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ABSTRACT
Vibrant displays are a hallmark of Angiosperm communities, and colour is a primary cue used by pollinators for recognising 
flowers. Many diurnal pollinators have innate colour preferences which flowers have evolved to exploit, though these prefer-
ences are documented in relatively few model species, such as honeybees. In the context of ongoing pollinator declines our need 
to understand the behaviour of alternative pollinators, like flies, is pressing. Here we investigated the innate colour preferences 
of three pollinating fly species: the common dronefly (Eristalis tenax), the brown blowfly (Calliphora stygia) and the common 
housefly (Musca domestica). In laboratory-based choice assays, we presented naive individuals with a simultaneous choice be-
tween equally rewarding blue, pink, yellow and white artificial flowers, and quantified key foraging behaviours including visi-
tations, feeding, visit latency and duration. We found significant differences in overall colour preference among species: E. tenax 
exhibited a pronounced attraction to yellow flowers, whereas C. stygia and M. domestica did not display any significant colour 
preferences. When considering the underlying colour features (hue, saturation and brightness), however, we found all three 
species preferred more saturated colours, and both C. stygia and M. domestica favoured shorter-wavelength hues. We found no 
between-species differences in either choice latency or the duration of visits. The strong yellow preference of the prolific flower-
visitor, E. tenax, hints towards its suitability for pollinating yellow-crop flowers. The absence of a strong overall preference in 
C. stygia and M. domestica, taken with their preferences for particular colour features, suggests that these flies are more flexible 
foragers and may be attracted to a variety of visual advertisements. These results highlight the existence of key differences in 
the nature and impact of innate colour preferences on decision-making in flies and emphasise the importance of broadening our 
understanding of pollinator sensory biases beyond traditional model species.

1   |   Introduction

Insect pollinators are the quiet architects behind the world's 
most colourful plant communities (Frisch and Frisch  1975). 
Since most flowering plants depend on pollinators for repro-
duction, plants have evolved complex displays to attract desired 
insect visitors (Ellis et al. 2021; Garcia et al. 2022; Matouskova 

et al. 2023; van der Kooi et al. 2021). Colour is a primary cue 
used by visually orienting pollinators for recognising flowers, 
though it often acts in concert with other floral traits, such as 
scent, to enhance recognition, discrimination and attraction 
(de Camargo et  al.  2019; Matouskova et  al.  2023; Woodcock 
et al. 2014). Colour may also be associated with the quantity and 
quality of rewards (Giurfa et al. 1995; Matouskova et al. 2023; 
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Streinzer et  al.  2021) and can induce feeding and landing be-
haviours in visiting insects (Biesmeijer et al. 2005; Chittka and 
Menzel 1992; Lunau and Maier 1995).

Most diurnal pollinators that have been studied display in-
nate preferences for flowers of a particular colour (Lunau 
and Maier 1995; Matouskova et al. 2023; Reverté et al. 2016; 
Willmer 2011). Innate preferences are sensory biases that exist 
before any experience with flowers; they are instinctive, spon-
taneous predilections that often help pollinators make forag-
ing decisions (Goyret et al. 2008; Gumbert 2000; Kuenzinger 
et al. 2019; Lunau and Maier 1995; Muñoz-Galicia et al. 2021). 
Such preferences may be malleable and modified with experi-
ence, though often only up to a limit (An et al. 2018; Kandori 
et al. 2021), with some pollinators nonetheless visiting flowers 
of their preferred colour even when more rewarding options 
are known to be available (Latty et  al.  2020). Innate prefer-
ences may also vary with sex-specific ecological and evolu-
tionary demands, such as differences in foraging requirements 
or oviposition behaviour (An et al. 2018; Lunau 2014). Floral 
colours have repeatedly converged on those that effectively 
support detection and identification by target pollinators, re-
flecting adaptation to pre-existing pollinator visual systems, 
and implying some degree of reciprocal evolutionary change 
(de Camargo et al. 2019; Garcia et al. 2022; Rodríguez-Gironés 
and Santamaría 2004).

