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From the butterfly’s point of view: learned colour
association determines differential pollination of
two co-occurring mock verbains by Agraulis vanillae
(Nymphalidae)
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Learning plays an important role in the location and utilization of nectar sources for pollinators. In this work we focus
on the plant-pollinator interaction between the butterfly Agraulis vanillae (Nymphalidae) and two Glandularia
plant species (Verbenaceae) that grow in sympatry. Bioassays using arrays of artificial flowers (red vs. lilac-purple)
showed that naive A. vanillae butterflies do not have innate colour preferences for any of the tested colours. Trained
butterflies were able to learn to associate both floral colours with the presence of nectar rewards. Wild A. vanillae
butterflies visited the red flowers of Glandularia peruviana much more frequently than the lilac-purple flowers of
Glandularia venturii. Standing nectar crop measurements showed that G. peruviana flowers offered three times
more sucrose than the flowers of G. venturii. Analyses confirmed that corolla colour of G. peruviana (red flowers)
and G. venturii (lilac-purple flowers) were discriminable in the butterfly’s colour space. These findings may indicate
flexibility in A. vanillae preferences due to a learned association between red coloration and higher nectar rewards.

ADDITIONAL KEYWORDS: butterfly — colour preferences — colour vision —learning — Nymphalidae — pollination.

INTRODUCTION fragrance. Several groups of diurnal pollinators mostly
rely on visual stimuli to locate rewarding flowers. In
particular, it is well known that butterflies mainly
rely on innate and learned colour preferences to find
nectar sources and host plants (Omura & Honda, 2005;
Cepero et al., 2015; Kinoshita et al., 2017).

Butterflies colour vision appears to have evolved from
an ancestral trichromatic system based on ultraviolet
(UV)-, blue-, and green-sensitive photoreceptors. Some
species also contain a fourth or fifth receptor type,
related in amino acid sequence to green-sensitive
insect opsins, but red shifted in absorbance (Briscoe,
2008). The suite of photoreceptor sensitivities varies
extensively between butterfly families, genera, species,
and sexes within a species (Arikawa et al., 2005;
Frentiu & Briscoe, 2008; Chen et al., 2016; McCulloch
*Corresponding author. E-mail: medrewniak@imbiv.unc.edu.ar et al., 2016).

Flowers announce the presence of rewards through
a combination of sensory signals which can evoke
innate or learned pollinator behaviours that mediate
effective pollination. Pollinators show distinctive and
remarkable cognitive abilities such as the associative
learning between visual, olfactory, electrical and/or
acoustic stimuli and rewards, as well as long-lasting
spatio-temporal memory of the availability, location and
identity of floral reward sources (Chittka & Thomson,
2001; Schaefer & Ruxton, 2011; Clarke et al., 2013).
Thus, pollinator preferences can strongly influence
floral trait evolution such as colour, morphology and
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The ability of a given butterfly species to perceive and
discriminate colours can be revealed by its innate colour
preferences and its ability to associatively learn different
colours with salient cues in the environment (Blackiston
et al., 2011). Many butterfly species have true colour
vision, i.e.they can discriminate colours based on spectral
composition, regardless of their intensities (Kelber &
Pfaff, 1999; Kinoshita et al., 1999, Zaccardi et al., 2006;
Sison-Mangus et al., 2008). Innate sensory preferences
provide a search image to inexperienced butterflies that
facilitate flower detection in dynamic environments
during their first foraging bouts (Lunau & Maier, 1995).
After the first flower recognition, associative learning
comes into play for subsequent colour selection (Weiss,
1997). Several studies have shown that butterflies can
associate different corolla colours with sugar rewards
and they rapidly learn to select the rewarding colour
when different colours are offered simultaneously
(Swihart, 1971; Lewis & Lipani, 1990; Weiss, 1995;
Kinoshita et al., 1999; Rodrigues et al., 2010; Blackiston
et al., 2011). Thus, cognitive abilities allow butterflies to
take advantage of a given floral source when they are
able to choose among a variety of plant species that differ
in their stimuli and profitability in the wild (Chittka &
Thomson, 2001).

