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Summary
1. Shifts between alternative pollinator types are regarded as the main source of divergent
selection underlying angiosperm ﬂoral diversiﬁcation. However, pollinating species can exhibit
substantial intraspeciﬁc variation, particularly between genders, in key morphological
and behavioural traits determining their interactions with ﬂowers. This potential mechanism of
ﬂoral diversiﬁcation remains largely unexplored.
2. The bee ﬂy, Megapalpus capensis, is the predominant pollinator of the remarkable array of
ﬂoral forms of the sexually deceptive daisy Gorteria diﬀusa. Flies exhibit strong gender-speciﬁc
interactions with the variable insect-like spots which characterize G. diﬀusa inﬂorescences.
3. In order to explore variation in the preferences of male and female pollinators for the
visual, tactile and olfactory components of these spots, and its implications for ﬂoral diversiﬁcation, we used a sequence of binary choice tests where we manipulated individual spot
components.
4. Male and female ﬂies exhibited contrasting preferences for spot components with females
preferring simplistic spots and avoiding UV highlights, whilst males prefer any additional
visual and tactile phenotypic complexity.
5. Floral odour alone elicited signiﬁcant preference in females only, indicating that, in contrast
to orchids, sexual deception in G. diﬀusa is achieved largely through visual mimicry of female
pollinators.
6. Our results clearly show that elaboration of the insect-like spots has evolved in response to
male preferences and suggest that a trade-oﬀ exists between the attraction of male and female
ﬂies, which may have contributed to the divergence in ﬂoral phenotype between morphotypes
of G. diﬀusa.
7. Pollinators exhibit gender diﬀerences in ﬂoral preferences and behaviour which is another
potential source of divergent selection contributing to angiosperm ﬂoral diversiﬁcation.
Key-words: behaviour, divergent selection, ﬂoral diversiﬁcation, mating signals, pollen
export, sexual deception

Introduction
The use of diﬀerent pollinator species, which can vary substantially in their ﬂoral preferences (Bradshaw & Schemske
2003) and sensory systems (Chittka 1992; Troje 1993), is
regarded as the main source of divergent selection underlying the remarkable diversiﬁcation of angiosperm ﬂowers
(Johnson, Linder & Steiner 1998; Whittall & Hodges
2007). However, pollinators also exhibit considerable intraspeciﬁc variation, particularly between genders, in sensory,
morphological and behavioural traits relevant to their
interaction with ﬂowers that could impose divergent selection on ﬂoral traits (reviewed in Ellis & Anderson 2012).
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Previous studies have reported diﬀerences between genders
in colour preference and behaviour within Lepidopteran
(Rusterholz & Erhardt 2000; Alarcón et al. 2010), Hymenopteran (Ne’eman et al. 2006) and Dipteran (Ellis &
Johnson 2010) pollinators, respectively. If there is spatial
variation in the importance of diﬀerent genders as pollinating agents, such gender-speciﬁc preferences and behaviour
could contribute to ﬂoral diversiﬁcation between isolated
populations. In one of the few studies investigating the role
of gender-speciﬁc selection in ﬂoral diversiﬁcation, Temeles
& Kress (2003) revealed that diﬀerences in foraging preferences of male and female hummingbirds drive divergence
in ﬂoral shape and nectar production within the Heliconia
species they pollinate.
Sexually deceptive orchids that achieve pollination
through the attraction and elicitation of copulation
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attempts from male pollinators only (Schiestl et al. 2003;
Mant, Peakall & Schiestl 2005) are well-known examples
of ﬂowers shaped by gender-speciﬁc pollinator-mediated
selection. Diversiﬁcation of sexually deceptive orchid lineages, however, does not result from gender-based diﬀerences in their pollinators, as only male pollinators are
involved. In contrast, Gorteria diﬀusa Thund., a sexually
deceptive African daisy (Ellis & Johnson 2010), employs
both male and female pollinators and therefore oﬀers a
unique opportunity to investigate the eﬀect of gender-speciﬁc pollinator behaviour on ﬂoral divergence. Gorteria diffusa exhibits geographically structured ﬂoral variation and
comprises distinct ﬂoral morphotypes, despite being pollinated by a single species of bee ﬂy (Ellis & Johnson 2009).
Both male and female ﬂies visit all the G. diﬀusa morphotypes, but only males exhibit mate searching and copulation behaviour on a subset of these morphotypes (Ellis &
Johnson 2010).
Male sexual responses are elicited by black spots on
the ray ﬂorets of G. diﬀusa, which are required for the
attraction of these ﬂies (Johnson & Midgley 1997). These
spots vary in complexity and show substantial diﬀerentiation between ﬂoral morphotypes. In this study, we
investigate male and female responses to visual, olfactory
and tactile components of the spot phenotype. First, we
ask which components of spot phenotype inﬂuence pollinator preference and behaviour, and secondly whether
male and female pollinators exhibit diﬀerences in their
preference for these components. If gender-speciﬁc preferences have contributed to ﬂoral diversiﬁcation within
this system, we might expect that males and females will
show diﬀerent, or even opposing, preferences for some
spot components. If spot complexity is associated with
the mimicry of females, we may also expect to ﬁnd male,
but not female, preference for increasing complexity
within the spots.