Most studies of colour preferences in pollinating insects in-
vestigate bees (Hymenoptera) of which several species in-
nately favour blue, or butterflies and moths (Lepidoptera) 
which generally prefer pinks and whites (Deheyn 2017; Dyer 
et al. 2016; Faegri and Pijl 1979; Giurfa et al. 1995; Nuzhnova 
and Vasilevskaya  2013; Reverté et  al.  2016; Willmer  2011; 
Yurtsever et al. 2010). Research on fly preferences is compar-
atively scarce (see Lunau  2014 for a comprehensive review). 
Existing studies on colour preference tend to favour tests in the 
field with wild flies, where flower-naive individuals and innate 
behaviours cannot be studied (De Buck  1990; Haslett  1989; 
Lunau and Maier  1995; Mu et  al.  2017). Studies undertaken 
with a pest management goal are also common, these studies 
test the efficacy of coloured traps and baits (Chen et al. 2015; 
Kafle et al. 2019; Khan et al. 2013; Mello et al. 2009), and often 
disregard individual behaviour and motivations (Lunau 2014). 
An early minority, however, sought to examine preferences di-
rectly under more controlled conditions, to great effect (e.g., 
Lunau and Wacht 1994; Prokopy et al. 1975).

Agricultural pollination is overwhelmingly reliant on the 
European honeybee, Apis mellifera (Hymenoptera: Apidae; Cook 
et  al.  2020; Rader et  al.  2020). However, accumulating stress-
ors including the parasite Varroa destructor (Mesostigmata: 
Varroidae), deformed wing virus, and colony collapse disorder, 
threaten the stability of honeybee populations and their polli-
nation services (Damayo et  al.  2023; Karasiński  2018; Latty 
and Dakos 2019; Phaboutdy and Ward 2024). Flies are effective 
pollinators of a range of crops and so present a promising alter-
native (Cook et al. 2020; Inouye et al. 2015; Larson et al. 2001; 
Rader et  al.  2020; Woodcock et  al.  2014), yet without funda-
mental knowledge of their foraging ecology it is difficult to pre-
dict which plants they will visit and, hence, evaluate their full 
potential.

Blowflies (Calliphoridae), hoverflies (Syrphidae) and house-
flies (Muscidae) include species which have been identified as 
effective pollinators, making the colour preferences of these 
flies of particular interest (Cook et al. 2020; Rader et al. 2020). 
Eristalis tenax is an abundant bee-mimic hoverfly (Howlett and 
Gee 2019; Willmer 2011) that commonly visits a wide range of 
open, yellow-flowered species, particularly in the Asteraceae 
and Apiaceae families (De Buck 1990; Lunau and Maier 1995). 
Past experimental study suggests Eristalis tenax has a strong 
innate preference for yellow (An et  al.  2018; Kelber  2001; 
Lunau et  al.  2018; Matouskova et  al.  2023). Calliphora sty-
gia is a large necrophagous blowfly found in Australia and 
New Zealand (Croft et  al.  2024; Lang et  al.  2006; Levot and 
Casburn  2016). Although typically associated with carrion, 
C. stygia are generalist foragers and have been observed 
visiting a variety of flowers, including avocado, onion, bok 
choi and mango (Cook et al. 2023; Larson et al. 2001; Stavert 
et  al.  2018), though their specific colour preferences are not 
well established. Finally, while the housefly M. domestica is 
considered a pest, it has shown promise as a complementary 
pollinator alongside honeybees in crops such as carrots and 
leeks, as they readily visit small, open flowers with accessible 
nectar (Hansen et al. 1998; Willmer 2011; Wilson et al. 1991). 
Past studies have endeavoured to determine the colour pref-
erence of M. domestica but these have been tied to pest con-
trol efforts and yielded mixed results (Diclaro et  al.  2012; 
Geden 2006; Kafle et al. 2019).

Here, we aimed to test the existence and examine the nature of 
innate colour preferences in E. tenax, C. stygia and M. domes-
tica. To this end, we presented flower-naive individual flies with 
a simultaneous choice between equally rewarding blue, pink, 
yellow and white artificial flowers in laboratory assays.

