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Abstract
Honey bees (Apis mellifera Linnaeus, 1758) potentially rely on a variety of visual cues when searching
for flowers in the environment. Both chromatic and achromatic (brightness) components of flower
signals have typically been considered simultaneously to understand how flower colours have evolved.
However, it is unclear whether honey bees actually use brightness information in their colour percep-
tion. We investigated whether free-flying honey bees can process brightness cues in achromatic
stimuli when presented at a large visual angle of 28° to ensure colour processing. We found that green
contrast (modulation of the green receptor against the background) and brightness contrast (modula-
tion of all three receptors against the background) did not have a significant effect on the proportion
of correct choices made by bees, indicating that they did not appear to use brightness cues in a colour
processing context. Our findings also reveal that, even at a small visual angle, honeybees do not reli-
ably process single targets solely based on achromatic information, at least considering values up to
60% modulation of brightness. We discuss these findings in relation to proposed models of bee colour
processing. Therefore, caution should be taken when interpreting elemental components of complex
flower colours as perceived by different animals.
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Introduction
Brightness is a key component of primate colour vision; our brain binds together both chromatic and
achromatic (brightness) information when interpreting colourful images (Burns and Shepp 1988;
Croner and Albright 1999; Clery et al. 2013). Brightness is defined as the attribute of a visual sensation
where a stimulus is perceived to be more or less intense, based on the achromatic modulation of pho-
toreceptors by the stimulus (Wyszecki and Stiles 1982). In the early stages of primate visual process-
ing, chromatic and achromatic information appear to be separated into magnocellular (M) and
pavocellular pathways (P) respectively (Livingstone and Hubel 1988; Nassi and Callaway 2009).
These signals are eventually bound together at a later stage, although where this integration takes
place remains unclear and may involve multiple stages (Nassi and Callaway 2009). Therefore, colour
perception incorporating brightness as perceived by primate brains appears to be a complex multi-
stage process, and may not be experienced by all animals.
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The European honey bee (Apis mellifera Linnaeus, 1758) is an important model species for under-
standing animal colour vision. The species has a rich history in colour science and was the second
non-human animal after the goldfish to demonstrate a capacity to perceive colour (von Frisch 1913,
1914). Honey bees have a trichromatic visual system with photoreceptors maximally sensitive to
344 nm (ultraviolet (UV)), 436 nm (blue) and 544 nm (green) electromagnetic radiation (Peitsch
et al. 1992; Briscoe and Chittka 2001). All three receptors have been identified to contribute to colour
perception through colour opponent processes; however, the exact mechanism of how these signals
are processed remains unclear (Kien and Menzel 1977; Hertel 1980; Dyer et al. 2011). The green recep-
tor has been identified to drive achromatic visual responses such as shape processing (Lehrer and
Bischof 1995; Hempel de Ibarra and Giurfa 2003; Stach et al. 2004; Morawetz et al. 2013) and motion
perception (von Hess 1913; Kaiser and Liske 1974; Stojcev et al. 2011). Achromatic perception in the
honey bee is, therefore, assumed to be determined by the green contrast of a stimulus against the back-
ground (Giurfa et al. 1996; Giurfa and Vorobyev 1998), although in principle, brightness might also be
mediated by the sum of photon catch by all three photoreceptors in bees (Spaethe et al. 2001).

The role of brightness as a visual cue has been previously investigated using behavioural experiments
(Lunau and Maier 1995; Giurfa et al. 1996; Kelber 2005) and, therefore, might be an important visual
signal in bee-pollinated flowers. Brightness perception is the ability to perceive stimulus intensity
differences (Wyszecki and Stiles 1982; Reser et al. 2012), where intensity is related to the total amount
of energy reflected by a stimulus. To understand whether intensity is a meaningful signal for bee pol-
linators it is important to test visual perception while isolating other confounding chromatic cues
(Reser et al. 2012). The intensity of flower signals can vary depending on colourless copigments such
as flavones, flavanols, or organic acids (Miller et al. 2011), although flower intensity can also be modu-
lated by physical properties. Such properties include flower thickness, the dense packing of cells via
veins or thin cell layers, the curvature in the epidermal layer, and irregularly shaped granules with
high refractive indices (Stavenga and van der Kooi 2016; van der Kooi et al. 2016, 2017). Ecological
studies theoretically investigating brightness often involve pollinator-mediated selection experiments,
where selection pressures towards specific colour traits are quantified (Caruso et al. 2010; Renoult
et al. 2013; Wassink and Caruso 2013; Sletvold et al. 2016). Such studies provide some evidence that
brightness may be important for pollinators. For example, Renoult et al. (2013) found that bumble
bees drive selection on the brightness component of Centaurea cyanus Linnaeus flower colouration.
However, these experiments do not reveal how bees are processing these components of complex
colour signals. This is partially because achromatic visual channels are difficult to isolate from other
visual or colour processing mechanisms that can be used by bees (Giurfa et al. 1996; Morawetz et al.
2013), and natural spectra may potentially modulate several mechanisms in a highly correlated fash-
ion (Koethe et al. 2016). In addition, Renoult et al. (2013) has highlighted a paucity in detection
threshold data for achromatic vision in bees. To acquire such data it is important to determine poten-
tial detection thresholds to improve our understanding of how bees may first detect the presence of a
stimulus against a background, and then, if detection is enabled, how brightness might facilitate the
discrimination of a particular target stimulus from an alternative distractor stimulus.

