
Viewpoints

Flypollinationdrives convergence
of flower coloration

Summary

Plant–pollinator interactions provide a natural experiment in signal

evolution. Flowers are known to have evolved colour signals that

maximise their ease of detection by the visual systems of important

pollinators such as bees. Whilst most angiosperms are bee

pollinated, our understanding on how the second largest group of

pollinating insects, flies, may influence flower colour evolution is

limited to the use of categorical models of colour discrimination that

do not reflect the small colour differences commonly observed

between and within flower species. Here we show by comparing

flower signals that occur in different environments including total

absenceof bees, amixtureof beeandflypollinationwithin oneplant

family (Orchidaceae) from a single community, and typical flowers

from a broad taxonomic sampling of the same geographic region,

that perceptually different colours, empirically measured, do evolve

in response to different types of insect pollinators. We show

evidence of both convergence among fly-pollinated floral colours

but also of divergence and displacement of colour signals in the

absence of bee pollinators. Our findings give an insight into how

bothecological andagricultural systemsmaybeaffectedbychanges

in pollinator distributions around the world.

Flies (Diptera) are the second largest group of insects visiting and
pollinating flowers (Larson et al., 2001; Woodcock et al., 2014).
Althoughfly contribution to pollination has gone largely unnoticed
due in part to the attention paid to better known hymenopteran
pollinators including the European honeybee (Apis mellifera), this
trend is now changing. Flies and other non-bee insect pollinators
are currently receiving increased attention as alternative or
stabilising pollination agents in the context of declining bee
populations (Rader et al., 2016; Dunn et al., 2020).

Visual communication between flowers and their pollinators is
thought to be one of the main drivers for the evolution of colour in
bee and bird-pollinated species on continents (Chittka &Menzel,
1992; Dyer et al., 2012; Shrestha et al., 2013; Burd et al., 2014),
and also on islands that have a diversity of pollinators (Tai et al.,
2020). By displaying colours that are easy to process visually, plants
are able to increase their conspicuousness towards a particular
pollinator group (Rodrı́guez-Gironés & Santamarı́a, 2004)

therefore favouring habitat selection (Possingham, 1992), whilst
also minimising visits from other species that might only rob floral
resources (de Camargo et al., 2019). For example, in a scenario in
which both bees and bird pollinators are present, the lower
searching efficiency for long-wavelength (i.e. ‘red’) flowers by
bumblebees (Spaethe et al., 2001) is thought to have favoured the
evolution of red colours by bird-pollinated flowers (Raven, 1972),
which is consistent with empirical data from Neotropical environ-
ments (de Camargo et al., 2019).

Evidence of fly pollination dates to the late Jurassic period, with
fossil records suggesting that Brachycera flies actively fed on pollen
and very likely pollinated early angiosperms (Ren, 1998). The
colour vision of the hoverfly Eristalis tenax is well characterised as a
tetrachromat with four photoreceptor classes and a preference for
long-wavelength stimuli such as ‘yellow’ (Lunau & Wacht, 1994;
Lunau, 2014; An et al., 2018; Hannah et al., 2019) and therefore
has functionally different colour vision to trichromatic bees that
have preferences for shorter wavelength colours such as ‘blue’
(Giurfa et al., 1995; Raine & Chittka, 2007; Morawetz et al.,
2013; Dyer et al., 2016).