2   |   Methods

2.1   |   Study Species and Animal Husbandry

We used Eristalis tenax, Calliphora stygia and Musca domestica 
as focal species because these flies possess well-developed co-
lour vision, and because they each bear close relatives that are 
known effective pollinators (e.g., Muscina spp. and C. vicina; 
Clement et al. 2007; Tiusanen et al. 2016), thereby placing them 
as tractable models for a host of alternatives (Lunau 2014). We 
obtained fly pupae from separate commercial suppliers: M. do-
mestica from ReptileRealm (www.​repti​lerea​lm.​com.​au), C. sty-
gia from Sheldon's Bait (www.​sheld​onsba​it.​com.​au) and E. tenax 
from SeedPurity (www.​seedp​urity.​com). We conducted all ex-
periments between June and September 2024 at The University 
of Sydney.

We reared E. tenax and C. stygia pupae in mesh cages 
(width × depth × height: 55 cm × 55 cm × 90 cm) and allowed 
batches of approximately 100 g of pupae to eclose within each 
cage. For M. domestica, which are considerably smaller, we 
placed batches of approximately 50 g in smaller rearing cages 
(30 cm x 30 cm x 30 cm). All flies took between 2 and 8 days to 
eclose. We placed the remaining pupae into plastic containers 
and stored them in a refrigerator for a maximum of 2 weeks to 
prolong pupal development before use in the experiment.
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We housed the pupae and emerging flies in a temperature con-
trolled room set at 23.5°C with a 12:12 light/dark cycle provided 
by one overhead LED light. Flies were fed ground, desiccated 
bee pollen and a 10:1 dilution of honey and water ad libitum. 
We applied this solution to fully saturated cotton, lightly dyed 
green with 3–5 drops of food colouring, and placed it in 2–3 
large Petri dishes (90 mm × 15 mm) and 3–5 small Petri dishes 
(40 mm × 10 mm). We placed the food atop achromatic (black) 
artificial flowers at a height of 80 mm to familiarise the flies 
with feeding from artificial flowers before testing (sensu 
Matouskova et al. 2023). We chose black flowers for their high 
contrast against both the green flower bases and the honey solu-
tion, facilitating initial food discovery. The use of an achromatic, 
non-test-set colour also helped minimise any pre-exposure bias. 
While feeding behaviour was not systematically recorded, it was 
routinely observed during daily checks, and we replaced this 
food every 1–2 days.

2.2   |   Artificial Flower Design and Presentation

We used artificial flowers for the colour choice experiments for 
their ease of manipulation (Chapman et al. 2023). We designed 
three-dimensional (3D) artificial flowers using Tinkercad 
(https://​www.​tinke​rcad.​com/​), with each flower consisting 
of an 80 mm tall ‘stem’ and a circular ‘flower’ with a diameter 
of 75 mm and a surface area of 4418 mm2 (Figure 1A–D). The 

artificial flowers were printed using black Polylactic Acid (PLA) 
filament (eSUN Black PLA+) on a Prusa i3 MK3 3D printer 
(Prusa Research). To colour each flower, we used matte blue, 
pink, yellow and white vinyl stickers (ORACAL 631 Removable 
Vinyl, shades: Light Blue, Soft Pink, Brimstone Yellow, White) 
cut using a precision cutting machine (Cricut Explore Air 2). We 
selected the four focal colours to partially span the axes of fly 
colour space (Figure 1F) and to reflect the general gamut of hues 
common in floral signals (Chittka and Menzel 1992), while re-
maining within a biologically realistic and experimentally trac-
table range.

To motivate flies to forage, each artificial flower contained a 
well with 4:5 diluted honey as a high-value reward, with the 
wells constructed from the cylindrical caps of 2 mL microcentri-
fuge tubes placed in the centre of the flower (Figure 1A–D). We 
mounted artificial flowers into fixed holes in a square base made 
with green PLA filament (eSUN Black PLA+) using the same 
Prusa 3D printer. Each base held four flowers arranged in 2 × 2 
rows, with flowers spaced 14 cm apart (Figure S1).