in behaviour on G. diﬀusa morphotypes suggest that M. capensis males and females exhibit diﬀerential responses to the variation in ﬂoral traits observed across the range of G. diﬀusa (see
Fig. 1).
Megapalpus capensis, like many bombyliids, is a common ﬂower
visitor and is regularly seen visiting a range of spring ﬂowering
species in Namaqualand. Mating takes place on the open inﬂorescences of daisies such as G. diﬀusa. Females typically sit within
inﬂorescences and feed whilst males exhibit mate-searching
behaviour by ﬂitting between inﬂorescences, landing on the petal
spots and other ﬂies when present. They often exhibit mating
attempts on the spots of sexually deceptive G. diﬀusa identical to
those exhibited on females (Ellis & Johnson 2010). Mating
attempts with female ﬂies, however, seldom result in copulation;
perhaps indicating that females only mate once during their lifetime or are only receptive for a limited period. Males, however,
will repeatedly land on and exhibit mating behaviour towards
females along their ﬂight path, as well as in captivity (M. de Jager, personal observation), indicating that they are likely polygynous and that the ﬁrst males to mate could experience paternity
advantage.

(a)

(b)

(c)

(d)

Materials and methods
STUDY SYSTEM

Gorteria diﬀusa is a self-incompatible spring ﬂowering annual
daisy from the arid winter-rainfall areas of South Africa. It
has a prostrate growth form with branches up to 0·5 m long
that carry a profusion of inﬂorescences (10–60 per plant) on
individual peduncles. Inﬂorescences vary in colour from orange
through pale yellow and are characterized by black spots at
the base of some, or all, of the ray ﬂorets. These spots vary in
complexity from simple black pigment patches to three-dimensional structures containing specialized epidermal cells (Thomas
et al. 2009). Allopatric populations vary substantially in spot
phenotype as well as ray ﬂoret shape, number and colour,
which has led to the description of 14 distinct ﬂoral morphotypes, all pollinated predominantly by the bee ﬂy Megapalpus
capensis Wiedemann (Ellis & Johnson 2009). Although all ﬂoral
morphotypes induce feeding behaviour in M. capensis males
and females, ﬁve morphotypes induce inspection/mate-searching
behaviour predominantly in males whilst three sexually deceptive morphotypes elicit copulation attempts exclusively from
males (Ellis & Johnson 2010). These gender-speciﬁc diﬀerences

Fig. 1. Photos a – c depict ﬂoral morphotypes representing the
three functional categories found within Gorteria diﬀusa: (a) is a
feeding morphotype (Garies) that induces only feeding behaviour
in Megapalpus capensis males and females; (b) represents an
inspection morphotype (Okiep) which induces feeding behaviour
in both genders, as well as mate searching behaviour from M. capensis males and (c) a sexually deceptive morphotype (Spring)
which induces feeding behaviour in both genders, but elicits copulation behaviour exclusively from M. capensis males. Note that all
morphotypes exhibit dark spots at the base of some or all ray ﬂorets and that these spots increase in complexity from left to right.
(d) Shows a close up of the sexually deceptive Spring morphotype
in (c) with its pollinator, the bee ﬂy M. capensis. Arrows indicate
the main ray ﬂoret spot components that we investigated in this
study and include visual, olfactory and potential tactile components. Scale bar in (c) = 1 cm and (d) = 0·5 cm. Photos by Allan
Ellis.
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EXPERIMENTAL SET-UP