We hypothesise that the specific characteristics of fly colour
vision (Lunau, 2014) have shaped the appearance of flower species
pollinated by these insects consistent with pollination syndromes
(Faegri & Pijil, 1966; Dellinger, 2020). Considering this hypoth-
esis, we would expect that flowers pollinated by flies are clustered
around regions of colour space matching the colour preferences of
these pollinators. Whilst different fly groups may show preference
for certain colours such as ‘blue’ by Bombyliidae flies (Kastinger &
Weber, 2001), and red by Calliphoridae and Platystomatidae
(Chen et al., 2015), Syrphid flies including E. tenax show a
preference for yellow stimuli (Lunau, 2014; An et al., 2018; Klecka
et al., 2018) and are widely distributed, representative model of fly
pollination (Lunau et al., 2014). Pollination syndromes, in turn,
may affect the plant community structure as a whole through
different processes including pollinator-mediated competition,
facilitation or filtering (Sargent&Ackerly, 2008). Previous authors
have tested for this hypothesis using either human-perceived colour
categories (Ollerton et al., 2009) or colour models designed for
either honeybee or blow fly vision, and using the distribution of
flower colours in these colour spaces as evidence for specialisation
(Arnold et al., 2009; Shrestha et al., 2016; Bergamo et al., 2018).
These approaches, however, are limited by the lack of perceptual
information about the discrimination likelihood of the various
flower species, which is the ultimate driver of a fly’s behavioural
response, a key consideration for an objective assessment of
pollination syndromes based on empirical evidence (Bergamo
et al., 2018; Dellinger, 2020). For example, clustered loci corre-
sponding to a putative colour specialisation (i.e. all samples lie on
the same region of colour space) may be distinct enough for an
observer to discriminate among them with the same accuracy as
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discriminating two samples of distinct hue. Conversely, it is also
possible that two samples separated by the same distance in the
colour space may be undistinguishable from each other depending
on viewing context, properties of the visual system of the observer
considered and individual foraging experience (Garcia et al.,
2020). To address this limitation of pollinator perception, we
quantified a behaviourally determined colour discrimination
function for the hoverfly E. tenax (Diptera, Syrphidae), which is
an important fly pollinator (Larson et al., 2001; Dunn et al.,
2020). With this novel approach, it is now possible to formally
evaluate the perceptual implications of flower colour (dis)similarity
for visual discrimination by important pollinating flies (Orford
et al., 2015; Klecka et al., 2018), a key aspect to understand the
effect of biotic factors on colour diversity at community level
(Bergamo et al., 2018) in natural and agricultural settings.We then
used the continuous colour discrimination function reconstructed
for the hoverfly E. tenax to interpret flower spectral data from four
comparative scenarios in which flies and/or bees are present as
pollinators, and trace inferred colour changes along the phyloge-
netic history of the different plant genera to account for the effect of
evolutionary history on the distribution of flower colourswithin the
studied communities.

Colour discrimination by E. tenax

Previous studies on colour vision of dipterans, such as E. tenax,
Bombylius fuliginosus and Lucilia sp., have suggested that these
insects can discriminate betweendiscrete colour categories based on
experiments using coloured cards of different hues or monochro-
matic light sources as stimuli (Knoll, 1921; Fukushi, 1989, 1994;
Troje, 1993; Kastinger &Weber, 2001). However, recent research
using broad-band coloured stimuli, such as those more likely to
occur in flowers, has shown that E. tenax can also discriminate
smaller colour differences within some of these categories (Hannah
et al., 2019), therefore suggesting that colour discrimination in
dipterans can be continuous as has been previously reported for bee
pollinators (Garcia et al., 2017).

We used the results of the discrimination experiment between
red, orange and yellow stimuli, in addition to results from a
discrimination experiment of different fly blue and green colour
stimuli (Hannah et al., 2019), to identify different points along an
empirically determined colour discrimination function for E. te-
nax. This function predicts the likelihood of a hoverfly pollinator
discriminating two signals based on perceived colour (dis)similarity
here expressed as the Euclidean distance between two loci in the
Troje (1993) colour space, a frequently used tool for modelling
colour vision in dipterans (Lunau, 2014) based on the colour vision
of a species of the blowfly Lucilla. We used this model of fly colour
vision as it had been used in several previous studies on plant–
pollinator interactions (Arnold et al., 2009; Ohashi et al., 2015;
Shrestha et al., 2016, 2019a; Bergamo et al., 2018), and it
incorporated an implementation of the fly R7P/R7Y neural wiring
and opponency mechanisms that have been recorded in several
model fly species (Borst, 2014; Lunau, 2014; Behnia & Desplan,
2015; Schnaitmann et al., 2018), which are fundamentals for how
colour is sensed by a biological system (Gegenfurtner & Kiper,

2003). A distance unit in this colour space is here referred to as a
Troje unit (Tu) for convenience (Hannah et al., 2019).