2.3   |   Artificial Flower Colours

To estimate the subjective visual appearance of our focal colours 
to fly viewers, we used a combination of reflectance spectrom-
etry and visual modelling (Figure 1E,F). Briefly, we measured 

FIGURE 1    |    Photographs of the four artificial flowers used in simultaneous-choices assays of innate colour preferences in three species of fly 
(A–D), along with their reflectance spectra (E) and locations as modelled in a dipteran colour-space (F) from which measures of hue, saturation and 
luminance were extracted. Artificial flowers were circles (diameter = 75 mm, surface area = 4418 mm2) with a central well to hold the diluted honey 
reward.
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the reflectance of our coloured vinyl with an Ocean Optics Jaz 
UV–VIS spectrometer with a PX-2 pulsed xenon light source, 
calibrated against a diffuse Spectralon white standard and black 
velvet dark standard. We used a bifurcated probe with light and 
collector held at 45° to the sample plane and set an integration 
time of 200 ms with a boxcar width of 10.

We then used an early-stage (i.e., retinal-level) model of dipteran 
colour vision to estimate the subjective hue, saturation and lu-
minance of our artificial flowers. We drew on the visual phe-
notype of Musca domestica, and we assumed the involvement 
of R7p, R8p, R7y and R8y photoreceptors in chromatic process-
ing and R1–6 receptors in achromatic processing (Hardie 1986; 
Troje 1993). We drew on the model of Troje (1993) and first esti-
mated receptor quantum catches as the integrated product of re-
ceptor sensitivity, stimulus reflectance and a standard-daylight 
illuminant. For hue and saturation, we then calculated the dif-
ference in relative stimulation between R7y–R8y and R7p–R8p 
receptors as putative opponent channels that define the location 
of a given stimulus in dipteran colour space (Figure  1F), and 
took saturation as the Euclidean distance from the achromatic 
origin to each flower, and hue as the angle between the flower, 
origin and 12 o'clock (Table 1). For luminance, we simply took 
the quantum catch of R1-6 receptors, as per convention. All 
spectral processing was carried out using the packages ‘pavo’ 
(ver. 2.2; Maia et al. 2019; Maia and White 2018) and ‘lightr’ (v. 
1.5; Gruson et al. 2019) in R (ver. 3.5.2; R Core Team 2018).

2.4   |   Experimental Protocol

To increase foraging motivation, we withheld all food for at least 
12 h before experimentation (Lunau et al. 2018). We conducted 
experiments simultaneously in nine arenas, each made from 
mesh insect rearing cages (30 cm × 30 cm × 30 cm). The floor of 
each arena was covered with a green base, simulating a natural 
leaf-green background. Arenas were illuminated by five full-
spectrum self-ballasted halogen lights (Exo Terra Solar Glo Lights 
160 W), which broadly matched daylight spectral properties. We 
placed diffusion paper (Rosco E-Colour 216 White Diffusion 
Sheet) beneath each light to even the intensity of light across the 
arena and simulate cloud-diffused sunlight. We performed all ex-
periments in a temperature-controlled room set to 23.5°C.

During experimental trials, we released one fly into the centre 
of each arena and presented it with a simultaneous choice be-
tween blue, pink, yellow and white rewarding flowers. Over a 
20-min observation period, we recorded the flower first visited 
(defined as 1 s of sustained contact with the flower surface), the 
time taken for the fly to land, the duration of the visit (minutes), 
whether feeding from the central well was observed, and the sex 
of the fly. After each trial, we cleaned all artificial flowers with 
water, dried them with a paper towel and sprayed them with iso-
propyl alcohol (99.8%), before resetting them in a randomised 
arrangement.

If a fly did not make a choice within 20 min, it was excluded 
from this and subsequent trials, and all flies participated in 
only one trial. We performed trials until 120 individuals from 
each species landed on a flower, with a further 35 C. stygia, 78 
E. tenax and 78 M. domestica excluded without making a choice 
within the 20-min period.