It is surprising that brightness cues in flowers are currently considered important for bees (Caruso et al.
2010; Renoult et al. 2013; Wassink and Caruso 2013; Sletvold et al. 2016), given the classic psychophys-
ical stance that bees do not process brightness as a dimension of perception in their colour visual system.
Early behavioural experiments suggested that honey bees ignore brightness cues in colour choice
experiments (Daumer 1956; Menzel 1967; von Helversen 1972). Furthermore, this segregation in visual
channels is reflected in the separated use of chromatic or achromatic cues in honey bees at different
visual angles (Giurfa and Vorobyev 1998). Chromatic cues are used when a colour stimulus subtends
a large visual angle of approximately >15° (Giurfa et al. 1996). Alternatively, achromatic cues
appear to be used when a stimulus subtends a small angle of approximately 5°–15° (Giurfa et al. 1996;
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Giurfa and Vorobyev 1998), although true achromatic stimuli may be difficult to process (Giurfa et al.
1996). Bees appear to use achromatic cues at a large visual angle when green contrast is sufficiently high
(Hempel de Ibarra et al. 2000). Therefore, although chromatic and achromatic processing depends on
the visual angle subtended by a stimulus to the compound eye, bees may potentially process both these
types of information as a combined signal, regardless of the viewing angle.

An additional point to consider is the role of attention and motivation during behavioural experi-
ments. Bees in previous psychophysical studies were not specifically trained to use brightness cues
in experiments investigating bee colour vision (von Frisch 1914; Menzel 1967). It is, therefore, pos-
sible that bees may have ignored brightness in favor of more salient colour cues in these experiments.
This is plausible as there seems to be a hierarchy in the bee visual system where some types of chro-
matic information are weighted above achromatic information (Morawetz et al. 2013); therefore, it
remains unclear whether bees can use brightness in their colour perception when given the proper
training. To answer this question, bees need to be trained using a highly motivating appetitive-
aversive differential conditioning framework (Dyer and Neumeyer 2005; Avarguès-Weber et al.
2010; Morawetz et al. 2013). This involves the use of both a reward (CS+) and punishment (CS−)
while the bee is learning the task (Dyer and Chittka 2004; Avarguès-Weber et al. 2010).

In this study, we aimed to expand the current understanding of honey bee brightness processing by
investigating whether bees are able to use brightness cues as a component of colour perception when
trained using an appetitive-aversive differential conditioning framework; and if so, we sought to
establish detection threshold values for brightness perception. We used the well-accepted definitions
of brightness (green contrast, and also brightness contrast), as defined by Spaethe et al. (2001) to
reveal whether modulation of brightness over a broad range of values will allow bees to detect achro-
matic stimuli at a large visual angle.

Methods

Sample collection and measurement
To test our research question, we required a range of achromatic stimuli with low colour contrast.
A number of commercially available “colour” cards were measured to find suitable stimuli, and lami-
nated to allow for easy cleaning with 20% ethanol during the experiments (Figs. S3, S4). These stimuli
were measured using an Ocean Optics spectrophotometer (Dunedin, Florida, USA) with a PX-2
pulsed xenon light source with a bifurcated probe kept at a 45° angle relative to normal incidence
from the sample to reduce specular reflection. The spectrophotometer was calibrated using a
UV-reflecting white standard from the same manufacturer. We first modeled these stimuli in
Hexagon colour space (Chittka 1992) using honey bee photoreceptors (Peitsch et al. 1992; detailed
in Supplementary Material 1). Receptor excitation values were calculated for each stimulus using
reflectance data at 10 nm intervals considering an illumination of 6500 K daylight (Judd et al.
1964), expressed as photon flux (Spaethe et al. 2001). Colour contrast was calculated as the
Euclidean distance of a stimulus from the adaptation background, and stimuli were selected to have
a colour contrast of ≤0.05 hexagon units, which represents very low chromatic contrast for bees
trained with differential conditioning (Chittka 1992; Dyer and Neumeyer 2005; Dyer et al. 2008).
Green and blue contrasts (see below) were calculated as the degree to which the relevant receptors
generated an excitation value different from 0.5, which represents adaptation to the background
(Spaethe et al. 2001; Morawetz et al. 2013). Brightness contrast was calculated as the sum of UV, blue,
and green contrasts (Spaethe et al. 2001).