For our empirically determined discrimination function, large
colour differences were modelled using a conditioning yellow
stimulus and two different alternative choice stimuli: yellow–
orange (0.096 Troje units (Tu)), and yellow–red (0.206 Tu). Each
colour pair was then associated with the experimentally determined
probability of discrimination between the conditioning stimulus,
that is the yellow card, and the respective alternative. A similar
protocol was previously used by Hannah et al. (2019) when
behaviourally determining the discrimination threshold for small
colour differences identifying 0.021 Tu as the minimum colour
difference between an achromatic stimulus and a yellow stimulus
that can be discriminated accurately by E. tenax. Conditioning to a
yellow stimulus was used as it proved difficult to get flies to initially
visit alternative colours before an initial training phase.

Flies were never observed to choose the incorrect, red stimulus
over the yellow conditioning target, so we implemented a logistic
regression model only including the intercept to model the
proportion of correct choices for the conditioning yellow stimulus
in the presence of the orange distractor. For this purpose, we
coded as a correct response when a fly chose the yellow colour and
as an incorrect response otherwise, therefore creating a binary
response variable. The model indicates that the proportion of
choices for the yellow stimuli (0.852, (0.804–0.893) 95%
confidence interval (CI)) was significantly different from the
proportion of choices for the orange stimulus (z = 9.72,
P < 0.001). After including the experimentally determined
threshold for small colour differences determined by Hannah
et al. (2019), it is possible to define four behaviourally relevant
thresholds (Table 1) along the colour discrimination function for
E. tenax (Fig. 1b). Such a classification system has previously been
used to understand flower signal evolution for bee pollinators
(Dyer et al., 2012).

Following the theoretical framework of von Helversen (1972),
we propose that colour discrimination in E. tenax can be modelled
as a continuous function of colour difference in which the
probability of accurate discrimination can be predicted fromcolour
distance. The shape of such a psychophysics function is typically
half of an entire ‘S’, that is ‘sigmoidal’, resulting from observing a
maximum probability of discrimination equal to 1.0 irrespective of
further increments in colour distance. Data from behavioural

Table 1 Tested points along the colour discrimination function for Eristalis
tenax.

Colour distance (Tu)
Probability of correct
discrimination Discrimination region

ΔC < 0.021 π < 0.585 0.585 < π ≤ 0.850
0.021 ≤ ΔC < 0.096 0.585 < π ≤ 0.850 Functional discrimination
0.096 ≤ ΔC < 0.206 0.85 < π ≤ 1.0 Easily discriminable
ΔC ≥ 0.206 Not applicable Suprathreshold

The region names of the functions are purely indicative, and they have to be
considered not in isolation but within the entire, continuous colour
discrimination function for this species.
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observations by four hymenopteran species conformed to this
prediction of pollination colour discrimination enabling functions
that accurately map how bee flower pollination operates (Dyer

et al., 2012; Garcia et al., 2017). We therefore fitted a logistic
expression of the form π¼ ðMo�K Þ

ðMoþðK�MoÞ�expð�r�ΔC ÞÞ to behavioural
data following themethod presented byGarcia et al. (2017), where
π represents the probability of accurate discrimination for a given
colour difference,ΔC; and K, r andMo are constants unique to the
function. Values of coefficients for E. tenax are provided in
Table 2. The magnitude of these constants define the shape of a
psychometric curve describing the likelihood of a hoverfly to
accurately discriminate between two stimuli based on their colour
similarity and are specific to the species and viewing conditions
(Garcia et al., 2017).

(a) (b)

(d)(c)