2.5   |   Statistical Analysis

To examine overall colour preferences, we performed a series 
of chi-square (χ2) goodness-of-fit tests on the first choice made 
by an individual (to best capture innate preferences; Lunau and 
Maier  1995) for each species. We further used chi-square (χ2) 
tests of independence to test for an association between fly sex 
and flower colour choice, again for each species.

To investigate whether fly foraging behaviours differed between 
species and colour choices, we analysed two further behavioural 
metrics: latency (the time taken for flies to land on a flower) and 
foraging duration (the time spent on a flower). As such, we used 
generalised linear mixed models (GLMMs) with a Gamma error 
distribution and log link, with the independent variables being 
fly species with three levels (E. tenax, C. stygia, M. domestica) 
and flower colour with four levels (blue, pink, yellow, white), 
and the dependent variables being latency and foraging duration 
in their respective models. We included fly identity as a random 
intercept to account for non-independence among simultane-
ously presented flowers.

As well as overall colour preferences and foraging behaviours, 
we examined the influence of subjective colour features—
namely fly-perceived hue, saturation and luminance—on first 
choices for each species. For this, we constructed three GLMMs 
(one per species) with hue, saturation and luminance as fixed ef-
fects and choices coded as a binary response for each of the four 
flower options in a trial. While hue, saturation and luminance 
are not strictly independent due to physical constraints on re-
flectance, they are derived from distinct photoreceptor channels 
and treated as separable predictors in standard visual models. 
Our use of four colours reflects a compromise between ecolog-
ical relevance and experimental tractability, as detailed earlier. 
We included individual fly identity as a random effect to account 
for non-independence among simultaneously presented flow-
ers, as earlier, and specified a binomial error family with a logit 
link function in all models. In addition to reporting the Wald 
p-values from model summaries, we also calculated p-values for 
each fixed effect using likelihood-ratio tests (LRTs) comparing 
the full model to reduced models omitting each term in turn. 

TABLE 1    |    The relationship between categorical flower colours 
used in our innate-choice assays with three species of fly, and their 
constituent values of hue, saturation and luminance.

Flower colour

Colour feature

Hue Saturation Luminance

Pink −2.91 0.35 0.34

Yellow −1.84 0.62 0.26

White −2.60 0.44 0.67

Blue −2.94 0.42 0.34

Green (background) 0.71 0.09 0.06

Note: Colour features are estimated via reflectance spectrometry and dipteran 
visual modelling so as to broadly account for the visual system of our focal flies 
(see Methods).
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These results were qualitatively unchanged from the main anal-
yses and are presented in Table S2.

We visually confirmed all model assumptions using the 
DHARMa (v. 0.4.7) and performed all data processing and sta-
tistical analyses in R (v. 3.4.3; R Core Team 2013). We used the 
conventional threshold of α < 0.05 for statistical significance in 
all tests.

3   |   Results

3.1   |   Overall Colour Preferences

We found that when presented with a choice between equally 
rewarding blue, pink, yellow and white artificial flowers, the 
hoverfly Eristalis tenax displayed an innate overall preference 
for yellow (68%), but neither the blowfly Calliphora stygia nor 
the housefly Musca domestica showed a pronounced preference 
for any one colour (Figure 2; see Table 2 for full numerical re-
sults). Calliphora stygia visited pink flowers slightly more often 
than the alternatives (33%; though this was statistically non-
significant), while Musca domestica visited white and yellow 
flowers most often, accounting for 60% of all visits; though this 
was also not statistically significant (Figure 2; Table 2). We found 
no evidence for sex differences among species, with both male 
and female E. tenax preferring yellow (66% vs. 69%; Figure S2; 
Table 2). Female C. stygia chose pink flowers slightly more often 
than male flies did (Figure S2; 42% compared to 24%); however, 
this difference was not statistically significant (Table 2).

3.2   |   Foraging Behaviours

We found no effect of flower colour on the time taken for flies to 
land for any of our focal species (Tables 3 and S1). Eristalis tenax 
tended to take longer to land on flowers overall compared to the 
other flies, with an average latency of 6.61 ± 5.92 min compared 
to 4.57 ± 4.56 min for C. stygia and 4.90 ± 5.22 min for M. domes-
tica (Figure 2; Table 3), though this difference was not statisti-
cally significant. The duration of visits also did not significantly 
differ between flower colours (Table 3) but did differ between 
species, with M. domestica foraging for 4.95 ± 5.10 min, over one 
minute longer than both C. stygia (3.37 ± 4.18 min) and E. tenax 
(3.65 ± 4.91 min) on average (Figure 2; Table 3).