The ability to modulate colour preferences would
allow the butterflies to adjust flower foraging in
spatially and temporally changing community
scenarios. Despite the importance of behavioural biases
and abilities of butterflies in resource recognition
(e.g. Weiss & Papaj, 2003; Briggs et al., 2018) few
studies have linked colour perception and flower
choice experimental findings with those that actually
occur in the wild. Moreover, wild lepidopterans are
well-suited for investigations of colour preference
behaviour in a natural scenario because they are
important but understudied pollinators (Rader
et al., 2016). In this study we focus on experimental
evidence for innate and learned colour preferences
of the butterfly Agraulis vanillae maculosa (Stichel,
1908) (Nymphalidae) and its pollination interaction in
the wild with two sympatric Glandularia J. F. Gmel.
species (Verbenaceae) that differ in corolla coloration.
Innate and learned colour preferences have been
studied in laboratory conditions or in the wild for
some Nymphalidae and Papilionidae butterfly genera
(Swihart & Swihart, 1970; Rodrigues et al., 2010;
Blackiston et al., 2011). For A. vanillae, experiments
with real flowers strongly suggest that this species
has the ability to associate flower colour with reward
(Weiss, 1991). However, studies of innate colour bias and
associative colour learning with artificial flowers has
to our knowledge not been carried out for A. vanillae.
The use of artificial flowers eliminates potential biases
due to flower cues other than colour, such as odour,
taste or shape, that may also be associatively learned

and could produce, when integrated with colour cues,
spurious association with colour.

In the present work we address the following
questions:

(1) Does A. vanillae have innate preferences for any of
the tested flower colours?

(2) Does this butterfly, free from other biases, learn to
associate flower colour with nectar reward?

(3) Do these behavioural abilities, such as possible
learned associations with reward quantity, help to
explain differential visitation rates of A. vanillae
to sympatric Glandularia species that differ in
corolla coloration?

(4) Are the flowers of the Glandularia species
discriminable in the colour space of a model
butterfly?

MATERIAL AND METHODS
STUDY SYSTEM

Glandularia species (Verbenaceae)

The present study is focused on two butterfly-
pollinated, self-incompatible and pollinator-dependent
Glandularia species from the western Chaco woodlands
in central Argentina, red-flowered G. peruviana (L.)
and lilac-purple-flowered G. venturii (Moldenke) Botta
(Imhof et al., 2013; Aguirre LA, Drewniak ME & Moré
M, pers. comm.). These two species are very common in
the western Chaco woodlands and have a long-lasting
flowering period from October to March. Herbarium
specimens (MED5-MEDG for G. peruviana and MED3-
MED4 for G. venturii) were deposited at “Museo
Botéanico de la Universidad Nacional de Cérdoba”,
Argentina (CORD).

Agraulis vanillae maculosa (Nymphalidae:
Heliconiinae)

A. vanillae occurs across the New World, from
the northern United States to central Argentina,
associated with the availability of several species
of Passiflora L. (Passifloraceae), its principal larval
food source (Lamas, 2004). The subspecies A. vanillae
maculosa occurs in open environments in southern
South America and is a frequent flower visitor of
several native plant species (Fuhro et al., 2010).

EXPERIMENTAL SET-UP
Study taxa

Naive A. vanillae maculosa butterflies were collected
as caterpillars on vines of Passiflora caerulea L. in
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the surroundings of the city of Cérdoba (Cérdoba,
Argentina). Larvae were fed with fresh P. caerulea
leaves and pupae were kept in cages until the
emergence of imagos. Later, adults were marked on
the underside of the hindwings with indelible ink pen
of different colours for individual identification. Males
and females were kept in separate cages.

Artificial flowers

Bioassays using arrays of artificial flowers of two
different colours (red vs. lilac-purple) were undertaken
to investigate both innate colour preferences and colour
learning in A. vanillae. Artificial flowers were used
to decouple visual from olfactory signals, since the
two Glandularia species studied here differ in their
chemical composition of floral fragrances (Moré M. and
Raguso RA., pers. comm.). Thus, artificial flowers were
made of scentless synthetic fabric and 200 uL plastic
tubes. Artificial flowers showed a secondary peak in the
UV region that was absent in the corolla reflectance
spectra from natural flowers. Flowers were similar in
shape to those of Glandularia with an area of 4.77 cm?
and a diameter of 2.5 cm.