As a result of this selection process, two 5 cm × 5 cm bee achromatic cards, perceived by humans as
pink, and three pairs of 20 cm × 20 cm bee achromatic background cards, perceived by humans as
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grey, were selected for the experiment. These pink cards were Prisma Favini pink (PNK1; Art spec-
trum, Brunswick, Australia) and Rose Petal (PNK2; Canson, Annonay, France). The grey background
cards were Mi-teintes dark grey (GRY1; Canson, Annonay, France), Flannel Grey (GRY2; Canson,
Annonay, France), and Graphite Tiziano (GRY3; Carta Fabriano, Fabriano, Italy). From these pink
and grey cards, three card combinations had low colour contrast (≤0.05), but varied in (i) green con-
trast (ranging from 0.09–0.3; equivalent to 18.0%–60.0% modulation relative to the adaptation back-
ground) and (ii) brightness contrast (ranging from 0.26–0.9; equivalent to 17.3%–60.0% modulation
relative to the adaptation background; Table 1). The yellow stimulus HKS3N (against GRY1) was
used as a positive control stimulus, as it has been previously established that this stimulus is readily
learned and detected by free-flying bees (Giurfa et al. 1996; Dyer et al. 2008; Table 1). For comparative
purposes, the bee achromatic stimuli were also modeled using the colour opponent coding (COC)
model (Backhaus 1991), the receptor noise-limited (RNL) model (Vorobyev and Osorio 1998;
Vorobyev et al. 2001), and compared in terms of brightness contrast based on brightness differences
as predicted by the achromatic RNL model (Siddiqi et al. 2004; Table 2). The COC model predicted
that all three achromatic stimuli were below the detection threshold of 1.47 (Avarguès-Weber et al.
2010). The RNL model predicted that only PNK2 and PNK3 would be below the detection threshold
of 1.0 against their respective backgrounds (Vorobyev and Osorio 1998; Vorobyev et al. 2001; Barry
et al. 2015). Alternatively, the achromatic RNL analysis predicted that all three stimuli were above
the theoretical detection threshold of 1.0 (Siddiqi et al. 2004).

Table 1. Receptor excitation and contrast values (presented as absolute values) calculated for each stimulus.

PNK1 against
GRY1 (achromatic)

PNK2 against
GRY2 (achromatic)

PNK2 against
GRY3 (achromatic)

HKS3N against
GRY1 (chromatic)

HKS3N against
HKS92N (chromatic)

HKS33N against
HKS92N (chromatic)

Excitation

UV receptor 0.77 0.67 0.58 0.11 0.37 0.60

Blue receptor 0.83 0.68 0.60 0.23 0.30 0.64

Green receptor 0.80 0.66 0.59 0.80 0.80 0.42

Contrast

Colour contrast 0.05 0.02 0.02 0.64 0.48 0.20

Green contrast 0.30 0.16 0.09 0.30 0.30 0.08

Blue contrast 0.33 0.18 0.10 0.27 0.20 0.14

Brightness contrast 0.90 0.52 0.26 0.36 0.03 0.16

Note: The maximum value for both excitation and colour contrast is 1. The maximum value for both green and blue contrast is 0.5. The maxi-
mum value for brightness contrast is 1.5. PNK, pink stimulus; GRY, grey stimulus; HKS3N, yellow stimulus; HKS33N, purple stimulus;
HKS92N, grey stimulus.

Table 2. Chromatic contrasts calculated using the Hexagon, COC, and RNL colour models.