3.3   |   Colour Features

We found clear evidence for decision-making being guided by 
the chromatic features of artificial flowers in all species (Table 4 
for full numerical results). Eristalis tenax strongly favoured more 
saturated (or ‘vivid’) colours, which echoes their demonstrated 
preference for the yellow flower, which is the most strongly sat-
urated in the choice set (Figure 1E; Table 1). Calliphora stygia 
showed no overall preference for any one colour (as above), but 
nonetheless favoured more saturated options, as well as those 
which chiefly stimulated their R7p—R8p (i.e., short- vs. long-
wavelength) opponency channel, as indicated by more negative 
hue angles (Table 1). Musca domestica showed the same effects, 
albeit with different relative strengths. They strongly favoured 

more saturated colours, with only a weakly negative influence 
of flower hue. We found no evidence that flower luminance in-
fluenced the choices of any species.

4   |   Discussion

Insect foraging is a driving force in the evolution of colourful 
floral displays, with colour being a vital trait influencing flower-
visitation (Chittka and Menzel  1992; Ellis et  al.  2021; Garcia 
et al. 2022; Lunau 1996; Matouskova et al. 2023). Work to date 
has overwhelmingly centred on decision making in honey-
bees, with comparatively little known of the visual preferences 
of alternative pollinators, such as flies, in a foraging context 
(Lunau 2014). Here we tested the innate colour preferences of 
three species of fly by offering individuals a choice between blue, 
pink, yellow and white artificial flowers in simultaneous choice 
assays. Eristalis tenax exhibited a pronounced overall preference 
for yellow, while Calliphora stygia and Musca domestica showed 
no such gross colour preferences. Decisions in all three species, 
however, were guided by the fly-subjective chromatic features 
of flowers, namely saturation and hue, but not their luminance. 
Together, our results reveal differences in the innate sensory 
and foraging ecology of flower-visiting flies, with implications 
for their role as potential alternative pollinators.

The pronounced innate attraction towards yellow displayed by 
E. tenax is consistent with past study (An et al. 2018; Hannah 
et  al.  2019; Kelber  2001; Lunau et  al.  2018; Matouskova 
et al. 2023) and confirms that the use of artificial flowers in a 
controlled assay design is a reliable method for testing colour 
preferences in flies more broadly (Chapman et  al.  2023). The 
innate yellow preference in E. tenax has been hypothesised by 
Lunau and Wacht (1994) to be linked to the yellow pollen typi-
cal of the flowers E. tenax forages on in natural environments. 
While innate, this preference for yellow persists with experience 
in nature, with De Buck (1990) finding that E. tenax foraged on 
150 plant species of which 73% had yellow flowers.

By contrast, we found no such overall preferences in M. do-
mestica and C. stygia. We did, however, identify cue-specific 
influences on their first choices, with both responding to the sat-
uration and hue of flowers, albeit to different extents (Table 3). 
Eristalis tenax also responded readily to saturation (Table  3). 
This suggests the choices of these fly species are not strongly 
guided by categorical preferences but rather the continuous 
colour attributes of flowers. Though well documented among 
insects including honeybees (Hempel de Ibarra et  al.  2014), it 
is a curious finding in these flies for two reasons. One is that 
the colour vision of many flies, including blowflies specifically, 
has been hypothesised as ‘categorical’. The study of Troje (1993) 
with Lucilia sp. has been particularly influential in suggesting 
the existence of four broad categories of colour, with flies being 
unable to discriminate between stimuli in each category. Our 
results argue against this view, given that individuals' choices 
are well predicted by continuous measures of our floral sig-
nals, which otherwise all sit within a single colour ‘category’ in 
Troje's hypothesised model (the bottom left quadrant of colour 
space; Figure 1F). This finding is, however, consistent with re-
cent dedicated tests (Hannah et al. 2019), which also showed no 
support for the assumption of broad colour categorisation.
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6 Ethology, 2025