Testing arena

The testing arena consisted of 12 artificial flowers,
six of each colour (red and lilac-purple), arranged in a
3 x 4 grid. Artificial flowers were placed 9 cm apart
from each other (distance measured from centre to
centre) against a green background inside a wire
mesh field cage of 0.3 x 0.3 x 0.3 m in size (Fig. 1B).
Flower positions were changed within the array after
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each trial. Bioassays were performed on sunny days
from 10:00 to 15:00 during two consecutive flowering
seasons (November 2017 - March 2018 and December
2018 - March 2019) inside a greenhouse under natural
illumination lacking UV light (i.e. polycarbonate ceiling
filtered UV light; Supporting Information, Fig. S2).

To assure that each butterfly had previously
experienced a nectar stimulus, we unrolled the
butterfly proboscis using an entomology pin into a
solution of 30% sucrose in water offered in a 200 pL
transparent plastic tube. A previous study suggests
that this concentration is the optimal for A. vanillae
(May, 1985). Each butterfly was fed for 5 s before it was
released into the testing arena.

Innate colour preferences

Each butterfly was individually tested and the colour
of the first flower visited was recorded. A visit was
recorded only if the butterfly landed on the corolla and
extended its proboscis into the tube. Colour choices of
naive butterflies were analysed using G tests. A total
of 59 butterflies were tested (20 females and 39 males)
and 29 butterflies responded to the tests (12 females
and 17 males). A total of 20 butterflies did not respond
and were discarded. Because innate colour preferences
of A. vanillae did not differ among females and males,
individuals were pooled.

Associative colour learning

A. vanillae adults were trained to visit either red or
lilac-purple artificial flowers. Only flowers of the
training colour were rewarded with a solution of 30%

Figure 1. Innate colour preferences bioassays using artificial flowers. A, A. vanillae butterflies did not show significant
deviations from random choice in lilac-purple and red artificial flowers. The dotted line shows the expected frequency for a

random choice (N = 29 individuals). B, testing arena.
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sucrose in water. Each training session lasted 2 h, and
only one training session was done each day. Each
butterfly was individually tested for colour choice after
at least three previous training sessions and 2 h after
the last training.

Those butterflies that did not visit a flower after
10 min during testing were trained again the following
day, and tested again after 2 h of the latest training
session. Before each trial butterflies were fed using
the artificial flower of the training colour for 5 s to
stimulate them to forage for nectar. This standard
procedure is used in bioassay testing for lepidopteran
preferences (e.g. Rodrigues et al., 2010; Blackiston
et al., 2011; Cepero et al., 2015; Ramos et al., 2019).
Butterflies were released individually into the testing
arena over a 10 min period and the colour of the first
visited flower (i.e. landing and proboscis extension)
was recorded and these individuals were discarded.
Colour choices of trained butterflies were analysed
using G tests. A total of 55 butterflies (20 females and
35 males) were trained in the testing arena in groups
of five to eight individuals of the same sex during
two to six training sessions. A total of 39 butterflies
responded to the tests (18 females and 21 males).
A total of 16 butterflies did not respond and were
discarded. As learned colour preferences of A. vanillae
did not differ among females and males, individuals
were pooled.

Visitation rate in a natural community

Observations were carried out in the “Reserva
Hidrica, Natural y Recreativa Bamba”, La
Calera, Céordoba province, Argentina. Pollinator
observations were recorded simultaneously for the
two Glandularia species once a week throughout
the flowering season, from October to March for
two consecutive seasons (2017-2019). A total of 52
observation periods of 10 min, 27 in G. peruviana
and 25 in G. venturii, were performed between
10:00 to 17:00 during A. vanillae peak activity
(Drewniak et al., 2016). The number of flower visits
by A. vanillae individuals and the total number of
flowers observed were recorded. The visits were
recorded only if the butterfly landed on the corolla
and extended its proboscis to obtain nectar from the
flowers. Visitation rate was calculated as the number
of visits per flower per hour. Differences in visitation
rates among Glandularia species in the wild were
examined using a generalised linear model (GLM)
with a log-link and Poisson error structure. Since
overdispersion was detected in the model, the error
structure was corrected using a quasi-GLM (Agresti,
2015). Calculations were performed using the /me4
package (Bates et al., 2015) of R software (R Core
Team, 2019).