In order to determine the inﬂuence of various components of spot
phenotype on gender-speciﬁc pollinator preference, we designed a
sequential series of binary choice experiments, starting with simplistic spot models and gradually increasing complexity by adding
visual, tactile and olfactory components. Spot models were
attached with re-useable adhesive to model inﬂorescences (3 cm
diameter orange paper discs) that had a similar reﬂectance spectrum to the spotted ray ﬂorets of the Spring morphotype of G. diffusa (see Fig. S1, Supporting Information). Each model
inﬂorescence contained a single spot model and was presented
5 cm above ground level. Model inﬂorescences used in binary
choice pairs were placed 3 cm apart and diﬀered only in the speciﬁc spot component under investigation. The Spring morphotype
of G. diﬀusa was selected as the basis for the complex spot models
in our experiments as it has been shown to frequently elicit mating
behaviour from M. capensis males (Ellis & Johnson 2010). Megapalpus capensis individuals naı̈ve to the ﬂoral spots under investigation were caught on daisy inﬂorescences at a site where no
G. diﬀusa occurs (S 30, 12, 33·3; E 18, 2, 58·4). Gender was visually determined before releasing the ﬂies individually into a 1 m3
gauze cage that contained a binary choice of model inﬂorescences.
Each ﬂy was observed for 10 min and its preference for spot models in each choice experiment, as well as its behaviour on them,
was recorded with a digital voice recorder. We used ﬂies on the
same day we caught them and exposed them to the various binary
choice experiments in a random order, generally using each ﬂy for
a given experiment only once in order to exclude potential learn-
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ing. Our experiments were conducted between August and September in 2006, 2009, 2010 and 2011 on warm sunny days
between 11 am and 4 pm when M. capensis are most active. Sample sizes for all experiments are reported in Table 1.

Visual signals
Black spots on a coloured ray ﬂoret have previously been suggested as pollinator attractants in G. diﬀusa (Johnson & Midgley
1997). To conﬁrm this we oﬀered ﬂies a choice between a plain
orange model inﬂorescence and one containing a centrally
placed 1 cm diameter matt black paper spot (Experiment 1).
Because G. diﬀusa spots are often raised above the ray ﬂoret
surface, we also oﬀered ﬂies a choice between a plain orange
model inﬂorescence and one containing a centrally placed 5 mm
diameter odourless black plastic bead (Experiment 3). Flies
potentially perceive two visual components of the raised spot
which may be important for pollinator attraction, the reﬂective
highlight associated with a convex surface and the three-dimensionality itself. In order to tease apart these components, we
ﬁrst oﬀered ﬂies a choice between black paper spots (1 cm
diameter) painted with either gloss or matt transparent acrylic
paint (Experiment 2) and then between a ﬂat gloss spot and a
raised odourless black plastic bead (Experiment 4). The glossmatt choice tested the importance of reﬂectance oﬀ the black
surface whereas the gloss-raised choice tested the importance of
three-dimensionality, although the nature of reﬂectance from
these two surfaces likely also diﬀered.