FIGURE 2    |    The proportion of first choices (top row), time taken to land (middle row) and duration of visits (bottom row) in simultaneous choice 
assays of innate colour preferences across three species of pollinating fly. Raw counts are displayed above bar graphs, and raw data are overlaid on 
boxplots, which otherwise denote medians and interquartile ranges (n = 120 per species). The middle and bottom panels correspond to the GLMM 
analyses reported in Tables 3 and S1.
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The second reason is that flies are often thought to attend fore-
most to the brightness of colour patterns; this view is supported 
by the overrepresentation of white and pale (low-saturation) flo-
ral signals in many fly-dominated habitats (Arnold et al. 2009; 
Pickering and Stock  2003). We identified no such preference 
for the subjectively brightest colour in our set (white; Figure 2), 
and to the contrary found that it was the chromatic features of 
flowers (saturation and hue) which exclusively predicted vis-
itation, with no discernible influence of luminance (Table  3). 
Related studies have yielded mixed result on the subject, with 
blue (Geden  2006; Kafle et  al.  2019; Khan and Yogi  2017), 

white (Diclaro et al. 2012; Dieng et al. 2021) and yellow (Burg 
and Axtell  1984) proving attractive to M. domestica, and yel-
low (Brodie et al. 2015; Fukushi 1989), blue (Fukushi 1989), red 
(Chen et al. 2015) and green (Fraga and d‘Almeida 2005) pre-
ferred by related blowflies (Chrysomya megacephala and Lucilia 
sericata). An enduring challenge in uniting these results is the 
variation in available colours within a set or community, their 
exact visual properties, and the nature of the preference under 
consideration. Nonetheless, these findings, taken with our own 
results, support an emerging view that colour-based cues may 
play a richer role in floral foraging in many flies than has histor-
ically been appreciated.

It should be noted, however, that while our results do suggest a 
stronger role for hue and saturation over luminance in shaping fly 
choices, the restricted number and spacing of colour stimuli limits 
the strength of this inference. Future study incorporating a broader 
and more continuous range of stimuli, particularly isoluminant 
sets or systematic manipulations of individual colour dimensions, 
will be valuable for more precisely teasing apart these effects.

The gross difference in innate preferences between E. tenax 
on the one hand and M. domestica and C. stygia on the other 
(Figure 2) highlights both shared and divergent aspects of the 
innate sensory ecology of flower-visiting flies. In particular, the 
tendency for M. domestica and C. stygia to forage on a variety of 
non-floral resources including carrion, faeces, rotting fruit and 
vegetables, as well as nectar and pollen, suggests they may be 
less responsive to visual floral traits than E. tenax which obtains 
nearly all its nutrients from flowers (Gilbert 1981; Willmer 2011). 

TABLE 2    |    Summary Chi-square results testing for overall colour 
preferences among three species of fly, and across both sexes, in 
simultaneous-choice assays with four artificial flowers (blue, pink, 
white, yellow).

Response metrics χ2 df n p

Colour visited

Difference within 
E. tenax

118.470 3 120 < 0.001

Difference within 
C. stygia

5.533 3 120 0.137

Difference within 
M. domestica

4.933 3 120 0.177

Colour visited by sex

Difference within 
E. tenax

0.341 3 120 0.952

Difference within 
C. stygia

6.230 3 120 0.101

Difference within 
M. domestica

1.183 3 120 0.757

Note: Statistical significance is denoted by bolding, and n = 120 per species, 
balanced across sexes. These tests indicate whether flies deviated from random 
choice, with significant results reflecting a measurable preference for some 
colours over others within the assay context.

TABLE 3    |    Summary type II Wald χ2 test results from Gamma GLMs 
testing for behavioural differences among three fly species and/or four 
artificial flower colours in their latency to land and duration spent on 
a flower.