COROLLA COLOUR AND NECTAR REWARD VARIATION
BETWEEN GLANDULARIA SPECIES

Spectra processing and visual modeling

Corolla reflectance of the two focal Glandularia
species (G. peruviana and G. venturii) and the artificial
flowers (red and lilac-purple) used in the bioassays
was measured using a USB4000 spectrophotometer
equipped with a pulsed xenon light source with a
light emission range between 220 and 750 nm, and a
UV-visible reflection/backscatter probe that comprises
high hydroxyl UV-visible fibres with a wavelength range
between 300—1100 nm (Ocean Optics Inc., Dunedin, FL,
USA). The corolla-reflected light was collected at 45°
to avoid specular reflectance. The probe was mounted
in a prismatic holder and the distance to the corolla
surface was 1 mm. A white standard (WS-1-SS White
Standard, Ocean Optics Inc.) was used to re-calibrate
the equipment between each measurement in order
to correct for possible shifts in spectrophotometer
performance (Chittka & Kevan, 2005). SpectraSuite
software was used to collect three individual scans,
with a boxcar width of 100 nm and an integration time
of 2 s per scan. A total of two flowers per individual and
28 individuals per species were measured. Processing
and visualization of the reflectance spectra were done
using the pavo 2.2.0 package (Maia et al., 2019) of R
software (R Core Team, 2019). Spectra were trimmed
to the insect vision range (300-700 nm) using the as.
rspec function. Spectra were smoothed and negative
reflectance values, which can be introduced by electrical
noise in the spectrophotometer, were removed using the
procspec function with span set to 0.25. Measurements
were averaged by individual and within species using
the aggspec function.

Two complementary approaches were used to
assess corolla colour of Glandularia species. First, we
performed a Principal Component Analysis (PCA) to
examine overall differences in raw reflectance spectra,
which makes no assumptions about the receiver’s
visual system. Spectra were standardized to have a
mean reflectance of zero (i.e. removing luminance as a
dominant variable in the PCA) so they only represent
spectral shape (Cuthill et al., 1999) and overall variation
was represented in a biplot (van der Kooi et al., 2016).
Second, we represented the reflectance spectra of natural
and artificial flowers in the visual perceptual space of a
model butterfly with three photoreceptors to examine
how these differences among corolla reflectance might
be perceived by actual pollinators. We use the pavo
0.2.2.0 package (Maia et al., 2019) of R software (R Core
Team, 2019) to construct a ‘visual model’ (Supporting
Information, Appendix S1) that gives an approximation
of the perception and discrimination of a model
butterfly given the parameters specified below [review
by Renoult et al. (2017)]. The first step was to model
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the spectral sensitivity with the sensmodel function
using the photoreceptor peak sensitivities according to
the models of Govardovskii et al. (2000) and Hart and
Vorobyev (2005). The adult compound eye of A. vanillae
expresses three opsin-encoding cDNAs: an UV, a blue
and a long-wavelength (L) opsin (Yuan et al., 2010).
Epi-microspectrophotometric and retinal densitometry
measurements indicate that A. vanillae butterfly eyes
have a 555 (L) nm receptor (Frentiu et al., 2007) and a
370 (UV) nm receptor (Yuan et al., 2010), respectively.
Although the wavelength of peak sensitivity (max.
value) of the A. vanillae blue receptor has not yet
been measured, in several closely-related species the
blue receptor ranges from 464 to 470 nm [Dryas iulia,
470 nm (Yuan et al., 2010); Heliconius erato, 470 nm
(McCulloch et al., 2016); Heliconius numata, 467 nm
(Briscoe et al., 2010); Heliconius hecale, 464 nm (Yuan
et al., 2010)]. Thus, we used the following maximum
sensitivity peaks: 370,470 and 555 nm. The second step
was to analyse the perception of flower colour with the
vismodel function. This function estimates photoreceptor
stimulation by calculating quantum catches of each
photoreceptor (Q,,, Q,,, and Q,,,) incorporating a von
Kries transformation that normalizes receptor quantum
catches to the background (Maia et al., 2019). Two
background reflectance spectra were utilized: the green
fabric used in the bioassays for the artificial flowers and
the green foliage (calculated as the mean reflectance
spectra of the leaves of G. peruviana and G. venturii) for
the natural flowers (Supporting Information, Fig. S2).
Two alternative illuminant spectra for the vismodel
function were utilized: D65 (standard daylight) for
natural flowers, and natural illumination of the room
where experiments were carried out for the artificial
flowers (Supporting Information, Fig. S2). To visualize
colour perception of natural and artificial flower as loci
in perception space, quantum catch scores (Qi) were
modelled in a trichromatic chromaticity space using
colspace function. Finally, the coldist function was
used to evaluate the discrimination between flower
colours for both natural and artificial flowers. This
function calculates colour distances with the Receptor
Noise Limited (RNL) model of Vorobyev and Osorio
(1998) with noise based on the relative densities of
photoreceptors. RNL was developed to predict colour
vision thresholds. One of the assumptions is that the
thresholds are given by the noise that arises in the
receiver’s channels. The following options were utilized
for the coldist function: Weber fraction of 0.05 as
empirically estimated for several butterflies (Koshitaka
et al., 2008); photoreceptor densities of: UV = 0.12,
B=021,L=1(male)or UV=0.19,B=0.14,L =1
(female) based on photoreceptor counts from Eueides
isabella, another Heliconiinae butterfly with the
same three opsins as A. vanillae (McCulloch et al., 2017:
Table S3, Supplementary Material online); and “qcatch”