Stimuli Hexagon COC RNL (chromatic) RNL (achromatic)

PNK1 against GRY1 0.05 1.20 2.66 11.70

PNK2 against GRY2 0.02 0.28 0.76 2.85

PNK3 against GRY3 0.02 0.41 0.80 5.60

Note: Achromatic contrast was also calculated using the RNL model as per Siddiqi et al. (2004). COC,
colour opponent coding; RNL, receptor noise-limited; PNK, pink stimulus; GRY, grey stimulus.
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Training
Free-flying honey bees (A. mellifera) were recruited from a University of Melbourne research bee-
hive. A total of 10 honey bees were marked on the thorax for identification (ID) purposes and indi-
vidually tested. Each bee participated in a total of four detection tests, including a positive control
priming test that was conducted first and then three subsequent tests. Bees were trained to fly into
a Y-maze, which is a standard apparatus for controlling the visual angle in bee experiments (Giurfa
et al. 1996; Avarguès-Weber et al. 2010). The Y-maze was illuminated by daylight and covered with
a UV-transparent plexiglass ceiling. The entrance of the maze led to a decision point (Fig. 1), which
further led to the two arms of the maze (10 cm long and 20 cm tall). Bees were trained to fly towards
the arm presenting the target stimulus, and a choice was counted when the bee passed the decision
line (Fig. 1). The target was fixed to a grey pole of the same colour as the background, and was pre-
sented at a visual angle of 28°, which mediates colour processing in honey bees (Giurfa et al. 1996).
Bees were motivated to detect the target card using an appetitive-aversive differential conditioning
framework where 50% sucrose solution was associated with the target (CS+) and deposited on the
target pole, whereas 60 mmol/L quinine solution was associated with an incorrect decision (CS−)
and deposited on an identical pole. The arm on which the target would be presented was decided
randomly by coin toss.

Each bee initially participated in a positive control priming test to ensure that they had learned to use
the Y-maze and could perform the detection task. The target for the priming test was the positive con-
trol salient yellow stimulus (HKS3N against GRY1 background). Once a bee was able to detect this
stimulus above a threshold of 60% correct choices, for a minimum of 10 choices, the bee then partici-
pated in three subsequent detection tests. In each test, a bee had to make 20 choices when presented
with a specific target stimulus. Each bee was first presented with the stimulus with the highest green
contrast against the grey background (PNK1 against GRY1, green contrast = 0.3), then the next high-
est pair (PNK2 against GRY2, green contrast = 0.16), and finally the pair with the lowest contrast
(PNK2 against GRY3, green contrast = 0.09). We used a set order as this promotes learning of percep-
tually difficult visual tasks in bees (Dyer and Chittka 2004; Dyer and Neumeyer 2005). The equipment
was cleaned with 20% ethanol solution to exclude olfactory cues that might be left by the bees. After
each choice, the target stimulus would once again be randomly allocated to one of the two arms,
and the bee was allowed to return to the hive when satiated.

Fig. 1. Bees fly through the Y-maze to
reach the decision point. A choice is
determined when the bee crosses one of
the decision lines (dotted).
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Data analysis
We used generalised linear mixed models (GLMMs) with a logit link function only including the
intercept as a fixed term to determine whether the mean proportion of correct choices towards
the three achromatic stimuli and chromatic positive control stimulus differed significantly from the
50% chance level. Bee ID was included as a random effect term in the models to account for variation
in the responses among the bees.

To determine the potential influence of the four main effects (green contrast, colour contrast, blue
contrast, and brightness contrast) on the proportion of correct choices made by bees towards the three
achromatic stimuli, we formulated six different GLMMs (collectively known asModels: 1), where each
model included only two of the main effects at a time and a random effect of Bee ID (Table S2). Blue
contrast was included in this analysis as honey bees have been found to have a blue colour preference
that may potentially interfere with achromatic processing (Morawetz et al. 2013). Values for the main
effects were standardised prior to the analyses to ensure convergence.

To investigate how the significance of the four main effects could change when including colour
stimuli in the analyses, we constructed an additional two sets of models (Models: 2 and Models: 3).
These models followed the same structure as Models: 1 (Table S2), differing only in the data set used
for constructing them. GLMMs fromModels: 2 were used to test the influence of the four main effects
on the proportion of correct choices, when using behavioural data collected from the current study
towards the three achromatic stimuli, and also choices towards the yellow control stimulus (HKS3N
against GRY1). Therefore, the only difference betweenModels: 1 andModels: 2 was thatModels: 2 also
included choices towards the positive control stimulus.

