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Over a century of research has demonstrated that pollinators, such as bees, associatively learn diverse

flower cues, including tactile, visual and olfactory cues, to find food rewards. However, floral cues are not
always reliable, as flowers of different plant species often differ in terms of the qualities of their food
rewards, even when flower types resemble each other. At the same time, some nonfloral traits, such as leaf
shape, can differ among plant species and might be associatively learned by bees to improve foraging
success. In this laboratory study, we tested whether generalist bees (Bombus impatiens) can (1) associa-
tively learn differences in leaf shape to discriminate rewarding from unrewarding flowers and (2) rely
more on differences in leaf shape when a flower colour cue is harder to discriminate. We therefore
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floral reward petal colours were more dissimilar and thus relatively easier to discriminate. These bees also learned and
flower recalled the correct combination of petal colour and leaf shape. Yet when petal colours differed relatively
foraging little, bees had a much harder time learning petal colour and did not show evidence of having remembered
leaf shape leaf shape. Our results demonstrate that leaf shape is a cue that foraging bees can learn to associate with a
learning pollen food reward. However, leaf shape may be learned secondarily to, or only in combination with, floral
mei{nory cues (such as petal colour). We discuss evidence of compound learning and overshadowing and impli-
pollen

cations of our results for pollinator-mediated selection on nonfloral plant traits.
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A central question in animal behaviour is how animals decide
which cues to use to find food (Kamil & Roitblat, 1985; Stephens,
2008). Generalist animals frequently encounter situations of un-
certainty while foraging, such as when a cue cannot reliably be
associated with food (Mclinn & Stephens, 2006; Page & Jones,
2016). Generalist pollinators frequently learn to associate tactile,
visual, olfactory and other cues produced by flowers with floral
food rewards (e.g. nectar and pollen) (Chittka & Raine, 2006;
Clarke et al., 2013, 2017; Harrap et al., 2017; Riffell, 2011; Whitney
et al,, 2009). However, pollinators also often encounter uncer-
tainty while foraging on flowers. For instance, many plant species
deceive their pollinators by offering floral cues that do not hon-
estly indicate reward presence, quality or amount (Ashman, 2009;
Lichtenberg et al., 2020; van der Kooi et al., 2023). Furthermore,
co-flowering plant species may share similar floral cues but offer
food rewards that differ in quality (e.g. Internicola et al., 2007),
making those shared cues unreliable. For instance, up to 5% of
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plant species offer no rewards at all and instead attract pollinators
by mimicking the floral displays of rewarding co-flowering plant
species (Gigord et al.,, 2002; Lichtenberg et al., 2020; Schiestl,
2005; Fig. 1). Consequently, particularly when floral cues are un-
reliable, we expect pollinators should learn cues from other parts
of the plant that can be reliably associated with floral rewards.
However, whether and when nonfloral plant cues alone or in
combination with flower cues are used to discriminate among
flower types by foraging pollinators has scarcely been explored
(see Cepero et al., 2015).

Over the past century, the vast majority of research conducted
on how pollinators locate floral food rewards has focused solely on
the role of floral cues (see Chittka & Thomson, 2005; Giurfa, 2007).
Flower colour, pattern, shape and scents can differ significantly
between species of flowering plants, enabling pollinators to learn
and develop strong, stable preferences associated with these floral
cues (Essenberg et al., 2015; Hempel de Ibarra & Somanathan,
2019; Nicholls et al., 2022). However, nonfloral traits such as leaf
shape also often differ between animal-pollinated flowering plant
species. For instance, leaves of a given plant species may be strap-
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Figure 1. Three plant species whose flowers resemble each other and are thought to be involved in (a, b) Batesian and (c) Miillerian mimicry, but whose leaves vary in shape.
Flower and leaves of (a, d) an unrewarding mimic, Epidendrum ibaguense, (b, e) the rewarding model, Lantana camara, and the (c, f) co-occurring rewarding Miillerian mimic,
Asclepias curassavica. Photo credits: (a) Dick Culbert, (b) Vineeth Vengolis, (c) Fan Wen, (d) Yercaud Elango, (e) Vineeth Vengolis, (f) Juan Carlos Fonseca. Licensing: (a) CC BY 2.0,
(b) CC BY-SA 4.0, (c) CC BY-SA 4.0, (d) CC BY-SA 4.0, (e) CC BY-SA 4.0, (f) CC BY-SA 4.0. https://creativecommons.org/licenses/by-sa/4.0/. The photographs have been cropped.

like or obovate, or pinnately or palmately compound (Fowler,
2016; Kidner & Umbreen, 2010). Notably, leaf shape can differ
between plant species engaged in floral Batesian mimicry (when
rewarding flowers of one plant species are mimicked by the un-
rewarding flowers of another plant species) and floral Miillerian
mimicry (when flowers of multiple co-flowering plant species are
rewarding and resemble one another) (Fig. 1) (Bierzychudek,
1981). That leaf shape differs between plant species, especially
when floral cues may be unreliable, raises the possibility that
pollinators can learn to associate differences in leaf shape with
floral rewards.