option was set to fi which transforms quantum catches
according to Fechner’s law. The discriminability of two
colours, AS, is modelled in units of ‘Just Noticeable
Differences’ (JND). Thus, discriminability among
natural and artificial flowers was reported in AS values
of one JND. Values of AS greater than one unit indicate
that colours are discriminable in the visual model.

Nectar reward quantity

Nectar was extracted with calibrated 2 pL and 5 pL
microcapillaries from freshly open flowers collected
early in the morning before butterfly activity started.
Measurements were done in five to ten flowers per
individual and in ten individuals for each Glandularia
species. Concentration was measured in sucrose
equivalents (% w/w) with a temperature-compensated
handheld refractometer (0—62° Brix, Atago Inc., Tokyo,
Japan). Significant differences in volume and sucrose
concentration among species were assessed using a mixed
linear model using the ImerTest package (Kuznetsova
et al.,2017) of R software (R Core Team, 2019).

RESULTS

INNATE COLOUR PREFERENCES OF NAIVE A. VANILLAE
BUTTERFLIES TO ARTIFICIAL FLOWERS

No innate colour preferences of A. vanillae butterflies
were detected in the dual choice test for red and lilac-
purple artificial flowers (G = 0.55,df = 1, P = 0.46,
N =29; Fig. 1).

Associative colour learning in A. vanillae
butterflies

A. vanillae butterflies learned to associate each of the
training colours with the presence of a sucrose reward
(G=11.93,df =1,P <0.001, N = 39). From the total of
55 trained individuals, 30 learned to visit the training
colour, nine visited the non-rewarding colour, and
16 individuals did not respond to the stimulus. The
learning process was fast, with 84% of the individuals
choosing the rewarding colour within the first five
training sessions (Supporting Information, Fig. S1).
The proportion of butterflies that learned was slightly
higher for the red (0.80) than for the lilac-purple (0.71)
flowers although this difference was not statistically
significant.

Visitation rate of wild A. vanillae butterflies to
Glandularia species in a natural community

Wild A. vanillae butterflies visited the red flowers of
G. peruviana exclusively (study season I) or much more
frequently than the lilac-purple flowers of G. venturii
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(study season II) in the studied community according
to the fitted model (quasi-generalized linear model,
t = 2.254, P = 0.028 with species factor and t = 1.837,
P = 0.07 with season factor; Fig. 2). During the first
study season, A. vanillae butterflies exclusively visited
G. peruviana flowers and G. venturii flowers were
not visited although more than 1700 flowers were
inspected (Fig. 2A; Supporting Information, Fig. S2).
In the second study season, G. peruviana flowers were
visited by A. vanillae twice more frequently than in
the first season, and G. venturii flowers were visited
although in a very low frequency (Fig. 2A; Supporting
Information, Fig. S2).

Nectar reward variation between Glandularia
species

A large difference in nectar rewards was recorded
between studied species. G. peruviana offered three
times more sucrose per flower than G. venturii (t =5.93,
P =5.07 x e-11; Supporting Information, Table S1).

Corolla colour variation between Glandularia
species

The PCA analysis showed a large variation in raw
corolla reflectance spectra in both, between the
two Glandularia species and among individuals
within each species (Fig. 3). The first two principal
components (PCs) accounted for 93% of total variation
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in corolla reflectance spectra. PC1 represents variation
in the amount of short and medium relative to long
wavelengths and PC2 describes variation in short
wavelengths (300—-384 nm) (Fig. 3).