GLMMs from Models: 3 were used to test the influence of the four main effects on the proportion of
correct choices, but included choices towards the three achromatic stimuli, the yellow control stimu-
lus, and choices towards HKS3N (against HKS92N) and HKS33N (against HKS92N) collected by
Dyer et al. (2008) for free-flying honey bees using chromatic vision to detect stimuli. Therefore, the
only difference between Models: 2 and Models: 3 was that Models: 3 also included choices towards
two chromatic stimuli from Dyer et al. (2008). The main effects within each model in Models: 3 were
then graphed separately to provide a qualitative interpretation of potential interaction effects that may
occur when using a larger data set.

Extended training control experiment
To confirm our findings for the main group experiment, we individually tested an additional 14 free-
flying honey bees using a Y-maze. In this experiment, bees were first provided with training for the
salient yellow stimuli HKS3N that contained both chromatic and green contrast at a small visual angle
of 10° for 30 decisions with appetitive-aversive differential conditioning to ensure a very high level of
motivation and apparatus proficiency. These bees were then trained to try to detect the most salient
achromatic stimulus (PNK1 on GRY1 background) at a small visual angle of 10° for 30 decisions.
Finally, the bees were trained to detect the most salient achromatic stimulus (PNK1 on GRY1 back-
ground) at a large visual angle of 28° for 30 decisions (see Supplementary Material 1).

Results
We found no significant difference from the chance level (50%) in the mean proportion of correct
choices towards the achromatic PNK1 against GRY1 stimulus (z = 0.989, p = 0.323, 95% confidence
intervals (CIs): 0.466–0.603), the achromatic PNK2 against GRY2 stimulus (z = 1.271, p = 0.204,
CIs: 0.476–0.613), and the achromatic PNK2 against GRY3 stimulus (z = −0.141, p = 0.888,
CIs: 0.426–0.564; Table 3); see Fig. 2. However, we found a significant difference from the chance
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level in the mean proportion of choices towards the chromatic positive control stimulus (z = 5.688,
p< 0.001, CIs: 0.726–0.883; Table 3). This indicates that bees have the capacity to perform well in this
visual task if they are able to detect the target stimulus.

GLMMs including only achromatic stimuli (Models: 1)
When honey bees made choices towards the three achromatic stimuli (PNK1 against GRY1, PNK2
against GRY2, and PNK2 against GRY3), the main effects of green contrast, colour contrast, blue con-
trast, and brightness contrast appeared to have no influence on the choices that were made.
Specifically, none of the main effects from Models: 1 had a significant effect on the proportion of cor-
rect choices (Table 4). These results suggest that honey bees use neither green contrast nor brightness
contrast in colour perception. Furthermore, blue contrast does not appear to have any confounding
effect on bee choices.

Table 3. The mean proportion and standard error of correct choices by bees towards target stimuli.

Stimulus
number Stimulus type

Mean proportion of
correct choices (%)

Standard
error (%)

1 PNK 1 against GRY1 (achromatic) 53.5 ±3.5

2 PNK2 against GRY2 (achromatic) 54.5 ±3.5

3 PNK2 against GRY3 (achromatic) 49.5 ±3.5

4 HKS3N against GRY1 (chromatic) 81.0 ±2.8

5 HKS3N against HKS92N (chromatic) 87.8 ±2.0

6 HKS33N against HKS92N (chromatic) 96.1 ±1.1

Note: Choices towards stimulus numbers 5 and 6 were taken from Dyer et al. (2008). PNK, pink stimu-
lus; GRY, grey stimulus; HKS3N, yellow stimulus; HKS33N, purple stimulus; HKS92N, grey stimulus.

Fig. 2. Mean probability of correct choices for the three achromatic pink stimuli (colour knockouts) considering
three different levels of green contrast (left) and brightness contrast (right) with standard errors. The results of
neither green contrast nor brightness contrast were significantly different from chance (see the text for details).
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GLMMs including achromatic stimuli + chromatic positive control
stimulus (Models: 2)
When honey bees made choices towards the three achromatic stimuli (PNK1 against GRY1, PNK2
against GRY2, and PNK2 against GRY3) and the positive control stimulus (HKS3N against GRY1),
the main effects of green contrast, colour contrast, blue contrast and brightness contrast appeared
to have some influence on the choices. Specifically, for all models in Models: 2 where colour contrast
was included as a main effect, of the two variables only colour contrast was found to be significant
(Table 5). However, in models where colour contrast was not a factor, all variables such as green con-
trast, blue contrast, and brightness contrast were found to be significant. These results show that col-
our contrast strongly drives the proportion of correct choices made by bees, and without careful
choice of stimuli that exclude colour contrast it is possible to run statistical models that produce false
positive significant findings for secondary cues or traits like brightness.