Variable df Chi Sq p

Latency: time taken to land

Fly species 2 4.81 0.090

Colour visited 3 1.70 0.638

Fly species * Colour visited 6 0.62 0.996

Duration: time spent on a flower

Fly species 2 10.98 < 0.004

Colour visited 3 4.03 0.258

Fly species * Colour visited 6 11.41 0.077

Note: Statistical significance (α < 0.05) is denoted in bold, and n = 120 individuals 
per species.

TABLE 4    |    The results of binomial GLMMs examining how fly-
subjective colour features guide the choice of artificial flowers in 
simultaneous-choice assays with three species of pollinating fly (n = 120 
per species).

Model Est. SE z p R2

Eristalis tenax

Intercept −8.30 2.70 −3.07 < 0.01 0.66

Hue −0.03 0.56 −0.59 0.95

Saturation 14.15 2.76 5.121 < 0.001

Luminance 0.526 0.89 0.591 0.55

Calliphora stygia

Intercept −0.70 1.07 −4.38 < 0.001 0.44

Hue −0.89 0.25 −3.57 < 0.001

Saturation 2.51 1.26 1.99 0.046

Luminance 0.32 0.68 0.47 0.640

Musca domestica

Intercept −5.98 1.54 −3.90 < 0.001 0.53

Hue −0.67 0.34 −1.98 0.049

Saturation 5.74 1.62 3.54 < 0.001

Luminance 1.22 0.68 1.79 0.07

Note: Statistical significance (α < 0.05) is denoted in bold.
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To that end Hall (1995) argued that visual cues may play only a 
secondary role in attracting blowflies, and conceivably house-
flies, with odour being the primary attractant. In our assays, 
then, the odour of equivalent honey rewards across all choices 
may have served to temper the expression of overall colour pref-
erences in M. domestica and C. stygia, if they weigh odour cues 
more heavily than E. tenax during foraging.

Insect-pollinator foraging decisions have profound implica-
tions for plant communities, including in agricultural settings. 
Understanding why insect pollinators choose one flower over 
another is therefore a question of practical significance (Latty 
et  al.  2020). Field-based studies indicate the identified yellow 
preference of E. tenax persists in natural settings (De Buck 1990; 
Lunau and Maier 1995), which suggests yellow-flowered crops 
such as mustard (Sinapis alba), canola (Brassica napus), yel-
low capsicum (Capsicum annuum) and watermelon (Citrullus 
lanatus) may benefit from preferential visitation by E. tenax. 
Proximity to attractive yellow flowers could also favour non-
preferred crops via ‘spillover’ effects in mixed planting systems, 
or through the targeted use of wildflower strips (Ghazoul 2006; 
Johnson et al. 2003; Pereira-Peixoto et al. 2014). For M. domes-
tica and C. stygia their interest in specific colour features over 
gross differences supports a view of them as more generalised 
and flexible foragers. It also invites further research into the 
combined influence of suites of floral traits (such as scent, shape, 
reward quality, or floral guides) in guiding multi-attribute deci-
sion making (Latty et al. 2020). These stand as exciting lines of 
future inquiry, as we continue to address the urgent challenge of 
cultivating resilience in wild and managed pollination systems.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: The experimental arena for 
simultaneous-choice assays. Flies entered the arena from a small open-
ing in the top centre of the cage, within which they could move freely. 
Artificial flowers were placed in fixed holes 14 cm apart, with wells con-
taining diluted honey rewards in the centre of each flower. Figure S2: 
The proportion of first choices for artificial flowers, separated by males 
(M) and female (F), in three species of pollinating fly. The raw counts 
are displayed above each column (n = 120 per species), and columns are 
coloured to match the colour of the artificial flower in the experiments. 
Table S1: Parameter estimates from Gamma GLMMs testing for differ-
ences among three fly species and/or four artificial flower colours in 
latency to first landing and duration of first visit. Reference categories 
are C. stygia for species and blue for colour. Models include fly identity 
as a random intercept. Table S2: Likelihood-ratio test (LRT) results for 
fixed effects in binomial GLMMs testing fly colour choice for each spe-
cies. p-values are from Chi-squared tests comparing the full model to 
reduced models omitting each term in turn. 
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