Fig. 1 Colour discrimination by Eristalis tenax and its effects on the evolution of colour in syrphid pollinated flowers. (a) Examples of bee (Diuris orientis, left
image) and fly (Pterostylis melagramma, right image) pollinated orchids along with their reflectance spectra. (b) Colour discrimination function for E. tenax
(blue line) based on observed proportions of correct choices for three different colour differences (solid black markers). Discrimination models predict
behavioural response, that is proportion of correct choices, to a physiological stimulus. Tested differences represent four discrimination ‘zones’ of the function:
(I) similar colours verydifficult orunlikely tobedistinguishedapart (indiscriminable region,blackareaunder the curve); (II) functional discrimination region (grey
area); (III) easy discrimination (dashed area); and (IV) suprathreshold region for easily discriminated colours. (c) Loci corresponding to spectral reflectance of
flowers from the four data sets used in our study plotted onTroje colour space: flowers fromMacquarie Island (MI, orange), fly-pollinated orchids (FPO, green)
and bee-pollinated orchids (BPO, blue) in Baluk Willam reserve, and bee-pollinated flowers of South East Australia (BSA, purple); refer to Table 3 for further
details. Reflectance spectra for typical flower belonging to each of the four communities are provided as Supporting Information Fig. S1. (d) Boxplots
summarisingall pairwise colourdistance fromthedatasets considered:Macquarie Island (orange), fly-pollinatedorchids inBalukWillam (green), bee-pollinated
orchids in BalukWillam (blue), and bee-pollinated flowers in Southeast Australia (purple). Coloured boxes represent the 25–75% interquartile range and the
vertical lines the extremes of the 95% distribution of the data. Red arrows indicate the most commonly observed colour distance (mode) for each community
(MI = 0.066 Tu, FPO = 0.088, BPO = 0.131 and BSA = 0.138), and the dotted lines indicate the four discrimination regions. Observe how the mode and
median colour differences for thefly-pollinated communities arewithin the functional discrimination regionwhilst for thebee-pollinatedgroupsbothmeanand
median are within the easy discrimination or suprathreshold regions. The vertical bar at the right represents the four areas under the discrimination function
described for (b).

Table 2 Coefficients for a logistic, sigmoidal curve describing the colour
discrimination function for the hoverfly Eristalis tenax.

Coefficients Value (95% confidence interval)

K 1.03 (1.02, 1.05)
r 16.7 (15.8, 17.8)
Mo 0.498 (0.499, 0.497)
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Ecological and evolutionary meaning of colour
discrimination

To assess how colour discrimination capabilities of pollinating flies
such as E. tenax have an effect on the evolution of colour in flower
populations, we considered pigment-produced, diffuse reflectance
measurement from flowers of plants in four different data sets
representing large and small communities with a broad and narrow
taxonomic sample of both fly and/or bee-pollinated plant species
(Table 3). These samples provide the power of comparisons
between two very different communities of fly-pollinated species, a
diverse island community that has never experienced bee nor bird
pollination (Shrestha et al., 2016) and a phylogenetically narrow
group of fly-pollinated orchids (FPO) that co-exist with bee-
pollinated orchids (BPO; Shrestha et al., 2019a). The latter form a
narrow bee-pollinated group that can be compared with a
phylogenetically diverse group from the same continent. Spectra
from each dataset were subsequently modelled in Troje colour
space, and colour differences were calculated as the Euclidean
distance between each locus representing a flower. See Shrestha
et al. (2016) for details on modelling protocol. Using the colour
discrimination function (Fig. 1c) it was then possible to assess how
differences and similarities in the spectral profile of the various
flowers determine their likelihood of being discriminated by a
pollinator fly under realistic viewing conditions.

Fly-pollinated orchids (FPO) from continental Australia and
biotically pollinated flowers from Macquarie Island (MI) are
similar in colour (UV-absorbing, yellow for a humanobserver), and
these colours are close to those preferred by fly pollinators generally.
When the spectral signals of these species are plotted inTroje colour
space, loci from MI plants occupy a smaller area than the one
occupied by bee-pollinated continental orchids (BPO) and eudi-
cots pollinated by bees (BSA) (Fig. 1c). However, median colour
differences between the extant flowers occurring in MI are larger
(0.101 Tu) than FPO in BW reserve (0.084 Tu) (Fig. 1c). A
multivariate analysis of variance testing for potential differences in
mean vector for these two groups rejected the null hypothesis of
equality (Wilks Lambda (Λ) = 0.463, F = 13.32,23, P < 0.001).

Both the locationwithin the colour space and the clustering relative
to bee-pollinated flowers are broadly consistent with previous
reports on fly-pollinated plants in high altitude communities in
New Zealand, Japan, Colorado and Norway (Arnold et al., 2009;
Gray et al., 2018; Ishii et al., 2019; Bergamo et al., 2020).

