989; Müller et al., 1997).
Although male bees might also contribute to the plants’ repro-
ductive success in those cases (see, for example, Cane et al.,
2011), these plants are generally also pollinated during the
day by a wide taxonomic range of foraging insects. By con-
trast, male solitary bees, particularly eucerine bees, are the
key pollinators of shelter-mimicking species, and diurnal
visits by foraging pollinators are rare in most cases (Monty
et al., 2006; but see Watts et al., 2013).

Pollinator preferences and floral evolution

Our investigations into the pollinators’ preferences indicate
that east-facing floral tunnels are not the most attractive to
sheltering male bees (Fig. 4), and that the visitation patterns
of male bees as specialized pollinators does not require the
production of particular blends of chemical compounds
(n-alkenes or fatty acids) in this Iris species. Indeed, we
found no significant difference in floral scent chemistry (abso-
lute and relative amounts of compounds in the total blends)
between visited and non-visited flowers, or among flowers
with different orientation (Fig. 3). The analysis of the floral
colours from the pollinators’ perspective also reveals that the
dark-red flowers absorb light all across the UV range of the
spectrum to 630nm, and that they are therefore presumably
perceived as uniformly black (achromatic) by the male solitary
bees (Fig. 5).

The chemistry of the female sex pheromones of eucerine
bees, including S. spectabilis, the most frequent pollinator of
I. atropurpurea, is still virtually unexplored. Nevertheless,

our results suggest that unlike the hypothesis presented by
Schiestl and Cozzolino (2008) for the evolution of pollination
by male solitary bees in orchids, specialized attraction of male
eucerine bees in shelter-mimicking irises is presumably not the
result or by-product of an odour-based sexual stimulation.
Indeed, the floral scent of I. atropurpurea lacks the high
amounts of polar compounds emitted by O. tenthredinifera,
and n-alkenes, a major class of sexual attractants for male soli-
tary bees (Ayasse et al., 2001; Vereecken and Schiestl, 2008;
Vereecken and McNeil, 2010), and also key pollinator attrac-
tants in the floral scent of most Ophrys species investigated
so far (reviewed by Vereecken and McNeil, 2010; Vereecken
et al., 2010; Ayasse et al., 2011), are only produced in trace
amounts in I. atropurpurea. Furthermore, our floral-colour
analyses, the similar and unique suites of floral traits shared
by I. atropurpurea and other shelter-mimicking species with
closely related pollinator species support the hypothesis that
male solitary bees do not approach these flowers during patrol-
ling flights in search of females, but instead visit and pollinate
them when looking for a suitable dark shelter or a cavity that
would protect them overnight or during overcast conditions.

Consequently, we challenge the view that the specialized at-
traction of male bees requires the presence of high absolute/
relative amounts and numbers of n-alkenes in the floral
scent, and hypothesize that the dark-red, ‘bee-black’ flowers
in I. atropurpurea and many other Oncocyclus irises have pre-
sumably been shaped by selection for dark shelters mediated
by shelter-seeking male solitary bees. We speculate that the
unusually large size of individual flowers might have
evolved to facilitate their detection by pollinators via chromat-
ic or achromatic contrasts with the vegetation background (see,
for example, Chittka et al., 1994; Kevan et al., 2001;
Martı́nez-Harms et al., 2010; Streinzer et al., 2009; Spaethe
et al., 2010), and we hypothesize that other parameters than
the floral tunnel orientation, such as flower density, flower
size and/or the structure and proximity of the surrounding
vegetation might influence their overall patterns of flower vis-
itation within populations (S. Watts, unpubl. res.).

Morning floral heat as pollinator reward?

The earlier observations by Dafni et al. (1981) that the tem-
perature of shelter-mimicking flowers increases by to a
maximum of 2.5 8C in the morning has led Sapir et al.
(2006) to suggest that the dark flowers of the Oncocyclus
irises had evolved to gather heat, and that pollinators might
use this floral heat as a ‘reward’ to increase their body tem-
perature and thereby leave the flowers earlier in the morning.
The results presented by Sapir et al. (2006) are based on a
survey of individual plants for the presence of sheltering
male solitary bees over three nights, at a single site, and
using four compass bearings. Based on very small numbers
of male bee specimens observed, Sapir et al. (2006) concluded
that pollinators sheltered ‘more frequently’ (no statistics pre-
sented) in east-facing floral tunnels. Similar results were pre-
sented by Monty et al. (2006) in a study on I. cedretii,
another representative of the section Oncocyclus, but their in-
terpretation was not backed up by statistical tests either.