Table 1. Details of the choice experiments to determine the preference of male and female ﬂies for the various spot components present
within Gorteria diﬀusa

Gloss

Raised
spot

Spot
odour

Female
odour

Spot cell
structure

UV
highlights

Sensory
system
investigated

N (ﬂies)
♂/♀

Visual

11/11

26/54

Visual

43/37

194/153

N (visits)
♂/♀

Experiment

Spot

1. Matt spot
No spot

X
0

2. Gloss spot
Matt spot

X
X

X
0

3. Raised spot
No spot

X
0

X
0

X
0

Visual

17/15

40/30

4. Raised spot
Gloss spot

X
X

X
X

X
0

Visual

29/5

104/28

5. Spot odour
No odour

X
X

X
X

X
X

Olfactory

33/26

308/146

6. Female odour
No odour

X
X

X
X

X
X

Olfactory

24/12

74/48

7. Spot cell structure
Floret cell structure

X
X

X
X

X
X

X
0

Tactile/visual

21/33

162/152

8. UV highlights
No highlights

X
X

X
X

X
X

X
X

X
0

Tactile/visual

30/25

170/191

9. UV highlights
+Spot odour
UV highlights

78/96

X
X

X
X

X
X

X
X

Tactile/
visual/
olfactory

12/11

X
X

X
0
X
0

X
0

Experiment numbers are listed with the binary choices ﬂies were exposed to in each, increasing from top to bottom in spot complexity.
Along each row the presence (X) or absence (0) of these spot components are indicated for each choice in every experiment. The relevant
sensory system investigated in each experiment is also indicated, as well as the sample size of each ﬂy gender we used and the total number
of visits they made in each experiment
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Olfactory signals

STATISTICAL ANALYSES

Floral odour has often been shown to attract pollinators (reviewed
in Raguso 2008), especially within sexually deceptive orchids
which employ surface hydrocarbons to attract mate seeking visitors (Schiestl et al. 2003; Mant, Peakall & Schiestl 2005). In order
to test its importance within G. diﬀusa, we extracted cuticular
compounds from the sexually deceptive Spring morphotype of
G. diﬀusa by individually submerging spotted ray ﬂorets for 4 min
in 8 mL glass vials containing 200 lL hexane (C6H14). Using the
odourless black plastic beads from experiment 4, we then oﬀered
ﬂies a choice between model inﬂorescences with a black plastic
bead covered in either spotted ray ﬂoret extract or pure hexane
(50 lL each – Experiment 5). To determine if the spots produce
any unique compounds that males might be responding to we also
oﬀered males a choice between model inﬂorescences with a black
plastic bead covered in either spotted ray ﬂoret extract or nonspotted ray ﬂoret extract (50 lL each). As a control to test
whether our extraction method was eﬀective in capturing the putative hydrocarbon compounds that might aﬀect pollinator preference, we caught two females of M. capensis in copula in the ﬁeld
and extracted them separately in 400 lL hexane for 2 min (Mant,
Peakall & Schiestl 2005). We then oﬀered ﬂies a choice between
model inﬂorescences with a black plastic bead covered in receptive
female extract or pure hexane (100 lL each – Experiment 6).
All extracts were applied with a 500 lL SGE LC glass syringe
(Supelco, St. Louis, MO, USA).

We ran separate Generalized Estimating Equations (GEE) analyses for each binary choice experiment in order to test for signiﬁcant diﬀerences between male and female preference for the more
complex model. We chose to use GEE’s, which control for ﬂy
identity, as our data are correlated responses. The inﬂuence of
gender on preference for the more complex spot model was modeled using an exchangeable correlation structure, which assumes
that observations within a subject are equally correlated. We used
a binomial distribution with a logit link function to obtain the
estimated marginal means and their 95% conﬁdence intervals
(CI’s) which we back-transformed before plotting. Departure of
preference from random choice was conﬁrmed for each gender
when the 95% CI’s did not overlap with the random expectation
of 50% preference for the more complex model. We also ran separate Generalized Linear Model (GLM) analyses for each experiment using only the ﬁrst choice of each ﬂy as dependant variable,
but as these results were qualitatively similar to our GEE analyses
we do not report results here. Next we ran GEE’s with the same
parameters to model the inﬂuence of the model type used on the
behavioural responses of each gender during our binary choice
experiments. We used preference for landing on the spot model
attached to the orange model inﬂorescence, as opposed to landing
on the model inﬂorescence itself, as our dependant variable and
ran a single analysis for each gender, grouping all data by the
model type used. Analyses were carried out in the SPSS 19 statistical package (SPSS Inc., Chicago, IL, USA).