The difference between the MI and FPO clusters revealed that
the precise distribution of flower colours for these species differed
between communities depending on the types of pollinator locally
available. Therefore the presence of other flower visitors in an
environment influences colour signalling beyond the effect of the
key pollinator. In contrast with previous studies, our use of a
discrimination function allows objective interpretation of the
differences between loci as perceived by pollinators.

Interestingly, our discrimination function predicted that more
than 50% of all flower pairs in MI, where no bees are present, can
be easily discriminated by E. tenax as their colour differences are
larger than the empirically determined threshold of 0.096 Troje
units (Tu) (Fig. 1d). In BW reserve, where FPO co-exist with
their bee-pollinated relatives (BPO), more than 50% of colour
differences between the flower pairs are harder to differentiate for
the same observer. Indeed, the probability of accurately discrim-
inating these species is between 0.6 and 0.81, whilst BPO are
easier to distinguish. Colour distance between BPO in BW has a
median value of 0.15 Tu, which can be correctly discriminated by
a fly observer with a probability higher than 0.9 (Fig. 1).
However, it also has to be considered that flowers can use other
traits such as height, flowering time, shape or odour, in addition
to colour, to facilitate recognition (Primante & Dötterl, 2010;
Chen et al., 2015).

To understand the process leading to the evolution of flower
colours in our community samples we reconstructed the phy-
logeny of the 111 plant species in our study (Supporting
Information Table S1) using the angiosperm family-level topol-
ogy of Soltis et al. (2011) as a scaffold and subfamilial topology
from a variety of sources, and dated major nodes of the
phylogenetic tree using the maximum-likelihood node ages from
Wikström et al. (2001). We subsequently used colour loci
coordinates of the extant species from our sample to estimate

Table 3 Composition and location of plant communities sampled for our study.

Abbreviation Composition n Location References

MI (I) Flies are the only pollinator present. Broad taxonomic, small
plant community

9 Macquarie Island Shrestha et al. (2016)

FPO (II) Specialised fly-pollinated orchid species living in sympatry
with bee-pollinated orchid species. Narrow taxonomic large
plant community

17 Baluk Willam reserve Kuiter (2016); Shrestha et al. (2019b)

BPO (III) Bee-pollinated orchid species living in sympatry with fly-
pollinated orchid species. Taxonomically narrow, large plant
community

29 Baluk Willam reserve Kuiter (2016); Shrestha et al. (2019b)

BSA (IV) Non-orchid, bee-pollinated flowers. Broad taxonomic, large
community representing a sample of world trends in flower
colour distribution

56 South East Australia Burd et al. (2014)

Pollinators for the plant species available at Baluk Willam (BW) reserve were classified based on field observations by two of the authors (MS and MB),
statements in the literature (Kuiter, 2016; Shrestha et al., 2016) and visual judgement of grey-scale photographs of the flowers present at the site by two of the
authors (MS and MB).
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the coordinates at ancestral nodes in the phylogenetic tree using a
Brownian motion evolutionary model implemented in the routine
‘ace’ available as part of the package ‘APE’ (Paradis & Schliep,
2018) v.5.0 written for the R statistical language. Finally, we used
pollinator data of the extant species (Burd et al., 2014; Shrestha

et al., 2016, 2019b) to reconstruct the pollinators at ancestral
nodes using the maximum parsimony routine ‘MPR’ available in
the same package. Estimates for the ancestral states of colour and
pollinator were made on the entire sample of 111 species together,
not separately by communities.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15
16