In an attempt to demonstrate that sheltering male bees might
indeed benefit from the increased floral temperature and
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accelerated emergence time of male bees earlier in the
morning, Sapir et al. (2006) reported that male bees forced
to shelter overnight in artificial white cones became active
and flew away significantly later than the ones that were
forced to shelter in the Iris flowers (Sapir et al., 2006).
However, these authors never accounted for the use of white
cones as models and how they translate into real-world compo-
nents of the bees’ habitat, and, most importantly, they found no
significant difference in the early morning emergence time of
male eucerine bees between those sheltering overnight in the
floral tunnels and those spending the night on the ground
(Sapir et al., 2006). The lack of evidence for an early emer-
gence of male bees sheltering in the Iris flowers was also
reported by Monty et al. (2006), who confirmed statistically
that male eucerine bees that shelter in the Iris flowers
became active significantly later and at significantly higher
ambient air temperatures than the ones that had spent the
night exposed on the ground or hidden in the vegetation.

Our data, based on surveys of 690 specimens recorded
across the whole 2011 season from different populations dem-
onstrate that male bees are not randomly distributed among
floral tunnels of I. atropurpurea with different orientations
(Fig. 4), and that male bees do not significantly prefer to
shelter in tunnels facing the rising sun (Fig. 4 and
Supplementary Data Fig. S1). In fact, our results show that
the number of bees observed in east-facing tunnels is not sig-
nificantly different from those found in N–NE–SE–S–
SW-facing ones, and that only tunnels facing the west are sig-
nificantly less visited than the east-facing ones (Fig. 4 and
Supplementary Data Fig. S1). These results therefore contra-
dict the results presented by Sapir et al. (2006). We think
that our approach involving surveys of several thousands of
plants across the whole flowering season, in two populations,
with several hundreds of male eucerine bee specimens
observed and more compass bearings (eight compared
with four in Sapir et al., 2006) is statistically and ecologically
robust and very valuable as a test of the ‘morning-floral-
heat-reward’ hypothesis. In light of our results and the conflict-
ing ideas described above, we therefore recommend that
the ‘morning-floral-heat-reward’ hypothesis is laid to rest
and the pollination biology of I. atropurpurea and the
Oncocyclus irises is looked at from a more integrative and
experimentally robust view angle.

Although we acknowledge that, under certain circumstances
and in a foraging context, a 2.5 8C difference between the
ambient air and the flowers might be of biological significance
(see, for example, Dyer et al., 2006; Rands and Whitney, 2008;
both in a foraging context), we think that the available data on
the behavioural ecology of the nectarless Oncocyclus irises
and their pollinators support the alternative scenario that
floral heat represents a weak, ephemeral and therefore negli-
gible ‘reward’ from the pollinators’ perspective. In the
shelter mimicry context, male solitary bees generally visit
the Oncocyclus flowers late in the afternoon or early in the
evening when they settle down for the night: at this time of
the day, differences in temperatures between the ambient air
and the floral tunnels are weak (,1 8C on average, see Sapir
et al., 2006). There is therefore a disconnect between the
time when the flowers are visited and the time when Sapir
et al. (2006) suggested the bees would get a heat reward

from the flowers (i.e. in the morning). Thus, it seems
obvious to us that male solitary bees do not just choose
warmer flowers but favour flowers whose traits (colour,
shape, size, etc.) are perceived by the bees as if they could
provide a protective shelter.