Tactile signals
The surface cell structure of ray ﬂoret spots within sexually
deceptive G. diﬀusa morphotypes is complex and contain specialized multicellular papillae (Thomas et al. 2009) which may have
a tactile eﬀect on pollinators. To explore the importance of
these potential tactile signals we used the protocol of Whitney
et al. (2009) to create odourless epoxy casts of spotted and nonspotted ray ﬂorets of the sexually deceptive Spring morphotype.
These casts captured all the minute details present on the surface of the ray ﬂorets at a lm scale, but were odourless and did
not include visual diﬀerences as we used black pigment to colour all epoxy casts uniformly black. Using these casts we
oﬀered ﬂies a choice between a black epoxy cast of a spotted
ray ﬂoret and a black epoxy cast of a non-spotted ray ﬂoret
(Experiment 7).

Combination of signals
Previous studies demonstrated that pollinators can use multiple
sensory modalities to respond to ﬂowers and that multiple ﬂoral
traits can diﬀerentially impact pollinator choice and behaviour,
compared to a single trait (Kunze & Gumbert 2001; Raguso &
Willis 2002). We therefore tested the eﬀect of diﬀerent combinations of spot components on ﬂy preference and behaviour, using
the same protocols described above. As the ray ﬂoret spots of
many G. diﬀusa morphotypes contain white UV reﬂective highlights, we used Titanium oxide pigment to strategically add white
UV reﬂective highlights to the black epoxy casts of spotted ray
ﬂorets from experiment 7. We then oﬀered ﬂies a choice between
spotted ray ﬂoret epoxy casts with or without UV reﬂective highlights (Experiment 8). Finally, in order to test the combined eﬀect
of visual, olfactory and tactile spot components, we used the black
epoxy casts described in experiment 8 and added the ﬂoret odour
extracts from experiment 5. Flies were thus oﬀered a choice
between a spotted ray ﬂoret epoxy cast with UV highlights and
either spotted ray ﬂoret extract or pure hexane (50 lL each –
Experiment 9).

Results
VISUAL SIGNALS

Although female ﬂies signiﬁcantly preferred model inﬂorescences with a simple black spot over those without (Fig. 2,
Experiment 1), they exhibited no preference for visual elaboration of the black spot, whether this involved three-dimensionality or glossiness. In contrast, males showed signiﬁcant
preference for these spot elaborations when contrasted with
spotless models or those with a simple matt spot. Results
suggest that both reﬂectance from the shiny black surface
(gloss – Experiment 2) and three-dimensionality (raised spot
– Experiment 3) contribute to male preference, although
preference was stronger for three-dimensionality (Experiment 4). Despite these diﬀerences, the preferences of males
and females were only signiﬁcantly diﬀerent for the choice
between a raised spot and no spot at all.
OLFACTORY SIGNALS

In contrast to the visual components, males did not exhibit
preference for the ﬂoral odour of spotted G. diﬀusa ray ﬂorets, whereas females did (Experiment 5). Male ﬂies
(n = 14) also did not discriminate between spotted and
non-spotted ray ﬂoret extracts (Goodness of ﬁt Test;
G = 0·05, d.f. = 13, P = 0·82) suggesting that spotted ray
ﬂorets do not produce any unique compounds relevant to
the attraction of male ﬂies. Interestingly, the control for
our extraction method revealed signiﬁcant diﬀerences
between genders with males, but not females, exhibiting
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Fig. 2. Probability that Megapalpus capensis females and males will choose the more complex spot model (ﬁrst description in the explanation within each panel) in each choice experiment (experiments 1 – 9, details in methods). Backtransformed marginal means from Generalized Estimating Equations models with 95% Wald conﬁdence intervals (CI) are shown. *Indicates signiﬁcant (P < 0·05) preference for one
model over the other in male and female ﬂies (i. e., CI do not overlap with the 0·5 expectation under random visitation). Wald Chi square
and P values are reported for the diﬀerences between male and female preference and signiﬁcance is indicated with ‘*’.