GLMMs including achromatic stimuli + chromatic positive control
stimulus + Dyer et al. (2008) chromatic stimuli (Models: 3)
When considering the choices made by honey bees towards the three achromatic stimuli (PNK1
against GRY1, PNK2 against GRY2, and PNK2 against GRY3), the chromatic positive control stimu-
lus, and the two chromatic stimuli from Dyer et al. (2008), it appears that all four of the main effects
(green contrast, colour contrast, blue contrast, and brightness contrast) have an effect on the

Table 5. The largest p-values for the main effects within each generalised linear mixed model (GLMM)
(Models: 2).

GLMM Fixed Effects p

I Colour contrast + brightness contrast <0.001 (colour contrast only)

II Green contrast + colour contrast <0.001 (colour contrast only)

III Green contrast + brightness contrast <0.001

IV Colour contrast + blue contrast <0.001 (colour contrast only)

V Green contrast + blue contrast <0.001

VI Blue contrast + brightness contrast <0.001

Note: The full data with confidence intervals are in Table S4.

Table 4. The largest p-values for the main effects within each generalised linear mixed model (GLMM)
(Models: 1).

GLMM Fixed effects p

I Colour contrast + brightness contrast >0.309

II Green contrast + colour contrast >0.309

III Green contrast + brightness contrast >0.414

IV Colour contrast + blue contrast >0.309

V Green contrast + blue contrast >0.417

VI Blue contrast + brightness contrast >0.421

Note: The full data with confidence intervals are in Table S3.
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proportion of correct choices that the bees made. Specifically, all main effects inModels: 3 were found
to be significant (Table 6). Therefore, it appears that although bees do not use brightness in a colour
processing context as shown by Models: 1, including chromatic stimuli with high colour contrast into
a statistical analysis may artificially inflate the importance of green contrast and brightness contrast,
suggesting that strong correlations may exist between colour and brightness in naturally occurring
spectra (as shown in the supplementary simulation analysis investigating these correlations; see
Supplementary Material 1).

The main effects from each of the six models within Models: 3 were graphed separately to demon-
strate the potential complexity of colour stimuli. Although we did not have the statistical power to
test for any interactions, as that was not the primary aim of the study, the intersecting relationships
between the main effects within each test (Fig. 3) suggest that interactions are likely to occur if large
natural databases of flower stimuli were evaluated. If these interactions are genuine, this would fur-
ther demonstrate the difficulty in evaluating the elemental components of natural flower signals
individually.

Extended training control experiment
In the extended training experiment, which was aimed at testing whether experience might confound
the main experiment findings, we observed that even following extensive appetitive-aversive differen-
tial conditioning with the most salient achromatic stimulus, bees showed no evidence of being able to
process this stimulus (Table S1). This was despite extensive priming to a salient stimulus (HKS3N)
and, thus, experience with the experimental apparatus (see Supplementary Material 1).

Discussion
Although brightness and green contrast have been thought to be important cues when considering
flower evolution (Smith et al. 2008; Hopkins and Rausher 2012; Renoult et al. 2013; Sletvold et al.
2016), our findings suggest that honey bees do not make use of such information when using colour
vision. Bees were unable to detect the achromatic stimuli from the central region of colour space
(Fig. S4) when presented at a large visual angle that mediates colour processing, even when brightness
and green contrast were modulated over a broad range (Fig. 2). This finding was confirmed following
extensive training with the most salient achromatic stimulus (see Supplementary Material 1).
Consequently, we were unable to establish precise detection thresholds of achromatic cues in bee
colour vision; it appears that bees do not process brightness information for single target visual
processing (Daumer 1956; Menzel 1967; Reser et al. 2012; van der Kooi et al. 2018). Our findings
are consistent with the colour modeling predictions for both the Hexagon and COC models as the

Table 6. The largest p-values for main effects within each generalised linear mixed models (GLMM) (Models: 3).