Solitary bees that are active in early spring usually have a
medium to large body size, and dark-bodied and densely
haired species (hairiness provides insulation) like
S. spectabilis, the most frequent pollinator of I. atropurpurea
generally become active earlier at low ambient air temperatures
(e.g., in early spring) because they have faster warm-up rates (as
high as 10–15 8C min21 according to Stone and Willmer,
1989), and retain higher levels of thoracic heat at low tempera-
tures since flight muscles generate more power per unit mass
(reviewed by Willmer and Stone, 2004). This general principle
stems from both experimental studies and observations that the
wild bee fauna of the northern hemisphere is dominated by
large-bodied, darker and hairier species in spring, while smaller-
bodied, lighter-coloured and hairless species are comparatively
more abundant in summer (Westrich, 1989; Stone and
Willmer, 1989; Müller et al., 1997; Willmer and Stone,
2004). Finally, we think it is worth mentioning that the sandy-
gravel coastal plains of Israel represent a very thermophilous
region of the Mediterranean where the average daily tempera-
ture of the ambient air can be higher than 20 8C in February–
March, with temperatures above 10 8C during the night at this
time of the year and quickly raising after sunrise, allowing the
insects to become active soon after the first rays of sunlight
reach the surrounding vegetation. Increased floral heat might
therefore be of behavioural significance under colder climates,
but we think it is unlikely in the ecological and geographical
context presented here.

Concluding remarks

Our study provides the first functional analysis of floral traits
associated with a shelter–mimicry system in the Oncocyclus
irises. Although it is often thought that achromatic flowers
might be avoided by bees and be preferred by other types of
pollinators (see Lunau et al., 2011, and references therein),
we suggest that the large, tunnel-like, dark-red flowers of
I. atropurpurea (all perceived as ‘bee-black’; Fig. 1) is likely
to have evolved by pollinator-mediated selection primarily to
mimic hollow (dark) protective shelters used preferentially
by male solitary bees. The direct outcome (or by-product) of
this phenomenon is that the dark flowers gather heat when
exposed to solar radiation early in the morning, but the
slight increase of temperature in the floral tubes compared
with that of the ambient air seems irrelevant to the male eucer-
ine bees. The recent discovery of a sexually deceptive species
in the section Oncocyclus of the genus Iris (Vereecken et al.,
2012) raises important questions on the relative role of floral
colours and scents in the evolution of pollinator specialization,
from the still relatively generalized shelter–mimicry strategy
to the most extreme case of sexual deception.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of Figure S1: preferences of sheltering
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male eucerine bees for floral tunnels of Iris atropurpurea with
different orientations.
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Lebensweise, Beobachtung. Augsburg, Switzerland: Natur Buch Verlag.

Oksanen J, Blanchet FG, Kindt R, et al. 2012. vegan: Community Ecology
Package. R package version 2.0–5. http://cran.r-project.org/web/
packages/vegan/index.html.

Paulus HF, Gack C. 1993. Schlafplatzmimikry bei der mediterranen Orchidee
Ophrys helenae. Verhandlungen der Deutsche Zoologisches Gesellschaft
Salzburg 86: 267.

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. Journal of Comparative Physiology A 170: 23–40.

Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin
WE. 2010. Global pollinator declines: trends, impacts and drivers.
Trends in Ecology and Evolution 25: 345–353

Proctor M, Yeo P, Lack A. 1996. The natural history of pollination. Portland,
OR: Timber Press.

R Core Team. 2012. R: a language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna: http://www.
r-project.org/.

Raine NE, Chittka L. 2007. The adaptive significance of sensory bias in a
foraging context: floral colour preferences in the bumblebee Bombus
terrestris. PLoS ONE 2: e556. http://dx.doi.org/10.1371/journal.pone.
0000556.

Rands SA, Whitney HM. 2008. Floral temperature and optimal foraging: is
heat a feasible floral reward for pollinators? PLoS ONE 3: e2007. http://
dx.doi.org/10.1371/journal.pone.0002007

Raven PH. 1972. Why are bird-visited flowers predominantly red? Evolution
26: 674.

Reisenman CE, Giurfa M. 2008. Chromatic and achromatic stimulus discrim-
ination of long wavelength (red) visual stimuli by the honeybee Apis
mellifera. APIS 2: 137–146.

Sapir Y, Shmida A. 2002. Species concepts and ecogeographical divergence
of Oncocyclus irises. Israel Journal of Plant Sciences 50: 119–127.

Sapir Y, Shmida A, Ne’eman G. 2005. Pollination of the Oncocyclus irises
(Iris: Iridaceae) by night-sheltering male bees. Plant Biology 7: 417–424.

Sapir Y, Shmida A, Ne’eman G. 2006. Morning floral heat as a reward to the
pollinators of the Oncocyclus irises. Oecologia 147: 53–59.

Schemske DW, Bradshaw HD Jr. 1999. Pollinator preference and the evolu-
tion of floral traits in monkeyflowers (Mimulus). Proceedings of the
National Academy of Sciences of the USA 96: 11910–11915.