Differences among corolla reflectance between
G. peruviana and G. venturii flowers on the one hand
(Fig. 4A) and between red and lilac-purple artificial
flowers used in the bioassays on the other (Fig.4B), were
discriminable in the visual space of the model butterfly
(Fig. 4C). For natural flowers, the values exceeded
the AS thresholds of one JND (male AS = 16.50 and
female AS = 14.88) using the following parameters:
illumination = D65 and background = Glandularia
leaves (Supporting Information, Fig. S3). For artificial
flowers, the values also exceeded the AS thresholds of
one JND (male AS = 9.30 and female AS = 7.89) using
the following parameters: illumination = greenhouse
and background = green fabric (Supporting
Information, Fig. S3).

DISCUSSION

Although pollinator preferences can have important
implications for the evolution of floral traits such
as corolla coloration, studies that examine the
consistency of pollinator behaviour in experimental
arenas with those observed in the wild are rare
(Briggs et al., 2018). In this study we compared colour
choices of the nymphalid butterfly A. vanillae in both

Figure 2. Visitation rates of wild A. vanillae butterflies to G. peruviana (red flowers) and G. venturii (lilac-purple flowers)
in the Reserva Bamba community during two consecutive flowering seasons. A, bars represent mean number of visits
per flower per hour and whiskers represent standard deviation. Glandularia species significantly differed in A. vanillae
visitation rates in the two studied seasons (P < 0.001). B, A. vanillae pollinating G. peruviana flowers.
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Figure 4. Mean reflectance spectra of artificial and natural flowers and Maxwell’s triangle of a model butterfly. A, reflectance
spectra of red and lilac-purple artificial flowers used in the bioassays. B, mean reflectance spectra of G. peruviana (red) and
G. venturii (lilac-purple) flowers (N = 28). C, Maxwell’s triangle of a model butterfly. Loci within the triangle represent colours
exciting all three receptor types: S (short-wavelength) for UV, M (medium-wavelength) for blue and L (long-wavelength) for
green. Circles show colour loci of natural flowers under D65 illumination and Glandularia leaves background, G. peruviana
in red and G. venturii in lilac-purple. Diamonds show colour loci of artificial flowers under greenhouse illumination and
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significantly differed in their chemical composition of
floral fragrances.

We did not find differences in innate preferences
of A. vanillae for red or lilac-purple artificial flowers,

artificial and natural flowers and we conclude that
the observed floral choices are the result of associative
learning. This approach allowed us to decouple visual
from olfactory signals, since Glandularia species

© 2020 The Linnean Society of London, Biological Journal of the Linnean Society, 2020, 130, 715-725

0202 4940J20 §Z UO Jasn Ul ‘eluioied Jo AsiaAlun Aq 60€198S/S L /¥/0E L/aIo1E/UBSUUIOIG/WOD dNO"dIWaPEdE//:SANY WOl) Papeojumoq



722 M.E.DREWNIAK ET AL.

despite high chromatic contrast values. Weiss (1995)
alsodid not find innate colour preferences when natural
flowers of Lantana camara of two different colours
(red and yellow), whose nectar has been depleted,
were offered to wild A. vanillae butterflies. This
butterfly species could have an innate preference for
other colours, but this has not yet been experimentally
tested. Different colours have been reported as innately
preferred for many butterfly species; however, these
preferences may vary according to the number and
colour selection chosen in the experimental bioassays
(Ilse & Vaidya, 1956; Weiss, 1997; Blackiston et al.,
2011).

Many behavioural studies using artificial flowers
have shown that other butterfly species may have
innate preferences for different colours and the ability
to learn new associations between a given colour and
the presence of rewards (e.g. Swihart, 1971; Scherer &
Kolb, 1987; Goulson & Cory, 1993; Kelber & Pfaff, 1999;
Kinoshita et al., 1999; Weiss & Papaj, 2003). The lack
of innate colour preferences found in our study and
reported by others [e.g. Blackiston et al. (2011) for the
nymphalid species Danaus plexippus and Balamurali
et al. (2018) for several tropical bee species] is
intriguing and an important result given the general
knowledge that visual systems may have evolved
innate colour preferences as an adaptive strategy to
maximise recognition and exploitation of different
nectar sources available in a given community.