GLMM Fixed effects p

I Colour contrast + brightness contrast <0.001

II Green contrast + colour contrast <0.001

III Green contrast + brightness contrast <0.001

IV Colour contrast + blue contrast <0.01

V Green contrast + blue contrast <0.001

VI Blue contrast + brightness contrast <0.001

Note: The full data with confidence intervals are in Table S5.
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Fig. 3. Main effects of generalised linear mixed models (GLMMs) (Models: 3) including both achromatic and chromatic stimuli graphed separately in columns 1
and 2. *** represents p < 0.001 for each one of the six models only including the main effects. Each row represents one of the six GLMMs ofModels: 3. Column 3
represents the main effects within each model graphed together. The coloured band surrounding each regression line is the 95% confidence interval.
“×”s represent the mean proportion (Pr) of correct choices towards each stimulus.
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stimuli are below the perceptual threshold for honey bees (Table 2), but our results are not consistent
with the RNL (colour) model, which predicted that bees should have been able to process the most
salient achromatic stimulus, and the achromatic RNL model actually predicts that all three stimuli
should have been easily processed using “brightness” cues. However, although the RNL-achromatic
model is based on combined physiological parameters from several vertebrate species, it has not been
experimentally validated for bees. We, thus, show in the current study that RNL modeling is not well
validated for bee vision considering achromatic processing, and recent work suggests the model is also
poor for colour modeling of bee behaviour (Avarguès-Weber et al. 2010; Garcia et al. 2017b). Thus, if
RNL modeling is to be used for other animals it will be essential to conduct behavioural experiments
to validate RNL model predictions. The fact that bees seem to be unable to use achromatic cues in col-
our tasks agrees with recent findings that flowers do not produce more white signals in low intensity
illumination environments (Binkenstein and Schaefer 2015), and that flowers rarely reflect more than
50% of the incident light, regardless of dominant wavelength, suggesting that higher reflectance does
not increase the conspicuousness of the flowers (van der Kooi et al. 2016). However, bees are tuned to
the chromatic signals provided by flowers (Dyer et al. 2012).

Our findings show that caution is required when investigating pollinator-mediated selection of flower
colours, as it is possible that the importance of traits such as brightness may be confounded by their
strong relationships with colour when processed by the visual system of an insect pollinator. This is
likely the reason why brightness contrast and green contrast were found to be significant main effects
in GLMMs where chromatic stimuli were included in the data set (Models: 2 and 3), as the addition
of these chromatic stimuli may be driving the significance of brightness contrast and green contrast as
a consequence of being directly correlated with these variables (Fig. S2). Therefore, it is possible that
the individual relationships between variables in Models 2 and 3 may be biologically meaningless
(Fig. 3). Without considering the psychophysical evidence showing that bees cannot actually detect
stimuli when chromatic contrast is low (Fig. 2), it can be tempting to conclude that brightness and green
contrast are both important, as suggested by a simple interpretation of the statistical analysis. Therefore,
it is difficult to disentangle the effect of chromatic information from brightness or green contrast when
attempting to interpret the importance of chromatic or achromatic traits individually. A qualitative
analysis of the main effects fromModels: 3 revealed that potential interactions may exist between all var-
iables of interest. This provides further evidence regarding the complexity of colour as a signal, and the
difficulty in disentangling the effects of each factor from the others. These findings call into question
whether it is appropriate to investigate these factors individually, as is commonly done in studies explor-
ing flower colours (Smith et al. 2008; Caruso et al. 2010; Hopkins and Rausher 2012; Renoult et al. 2013;
Wassink and Caruso 2013; Sletvold et al. 2016). Specifically, colour, by definition, is a construct of an
animals’ brain (Lennie 2000; Dyer 2012), and quality behavioural data should be carefully considered
when attempting to assess colour information processing in animals.

Our findings are supported by early psychophysical and behavioural experiments that suggested that
bees ignore brightness cues when processing colour stimuli (Daumer 1956; Menzel 1967). They are
also consistent with studies investigating the role of visual angle on honey bee colour processing, as
bees were unable to detect the achromatic cues at a large visual angle (Giurfa et al. 1996; Giurfa and
Vorobyev 1998). This inability to process the achromatic cues is likely to be independent of potential
attentional confounds, as we trained bees using an appetitive-aversive differential conditioning frame-
work. Therefore, it appears that bees do not process brightness as a dimension of colour perception
for single target detection. Achromatic information might only be processed separately for special
tasks like motion perception (von Hess 1913; Kaiser and Liske 1974; Stojcev et al. 2011). This conclu-
sion is further supported by neuroanatomical and electrophysiological studies that suggest that
brightness and colour information are processed in parallel and independent neural pathways in the
bee brain (Paulk et al. 2008; Dyer et al. 2011). In the honey bee neuroanatomy, visual information is
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passed from photoreceptors in the eye to the lamina, the lobulla, and then to higher colour processing
areas (Dyer et al. 2011). The lamina primarily receives input from long-wavelength-sensitive photore-
ceptors (Menzel 1974; Ribi 1975; Dyer et al. 2011). Alternatively, information received from the short-
wavelength-sensitive and medium-wavelength-sensitive photoreceptors are instead passed through
the lamina directly to the medulla, and then passed onwards to higher colour processing areas
(Dyer et al. 2011). Despite these independent neural pathways, honey bees are able to detect achro-
matic signals at large visual angles if green contrast is sufficiently high (e.g., black against white;
Giurfa et al. 1996). As the brightest stimulus from our study had a green contrast of 0.3, bees may
be able detect an achromatic signal with a green contrast greater than this, but such stimuli are also
likely to modulate chromatic contrast.