Schiestl FP, Cozzolino S. 2008. Evolution of sexual mimicry in the orchid
subtribe orchidinae: the role of preadaptations in the attraction of male
bees as pollinators. BMC Evolutionary Biology 8: 27. http://dx.doi.org/
10.1186/1471-2148-8-27.

Spaethe J, Tautz J, Chittka L. 2001. Visual constraints in foraging bumble-
bees: fFlower size and color affect search time and flight behavior
Proceedings of the National Academy of Sciences of the USA 98:
3898–3903.

Spaethe J, Streinzer M, Paulus HF. 2010. Why sexually deceptive orchids
have colored flowers. Communative and Integrative Biology 3: 139–141.

Stone GN, Willmer PG. 1989. Warm-up rates and body temperatures in bees:
the importance of body size, thermal regime and phylogeny. Journal of
Experimental Biology 147: 303–328.

Streinzer M, Paulus HF, Spaethe J. 2009. Floral colour signal increases
short-range detectability of a sexually deceptive orchid to its bee pollin-
ator. Journal of Experimental Biology 212: 1365–1370.

Thomson JD, Wilson P. 2008. Explaining evolutionary shifts between bee
and hummingbird pollination: convergence, divergence, and directional-
ity. International Journal of Plant Sciences 169: 23–38.

Vareschi E. 1971. Duftunterschiede bei der Honigbiene – Einzelzell-
Ableitungen und Verhaltensreaktionen. Zeitschrift für vergleichende
Physiologie 75: 143–173.

Vereecken NJ, McNeil JN. 2010. Cheaters and liars: chemical mimicry at its
finest. Canadian Journal of Zoology 88: 725–752.

Vereecken NJ, Schiestl FP. 2008. The evolution of imperfect floral mimicry.
Proceedings of the National Academy of Sciences of the USA 105:
7484–7488.

Vereecken NJ, Cozzolino S, Schiestl FP. 2010. Hybrid floral scent novelty
drives pollinator shift in sexually deceptive orchids. BMC Evolutionary
Biology 10: 103. http://dx.doi.org/10.1186/1471-2148-10-103

Vereecken NJ, Wilson CA, Hötling S, Schulz S, Banketov SA, Mardulyn P.
2012. Pre-adaptations and the evolution of pollination by sexual decep-
tion: Cope’s rule of specialisation revisited. Proceedings of the Royal
Society of London B 279: 4786–4794.
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Gattungen und Arten. Stuttgart, Germany: Eugen Ulmer GmbH & Co.

Whitney HM, Kolle M, Andrew P, Chittka L, Steiner U, Glover BJ. 2009.
Floral iridescence, produced by diffractive optics, acts as a cue for animal
pollinators. Science 323: 130–133.

Willmer PG. 2011. Pollination and floral ecology. Princeton, USA: Princeton
University Press,

Willmer PG, Stone GN. 2004. Behavioral, ecological, and physiological
determinants of the activity patterns of bees. Advances in the Study of
Behavior 34: 347–466.

Wilson P, Castellanos MC, Wolfe AD, Thomson JD. 2006. Shifts between
bee- and bird-pollination among penstemons. In: Waser NM, Ollerton
J. eds. Specialization and generalization in pollination systems.
Chicago, IL: University of Chicago Press, 47–68.

Vereecken et al. — Floral evolution in shelter pollinated irises 1165

http://cran.r-project.org/web/packages/vegan/index.html
http://cran.r-project.org/web/packages/vegan/index.html
http://cran.r-project.org/web/packages/vegan/index.html
http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/
http://dx.doi.org/10.1371/journal.pone.0000556
http://dx.doi.org/10.1371/journal.pone.0000556
http://dx.doi.org/10.1371/journal.pone.0000556
http://dx.doi.org/10.1371/journal.pone.0002007
http://dx.doi.org/10.1371/journal.pone.0002007
http://dx.doi.org/10.1371/journal.pone.0002007
http://dx.doi.org/10.1186/1471-2148-8-27
http://dx.doi.org/10.1186/1471-2148-8-27
http://dx.doi.org/10.1186/1471-2148-8-27
http://dx.doi.org/10.1186/1471-2148-10-103
http://dx.doi.org/10.1186/1471-2148-10-103


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /JPXEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /JPXEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