1718

19

20
21

22

23

24

25 26

27

28
29

30 313233
34

35
36

37

38

39

40

41
42

43
44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68
69

70
71

72
73

74
75

76
77

78 79 80 81 82 83 84 85 86 87 88 89 90
91

92

9394
95

96

97
98

99

100

101

102
103

104

105

106

107

108

109

110

111

AB

C

D

E

F

Fig. 2 Phylogenetic tree summarising the evolutionary relationships of the plants belonging to the four data sets used in this study. Sampling groups of species
tips are identified using the same colour coding used for Fig. 1. The hue of each internal node indicates the position of respective ancestral colour relative to the
densitydistributionof colours for theextantflower speciespollinatedeitherbyflies (yellowtoorange)orbees (green topurple transitions) in the implementation
of the Trojemodel usedhere.Nodeswith two colours represent loci lying in an areaof colour spacewhere the twodensity functionsoverlap as detailed in Fig. 3.
Letters in black circles indicate the position of an inferred pollinator switch from bee to fly. Numbers at the tip of each branch are indices for the species list
available as Supporting Information Table S1.
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Analyses revealed six independent switches from bee pollination
to fly pollination through the phylogenetic history of our sample
(Fig. 2). Two changes occurred independently within the Mono-
cot group: one at the common ancestral node of all Pterostylis
orchids (switch A), and a second change at the ancestral node of the
clade containing the orchid genera Corybas and Acianthus, plus the
genus Nematoceros present at MI (switch B). Four additional
pollinator changes were observed within the eudicots all corre-
sponding to ancestral nodes of fly-pollinated genera present at MI.
The first change was predicted to have occurred on the ancestral
node for the genera Hydrocotyle and Stilbocarpa (switch E), plus
three more recent changes on the ancestral node for the genera
Acaena, Colobanthus (switch C and D, respectively), and Leptinella
(switch F).

The greater magnitude of colour dispersion among fly-
pollinated species on MI than on the Australian continent
corresponds to the greater phylogenetic dispersion of MI than of
FPO species, but the difference is also consistent with evolutionary
and ecological processes acting at two levels. Among fly-pollinated
species in general there appears to be evolutionary convergence on a
restricted set of flora colours, in the two communities we analyse
here and in several geographically distant communities previously
studied (Arnold et al., 2009; Gray et al., 2018; Ishii et al., 2019;
Bergamo et al., 2020). Within this broad convergence, however,
there appears to be a smaller degree ofdivergence amongMI species,

which could arise either through character displacement (Waser,
1983), in which interacting species evolve differences to reduce
competition for a limited resource such as pollinator attention, or
with ecological filtering due to competition that limits invasion and
coexistence of strong competitors for a limited resource (Sargent &
Ackerly, 2008).However, the pattern of species in colour space tells
a story beyond simply the magnitude of dispersion.

Multivariate probability density functions fitted to the loci of bee
and fly-pollinated flowers by means of two copulas provided
evidence that the highest density of bee-pollinated flower loci lay
apart from the centre of the fly-pollinated distribution (Fig. 3).
Interestingly, all vectors representing a change in colour from the
various ancestral nodes leading to fly-pollinated species (Fig. 2)
move fromcolour space regionswhere the twodistributions overlap
towards areas where bee-pollinated flowers are less frequent.
However, the position of the fly-pollinated flower loci in colour
space differed between the isolated community onMI and the FPO
embedded within a larger community containing bee-pollinated
species (Figs 1, 3). Estimated colour changes among the ancestors
of MI species suggest some occupancy of regions of colour space
commonly used by bee-pollinated species, and some extant species
in this location still fall within areas of colour space commonly
occupied by bee-pollinated flowers (Fig. 3a). By contrast, ancestral
colour transitions among FPO avoid those areas of colour space
more frequently occupied by bee-pollinated flowers (Fig. 3b).

0.85

0.9

0.95

1

1.05

1.1

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

(a)

Fly
pollinated

Bee
pollinated

Y
'

X'

42
36
30
24
18
12
6

0.85

0.9

0.95

1

1.05

1.1

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

Fly
pollinated

Bee
pollinated

(b)

Y
'

X'