strong preference for the odour extracts of receptive female
ﬂies (Experiment 6). This result conﬁrms that our extraction protocol captured compounds involved in male sexual
responses.
TACTILE SIGNALS

When investigating further structural elaboration of the
spots with regards to the specialized papillae present
within the spot epidermis of some G. diﬀusa morphotypes
we again found male, but not female, preference for the
more complex models (Experiment 7). Male and female
preferences also diﬀered signiﬁcantly.
COMBINATION OF SIGNALS

When we combined visual and tactile components by
adding UV reﬂective highlights to the black epoxy casts
of spotted ray ﬂorets bearing epidermal papillae, we
again found signiﬁcant preference exhibited by males
only (Experiment 8). In contrast to the random choices
exhibited by females in previous experiments, females

signiﬁcantly avoided models containing UV highlights,
indicating a potential trade-oﬀ for G. diﬀusa when producing this ﬂoral trait. When we combined visual and
tactile, as well as olfactory traits, only males showed
signiﬁcant preference for the more complex model
bearing all three stimuli (Experiment 9). Again, there
were signiﬁcant diﬀerences between male and female
preferences.
Although copulation behaviour was not observed on
our spot models, male ﬂies exhibited signiﬁcantly diﬀerent
behaviour from females by landing on various spot models
signiﬁcantly more often than on the orange model inﬂorescences to which they were attached (Fig. 3). Exceptions
were the most simplistic of spot models (black matt and
gloss spot), epoxy models of the non-spotted ray ﬂorets
which do not bear papillae (non-spotted ﬂoret cell structure) and the most complex spot models (spot cell structure with UV and either hexane or spotted ray ﬂoret
odour extract). In contrast, females always signiﬁcantly
avoided landing on the spot models, except for the raised
spot containing female ﬂy odour on which they exhibited
no landing preference.
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(a)

(b)

Fig. 3. Diﬀerent behavioural responses of (a) female and (b) male
ﬂies to the model inﬂorescences they visited during our choice
experiments. The probability of landing on the spot model
attached to model inﬂorescences, as opposed to landing on the
model inﬂorescence itself, is indicated. Female ﬂies signiﬁcantly
avoided landing on the spots in most cases whereas males tended
to land on the spots. Backtransformed estimated marginal means
are plotted with the upper and lower 95% Wald conﬁdence intervals for each model type used. *Indicate signiﬁcant (P < 0·05)
deviation from the random expectation of equal expression of
both behaviours.

Discussion
Our results show that male and female bee ﬂies exhibit
contrasting preferences for most of the spot components
of G. diﬀusa. Such divergent selection (or opposing selection in the case of UV reﬂective highlights) imposed by different ﬂy genders can generate ﬂoral diversiﬁcation within
this system without the need for pollinator shifts. Male
ﬂies select for any visual elaboration of the spots (including glossiness, raised three dimensionality and UV reﬂective highlights), whilst females only exhibit signiﬁcant
preference for the most simplistic visual spot models. This
result strongly suggests that visual elaboration of spot