Associative colour learning bioassays using artificial
flowers allowed us to decouple corolla coloration from
other floral traits intrinsic to natural Glandularia
flowers such as fragrance and corolla size and shape
that significantly differed among studied Glandularia
species (Drewniak ME, pers. comm.). We confirmed
that A. vanillae butterflies have a flexible colour
learning capability; they are able to associate, within a
few training sessions, artificial flowers of a given colour
(red or lilac-purple) with the presence of a reward.
This rapid learning rate has been previously reported
for A. vanillae using natural flowers of L. camara of
two different colours (Weiss, 1995). The capacity for
rapid and flexible associative learning observed in
A. vanilla, widely reported in the literature for other
butterfly species, presumably allows them to adjust
their foraging efforts in response to floral rewards that
vary over space or time within a community (Weiss,
1997; Baracchi, 2019).

We showed that wild A. vanillae butterflies visited
almost exclusively the red flowers of G. peruviana
instead of the co-occurring lilac-purple flowers of
G. venturii. Differential visitation rates of A. vanillae
were also reported for L. camara, where the rewarding
yellow flowers were visited more frequently than the
non-rewarding red flowers (Weiss, 1991, 1995).

Corolla colour of the two sympatric Glandularia
species and the two artificial flowers used in the
bioassays were discriminable in the perceptual colour
space of a model butterfly. Although artificial flowers
did not have exactly the same reflectance as the
natural flowers, colour loci appeared close to the ones
of the natural flowers in the butterfly visual space.
Although absorbance spectra for the A. vanillae green
receptor [A_ = 555 nm (Frentiu et al., 2007)] and
UV receptor [A_ = 370 nm (Yuan et al., 2010)] are
known, the absorbance spectrum of the blue receptor
and exact photoreceptor abundances not known. Our
modelling outcomes are therefore approximations
which nonetheless support more direct evidence
such as associative learning experiments that the
butterflies can indeed discriminate between the
flowers.

Preferences of wild A. vanillae for G. peruviana
flowers may indicate flexibility in colour preference
due to learning associations between higher rewards
and red coloration, since G. peruviana flowers offered
three times more sucrose than the lilac-purple
flowers of G. venturii. Moreover, flexibility in colour
preferences of wild butterflies may be influenced
by other factors that depend on the community
context. These factors may include characteristics
of the natural community such as the presence of
other plant species with similar flowers, and the
presence of competitors for the same nectar resources
(Osorio & Vorobyev, 2008; Brosi & Briggs, 2013;
Fornoff et al., 2017). G. peruviana and G. venturii
are pollinated by a wider assemblage of native
butterfly species than A. vanillae. There are at least
14 other butterfly species visiting the two sympatric
mock verbain species in the studied community: six
species exclusively visited the red-flowered species
G. peruviana, five species visited exclusively the lilac-
purple-flowered G. venturii, and three species visited
both Glandularia species (Drewniak ME, unpublished
results). Moreover, in the studied community
other red-flowered plant species such as Zinnia
peruviana (Asteraceae) and Oxypetalum coccineum
(Apocynaceae) also grow, and are frequently visited
and pollinated by A. vanillae and other nymphalid
species (Wiemer, 2010). Similar findings were also
reported in the fynbos of South Africa for Meneris
sp. (Nymphalidae), a major pollinator of several red-
flowered plant species (Johnson & Bond, 1994). Other
factors such as morphological mismatching between
butterfly proboscis and corolla tube lengths, and the
random chance of encounter based on plant species’
relative abundances may also influence preferences of
wild butterflies. Further ecological studies are needed
to disentangle the role of these factors in our study
system.
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Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Cumulative number of A. vanillae individuals that chose the rewarding colour vs. the number of
training sessions.

Figure S2. Total number of observed flowers of G. peruviana (red) and G. venturii (lilac-purple) in the field to
record visitation rate of A. vanillae butterflies during two subsequent flowering seasons (season I: November 2017
- March 2018 and season II: December 2018 - March 2019).

Figure S3. Normalized irradiance of illumination and reflectance spectra of background used in the calculation
of the colour loci in the Maxwell triangle of a model butterfly.

Table S1. Average nectar production (uL), sucrose concentration (% w/w) and sucrose amount (mg) in flowers of
the focal Glandularia species (N = 10 individuals).

Appendix S1. Equations used for calculations as implemented in the pavo v.2.2.0. package (Maia et al., 2019) of
the R program (R Core Team, 2019) and the Receptor Noise Model.
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Reflectance spectra are available at The Floral Reflectance Database (FReD; http:/www.reflectance.co.uk/).
Glandularia peruviana IDs #4325-4353, G. venturii 1Ds #4354-4382.
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