Although honey bees may not use brightness cues when viewing flower colours, the green contrast of
a flower in the presence of chromatic contrast appears to allow bees to more easily detect it against the
background when viewed from a small visual angle (Giurfa et al. 1996; Giurfa and Vorobyev 1998;
Bukovac et al. 2017). However, Giurfa et al. (1996) found that for honey bees, one stimulus
(HKS-21N) that lacked chromatic contrast but contained green contrast was poorly processed by bees
at a small visual angle, and our control experiment yielded results consistent with this finding (see
Supplementary Material 1). Colour vision is, therefore, mainly used when bees approach a flower
and it subtends a large visual angle (Giurfa et al. 1996). It is also possible that insect pollinators other
than bees include brightness as a dimension of colour vision, and it may be these species that drive the
selection of brightness cues in flowers. For example, diurnal hawkmoths and Papilio butterflies have
been found to use achromatic cues when landing on or probing artificial flowers (Koshitaka et al.
2011; Goyret and Kelber 2012). Further research is, thus, required to elucidate how other insect pol-
linators process brightness cues in floral displays.

The fact that chromatic and achromatic processing appears to occur independently in honey bees
poses an interesting question: Why is this separation more pronounced in bees than in other animals
such as primates? For primates, it is plausible that brightness may allow for an improved ability to dis-
criminate between stimuli, especially as interactions between colour and brightness can change the
appearance of an object under different viewing conditions (Xing et al. 2015). Sexual selection and
foraging demands that are uniquely experienced by primates are also likely to have influenced the
evolution of a colour visual system including brightness as a dimension (Surridge et al. 2003;
Fernandez and Morris 2007). In contrast, honey bees may have little use for brightness information
in a foraging context and, therefore, their colour vision may be sufficient for discriminating between
flower species. One possible explanation for this segregation is that the inclusion of brightness infor-
mation in colour processing may confound its initial purpose of solving the problem of lightness con-
stancy (von Campenhausen 1986; Maximov 2000). Achromatic vision has been shown to be less
reliable than colour vision under changing light conditions (Maximov 2000; Kelber et al. 2003).
This is because changes in illumination can result in large variations in receptor signals (Kelber
et al. 2003). Therefore, it has been proposed that the evolution of colour vision was a solution to light-
ness constancy (von Campenhausen 1986; Maximov 2000). Opponency between two spectrally dis-
tinct photoreceptors allows for the ratio of light in a scene to be calculated; therefore, the changing
signal of background illumination can be differentiated from other changes in the visual scene
(Maximov 2000). If colour vision is indeed a solution to lightness constancy then it would make little
sense to feed brightness information into colour processing, as this may result in unreliable output
signals. Furthermore, a recent study investigating the dorsal ocelli in honey bees revealed that the
ocellar photoreceptors are able to provide information regarding the spectral quality of ambient light
conditions to the visual system (Garcia et al. 2017a). This information is then integrated with colour
signals from the frontal compound eyes through a direct neural pathway to allow for a highly accurate
reconstruction of flower colour. Therefore, it may not be important to process brightness information
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captured by the frontal compound eyes, as the required spectral information necessary for solving
lightness constancy issues is already provided by the dorsal ocelli.

Conclusion
In this study, we found that honey bees were unable to use brightness information at a large visual
angle, which mediates colour processing, even when appetitive-aversive differential conditioning
was employed. Therefore, we were unable to establish precise detection thresholds for achromatic
cues in bee colour vision; in fact, such a threshold does not appear to exist. This has important impli-
cations for ecological studies, as our findings suggest that brightness defined as either green contrast
or brightness contrast should not be important when considering how honey bee colour vision has
affected flower signal evolution. Brightness contrast and green contrast appear to be both strongly
correlated with colour contrast, making it difficult to interpret the effect of brightness in isolation.
It would be of value to test for interactions between colour contrast, green contrast, brightness con-
trast, and blue contrast in other flower pollination vectors in future research to shed more light on this
important question.
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