42
36
30
24
18
12
6

Fig. 3 Vectors representing the various estimated colour changes from the last shared ancestor for flower present inMacquarie Island (a, yellow vectors), and
fly-pollinated orchids in Baluk William reserve (b, green vectors). Contours represent the various density values of empirically determined, multivariate
distributions corresponding to the loci of fly (right side) and bee (left side) pollinated flowers in our implementation of the Troje colour space. Density
distributionsweremodelledbyfittingacopula consistingof abivariate correlation structureand twounivariate,marginal distributions (Aaset al., 2009), refer to
theMaterials andMethods section for details on the parameters of the fitted copula. Higher density values for both distributions correspond to regions holding
most of the colour loci for the respective flower types. Density values for the two distributions are indicated by the shades of grey in the respective legends.
Vectorswithemptyheads represent colour changebetween internal nodesof thephylogeny in Fig. 2,whilst thosewith solidheads indicate colour transitions to
extant species. Polygons in both panels indicate the minimum area covered by all extant fly-pollinated species in each location.
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In contrast with the relative dispersion of MI plants, the tighter
clustering of continental FPO species (Fig. 3b) makes these
orchids harder to discriminate from each other by a fly observer
(Fig. 1b,d). Where character displacement or filtering may have
occurred on MI, the FPO in BW reserve is consistent with a
facilitation strategy in which flowers collectively attract pollina-
tors (Feinsinger, 1987; Sargent & Ackerly, 2008), and may help
promoting flower constancy as observed in some syrphid
(Woodcock et al., 2014) and bee-fly species (Kastinger & Weber,
2001). Evidence for facilitation by fly-pollinated plants has also
been observed in alpine communities in Norway (Arnold et al.,
2009; Bergamo et al., 2018), and highland grassland vegetation
in Brazil (Bergamo et al., 2020), and evidence for convergence
has also been reported for some other insects and the respective
flower colour and scent signals in a larger community in the
Mediterranean (Kantsa et al., 2017).

Clustering of loci corresponding to colours of FPO in BW
reserve can also increase flower fitness by occupying areas of colour
space where bee-pollinated flowers are uncommon (Bukovac et al.,
2016). Therefore, by evolving colours distinct from those typically
displayed by bee-pollinated flowers (Fig. 3), plants displaying fly-
preferred colours at BW reserve may reduce unwanted visits from
bees as predicted by the bee avoidance hypothesis (de Camargo
et al., 2019). For flies, however, such an exclusion can be harder to
attain as both bees and flies have been reported to visit the same
flowers, if both pollinators are present (Bergamo et al., 2018). Still,
it is also possible that morphological traits other than flower colour
such as anther height could facilitate pollinator exclusion (Bergamo
et al., 2020).

Our results show that the specific characteristics of the visual
system of pollinating flies are likely to have a direct effect on the
evolution of plant coloration in an analogous manner to
hymenopteran insects and the species they pollinate (Chittka &
Menzel, 1992;Dyer et al., 2012).However, for flies the outcome of
this process is not unique, and,within the scope of convergence on a
general set of fly-preferred floral colours, plants may develop
particular arrays of colours to cope with the presence, or absence, of
different pollinators.

Recent research indeed highlights the important contribution of
wild non-bee insects to crop pollination (Orford et al., 2015), and
the evidence indicates that variations in the frequency of bee and
non-bee pollinators exist in different locations around the world
(Rader et al., 2016; Dunn et al., 2020). Wild pollinators also
require access to native habitat to enable survival when crops are not
flowering, but how such complex ecosystems may be influenced by
amix of pollinators has rarely been considered. By analysing spectra
signals in key natural environments that have different mixtures of
bee and fly pollinators we show that the process of flower colour
evolution is affected by multiple factors of visually mediated
selection including colour preferences, discrimination and avoid-
ance of insect pollinators that may not be best suited to enable
successful pollination.

The use of a colour discrimination function forE. tenax observers
now allows researchers to quantitatively assess the perceptual effect
of colour similarity on syrphid fly pollinators providing a new tool
for the study of other important plant–pollinator relationships,

such as, for example, flower colour mimicry by nonrewarding
orchids (Johnson&Morita, 2006). However, our function is likely
to bemost relevant to the blue and green regions of the colour space
for which empirical data from hoverflies currently exist. Given that
colour vision in humans (MacAdam, 1942), birds (Garcia et al.,
2021) and bees (Garcia et al., 2017) sometimes show differences in
discrimination capability with hue, it will be of value for future
work to consider how other fly pollinators process colour across
different regions of colour space. In fact, the framework presented
here can also be implemented for characterising the colour
discrimination function of other syrphid and nonsyrphid flies
showing colour preferences different to those observed in Eristalis
(Kastinger&Weber, 2001; Chen et al., 2015; Klecka et al., 2018).
Future work can now use empirically determined discrimination
functions to better understand the complex effects and limits on
colour similarity on pollinating flies, therefore providing new
insights into the insect component of plant–pollinator interactions,
and to test how observations of fly pollination are explained by
colour signalling.