complexity has evolved under selection exerted by male
ﬂies. The fact that most of G. diﬀusa’s morphotypes bear
some reﬂective UV highlights (Ellis & Johnson 2009) suggests that selection through male ﬂies in this system is
widespread. Johnson & Midgley (1997) suggested that the
UV highlights within G. diﬀusa spots mimic the reﬂective
highlights on the convex thorax of M. capensis ﬂies, implying that the attraction of male ﬂies to these UV highlights
may be related to mate searching. The presence of UV
highlights in sexually deceptive orchids has also been
attributed to the visual mimicry of females in order to
attract males searching for mates (Gaskett & Herberstein
2010).
In contrast to studies on sexually deceptive orchids
where olfaction is the key stimulus used to attract male
Hymenopteran pollinators (Schiestl et al. 2003; Mant,
Peakall & Schiestl 2005) we found female, but not male,
preference for the spotted ray ﬂoret odour extracts from
sexually deceptive G. diﬀusa when used in isolation.
Applying ﬂoral odour extract in our study also did not
elicit copulation behaviour from male ﬂies, suggesting
that it does not contain gender-speciﬁc pheromonal signals, as is the case in sexually deceptive orchids (Schiestl
et al. 2003). We did however ﬁnd male, but not female,
preference for the odour extract of sexually receptive
females. This result indicates that there are indeed genderspeciﬁc compounds produced by receptive M. capensis
females which males are responding to, but which G. diffusa has not employed in its mimicry of female ﬂies. It
should be noted that males did not exhibit mating behaviour in response to the receptive female extracts either.
This suggests that male bee ﬂies use signals besides olfaction to detect and react to receptive females, although it
is possible that our extraction method did not capture all
the relevant compounds dictating male mating behaviour.
A previous study on Mediterranean bee ﬂies, however,
found male mating behaviour in response to simple black
ink spots (Johnson & Dafni 1998) which strongly suggests
that odour signals are less important in governing mating
behaviour than in Hymenoptera.
Our experiments investigating the importance of the specialized epidermal papillae structures present within sexually deceptive G. diﬀusa spots also revealed male, but not
female preference, indicating that these potential tactile
components also evolved under selection from male ﬂies.
Studies on sexually deceptive orchids bearing papillae have
suggested that these features might help mimic the body
textures of females (Blanco & Barboza 2005). Although
males did not exhibit mating behaviour on our spot models bearing papillae, they did signiﬁcantly prefer them over
models without papillae and therefore must have been able
to discriminate them prior to landing. It has been observed
that the raised papillae in G. diﬀusa spots possess light
reﬂecting tips that appear similar to the dorsal surface of
M. capensis ﬂies (Johnson & Midgley 1997), making it
possible that this spot component is also involved in visual
mimicry of M. capensis females.

© 2012 The Authors. Functional Ecology © 2012 British Ecological Society, Functional Ecology, 26, 1197–1204

Gender-speciﬁc pollinator preference
Interestingly, our experiment combining visual, tactile
and olfactory spot components contrasts with our experiment testing olfaction in isolation by ﬁnding male preference for the spotted ray ﬂoret odour extract of G. diﬀusa.
This could be due to a hierarchal system used by ﬂies in
decision making, much like Hymenopteran pollinators
confronted with the ﬂoral traits of sexually deceptive orchids. Streinzer, Paulus & Spaethe (2009) found that bees are
ﬁrstly attracted to the ﬂowers of sexually deceptive orchids
in the genus Ophrys through olfactory signals, but once
they are close enough they also use visual signals in decision making. Similarly, G. diﬀusa may also be using multimodal signals to attract and elicit responses from mate
seeking M. capensis males. Multimodal signals can
improve signal detection and performance by simultaneously stimulating diﬀerent sensory systems within the
receiver (Candolin 2003). This may be important in
M. capensis because females appear unresponsive to most
mating attempts and may only mate once, thus placing
males under strong selection to detect potential mates
quickly.
POTENTIAL CAUSE AND EFFECTS OF GENDERSPECIFIC VARIATION IN POLLINATOR PREFERENCE

As the UV reﬂective highlights and the specialized papillate structures within raised G. diﬀusa spots are proposed
bee ﬂy mimics (Johnson & Midgley 1997), the preponderance of male preference for these elaborate traits might be
linked to mate searching behaviour. Male insects are
known to devote more time to mating behaviour than
females, which spend more time collecting nutritional
rewards related to brood care (Alcock et al. 1978). Gorteria diﬀusa spots might therefore be exploiting various
search images that males use to locate potential mates in
its mimicry of female bee ﬂies. This is further supported by
the fact that males behaved signiﬁcantly diﬀerently from
females by consistently landing on elaborate spot models
during our binary choice experiments. One beneﬁt of
exploiting mate seeking behaviour in males is that they
move more between plants than females, which can
increase pollen export (Ellis & Johnson 2010). Increased
outcrossing is one of the most compelling hypotheses
invoked to explain the evolution of sexual deception in
orchids (Scopece et al. 2010) as it can increase the quality
of the seeds produced (Peakall & Beattie 1996). Within
G. diﬀusa, however, only sexually deceptive morphotypes
gain the beneﬁt of increased pollen export from mate seeking male ﬂies (Ellis & Johnson 2010), which begs the question why non-sexually deceptive morphotypes also bear
UV highlights, One explanation might be that most of the
G. diﬀusa morphotypes experience selection by mate seeking male ﬂies, which move more between plants than
females (Ellis & Johnson 2010), and may therefore relatively increase outcrossing rates even without the elicitation of copulation attempts. The observed female
avoidance of black spot models bearing UV highlights
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may stem from an attempt to reduce competition, either
for food or for potential mates. This result also suggests
that females do not aggregate together to form leks, which
is supported by the observation that solitary females are
typically found within inﬂorescences.
Female pollinators have also been found to spend more
time per ﬂower and move less between plants than males
(Ne’eman et al. 2006; Ellis & Johnson 2010). This behaviour is probably related to diﬀerences in energy requirements. Within Hymenoptera it has been noted that females
spend more time feeding than males (Alcock et al. 1978)
and that they collect more pollen in order to provide for
their young (Michener 2000). Female butterﬂies have also
been found to move less between ﬂower patches than
males and to target nectar sources high in amino acids that
are probably linked to egg development (Rusterholz &
Erhardt 2000). Whereas attraction of male insects can
increase pollen export as a consequence of mate searching
behaviour, attraction of females may contribute more to
pollen import, relative to males, if spending more time on
ﬂowers results in greater loads of conspeciﬁc pollen. This
has been found to be the case with female hawkmoths
(Alarcón et al. 2010), as well as female bee pollinators
(Ne’eman et al. 2006).
Variation in the eﬀectiveness of male and female pollinators can produce allopatric divergence in ﬂoral phenotype
when the relative importance of males and females as pollinators varies geographically, but is constant within populations (Ellis & Anderson 2012). One geographically
variable factor that can produce this is pollen limitation.
As the importance of selection acting through pollen
import has been shown to be the highest when pollinators
are limited (Ashman & Morgan 2004), selection through
pollen export is likely to become disproportionately important under pollinator abundance. Muchhala et al. (2010)
found similar results in a modelling study, but also showed
that under high visitation rates specialization tends to
evolve due to competition acted out through pollen export.
Sexually deceptive G. diﬀusa are unlikely to experience
pollen limitation, as the removal of ray ﬂoret spots does
not result in decreased fruit set within a sexually deceptive
morphotype (Johnson & Midgley 1997). Under such conditions, selection exerted by mate seeking male ﬂies will be
strong as they can increase relative ﬁtness through
increased pollen export (Ellis & Johnson 2010). The evolution of sexual deception will therefore be favoured in these
populations, resulting in complex spots specialized on the
attraction and elicitation of mating behaviour from male
ﬂies. Geographic variation in pollen limitation might therefore aﬀect the strength of selection exerted by male and
female pollinators in diﬀerent populations.
Another mechanism that could generate asymmetry in
the importance of male and female pollinators is variation
in the sex ratio of ﬂies between populations. If ratios
within a population remain stable over generations, selection exerted by the dominant gender may inﬂuence and
determine ﬂoral phenotype. The presence and importance
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of alternative pollinators within each population may also
have an impact on the eﬀectiveness of a given M. capensis
gender and the strength of selection it exerts. Some of the
G. diﬀusa morphotypes are visited by insects other than
M. capensis (Ellis & Johnson 2009), although there is no
obvious relationship between their presence and ﬂoral phenotype. Lastly, the strength of selection exerted by food
seeking female pollinators will likely be aﬀected by the
availability and attractiveness of alternative rewarding
plant species in the community and thus the degree of
reliance of M. capensis on G. diﬀusa as a food source.
These are some mechanisms by which male and female
pollinators can exert diﬀerential selective pressures in different populations and highlight the importance of ecological context in the evolution of specialization. As
specializing on diﬀerent pollinating genders will diﬀerentially aﬀect plant ﬁtness, ﬂoral diversiﬁcation within plants
pollinated by a single species is also likely to occur and
may hitherto have been an overlooked mechanism of ﬂoral
divergence.
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