Materials and Methods

Colour discrimination function modelling

The colour discrimination function for Eristalis tenax was
obtained by fitting a nonlinear, three parameter logistic model to
four data pairs (Paine et al., 2012) corresponding to the outcome
of dual-choice, colour discrimination experiments by E. tenax
(Garcia et al., 2017;Hannah et al., 2019). The response variable of
the model consisted of the proportion of correct choices (πc)
observed for the four different colour pairs tested, each one
representing different magnitudes of colour dis(similarity),
expressed as distance in the Troje (1993) colour space (ΔC).

Two data samples correspond to the outcome of a colour
discrimination experiment between yellow–orange, and yellow–
red stimuli pairs. Colour similarity between each pair was expressed
as the Euclidean distance between pair of loci representing this
samples in the Troje (1993) colour space. Mean proportion of
correct choices for the conditioning yellow stimulus on each
experiment was obtained by fitting a generalised linear model
(GLM) only including the intercept term to the observed binary
choice data.

The third data point ΔC = 0.021, πc = 0.585 corresponds to
theminimum colour distance that can be discriminated byE. tenax
relative to an achromatic stimuli as reported by Hannah et al.
(2019). Finally, we set ΔC = 0, πc = 0.5 as the basal point of the
function as flies chose at random between conditioning and
distracter stimuli when they did not perceive a colour difference
large enough as to enable discrimination between stimuli (Hannah
et al., 2019).

The nonlinear fitting procedure was done by implementing the
routine ‘gnls’ available as part of the package NLME (Pinheiro &
Bates, 2000) for the R statistical language programming environ-
ment (R Core). Confidence intervals for the model coefficients
were obtained by bootstrap using the confint routine available in
the package MASS (Venables & Ripley, 2002) for R.
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Statistical modelling

Density functions (PDF) in Troje colour space, describing the
probability of finding either a fly or bee flower colour depending on
the location of its loci in the space, were obtained by fitting a
bivariate copula describing the dependence structure of two
univariate marginal distributions (Aas et al., 2009), each one
representing a dimension of the colour loci. As coordinates
corresponding to the loci of bee- and fly-pollinated in Troje colour
space include positive and negative values (Fig. 1d), they were first
translated to an alternative colour space with coordinates x0 and y0

such that the lower left vertex of the colour space was placed at
Cartesian coordinates 0, 0 therefore ensuring that all loci had
positive coordinate values. This simple geometrical translation
allowed us to use statistical distributions for positive values with
more than two parameters such as the Burr or Gamma distribution
to fit our data, whilst maintaining underlying relationship between
loci and preserving their distances.

Marginals describing the distribution of respective colour loci
were fitted using the package FITDISTRPLUS (Delignette-Muller &
Dutang, 2015) for the R language for statistical programming (R
Core Team, 2018). Goodness of fit of each univariate distribution
was evaluated bymeans of the AndersonDarling goodness of fit test
(Anderson &Darling, 1954) available in the ADFOFTEST package
(Bellosta, 2011) for R. Dependence structure for each dataset was
fitted using maximum-likelihood by means of the package
VINECOPULA (Nagler et al., 2019), and PDFs from the copula
and marginal distributions were estimated using the COPULA

package (Hofert et al., 2020).
Copula for loci corresponding to bee-pollinated flowers was

modelled using two marginals each one fitted by a Burr type XII
distribution (Burr, 1942) with parameters:

x 0shape1 = 0.185, x 0shape2 = 18.8, x 0scale = 0.593, P = 0.614,
y 0shape1 = 0.365, y 0shape2 = 47.1, y 0scale = 0.952, P = 0.965.
Dependence structure between the two variables was modelled by
means of a rotated Tawn type 2 copula with parameters
par = 3.11, par 2 = 0.13.

Marginals corresponding to the colour loci from fly-pollinated
flowers were modelled by normal distributions with mean (µ) and
standard deviation (s) parameters: x 0μ = 0.832, x 0S = 0.096,
P = 0.696, y 0μ = 0.963, y 0s=0.043, P = 0.645.Dependence struc-
ture for this set of loci was modelled using a Clayton copula with
parameter par = 1.83.
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