Leaf shape is often learned by animals in other contexts. For
instance, various butterfly and fly taxa learn to use leaf shape to
locate host plants for oviposition (Allard & Papaj, 1996; Degen &
Stadler, 1996; Dell’Aglio et al., 2016; Wiklund, 1984). Similarly,
braconid wasp parasitoids readily learn leaf shape to locate their
caterpillar hosts (Wackers & Lewis, 1999). In addition, honey bees,
bumble bees and monarch butterflies, Danaus plexippus, can learn
to associate flower shape with a nectar reward (Cepero et al., 2015;
Gould, 1985; Zhang et al., 1995), suggesting that pollinators might
also be able to learn the shape of leaves while foraging. Even still,
other floral visual cues are learned preferentially over flower shape
(Rusch et al., 2017). Additionally, relative to other floral cues (e.g.
scent, colour and pattern), flower shape is more difficult to learn
for even generalist bees, a model system for the study of pollinator
learning and memory (Gould, 1993; Lehrer, 1993; Lehrer et al.,
1985; Menzel, 1967; and references within). Assuming similar
challenges when learning leaf shape, we expect that generalist
bees may attend little to leaf shape when floral cues are easy to
learn and instead rely primarily on floral cues. At the same time,
because compound cues have enhanced saliency and facilitate
associative learning (Telles et al., 2017), when floral cues are hard

to learn, we expect that bees should attend to leaf shape and that
leaf shape should be learned in compound with floral cues.

In this laboratory study, we assessed whether and within what
context a generalist bee can learn to associate a floral food reward
(pollen) with leaf shape. Given that shape is considered a difficult
cue to learn, we hypothesized that bumble bees (Bombus impa-
tiens) would learn leaf shape, but only when flower colour was
relatively difficult to learn (e.g. when the saliency of leaf and
flower colour cues are more similar). We tested this hypothesis via
an associative learning assay in which bees were trained to asso-
ciate a pollen reward with a given combination of leaf shape and
petal colour (each combination is a ‘target’). In one treatment,
petals of different target types differed greatly in bee colour space,
which we predicted would be easier for bees to learn; in the other
treatment, petals of different target types differed little in bee
colour space, which we predicted would be harder for bees to
learn. Leaf shape differed among target types in the same way
across treatments. Finally, we predicted that to reduce uncertainty
when the petal colour learning task was more difficult, bees would
be more likely to learn specific combinations of leaf shape and
petal colour associated with the floral reward.

METHODS
Bees and Housing

We used 79 workers from four captive-bred and commercially
obtained (Biobest U.S.A. Inc.,, Romulus, MI, US.A.) colonies of
Bombus impatiens bumble bees, maintained following Russell et al.
(2017). To summarize, bees were permitted to forage on artificial
feeders providing nectar solution (2 M sucrose) and pulverized
honey bee collected pollen (Plant Products Inc., Leamington, ON,
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Figure 2. Schematic of the two treatments. Treatments differed in terms of how similar the petal colours are in bee colour space. Leaf shapes differed in the same way for both
treatments. In the initial preference phase, we allowed a naive bee to forage on one of two sets of artificial rewarding (S+) flowers of four types. In the simple treatment: blue
petal, short leaves; yellow petal, long leaves; yellow petal, short leaves; blue petal, long leaves. In the difficult treatment: blue petal, short leaves; purple petal, long leaves; purple
petal, short leaves; blue petal, long leaves. The artificial anther is depicted as the yellow dot in the centre of all of the flowers. After 24—48 h, the bee was differentially conditioned
on an array of two flower types in a training phase, where only one flower type was rewarding (S+/S-) (depending on the subtreatment). In the simple treatment: blue petal, short
leaves; yellow petal, long leaves; in the difficult treatment: blue petal, short leaves; purple petal, long leaves. Up to 1 h after training, the bee was given all four flower types it had

been exposed to in its initial preference phase, in an unrewarding (S-) retention test.

Canada) ad libitum. Bees were contained within a plywood arena
(L x W x H: 82 x 60 x 60 cm) painted grey on the floor and sides
with a clear acrylic ceiling, lit from above and set to a 14:10 h
light:dark cycle.

Artificial Flowers

To precisely manipulate petal colour and leaf shape, we cut
plastic (Polypropylene Heavy Duty Plastic Folders, Amazon Basics,
https://www.amazon.com) into the shape of petals and leaves and
hot-glued them to microcentrifuge tubes, with leaves offset 2 cm
behind the petals. Petal shape was identical across all treatments
and the two types of leaf shapes had identical total surface area
(measured using Image], National Institutes of Health, Bethesda,
MD, U.S.A.,, http://rsbweb.nih.gov/ij/). We mounted a disposable
artificial anther (a uniformly sized yellow chenille stem) to the
centre of each artificial flower's corolla (‘petal’). We used chenille
stems as artificial anthers following Russell and Papaj (2016), as
they can hold and present precise amounts of pollen to foraging
bees. To prevent bees from visually or olfactorily assessing pollen
presence or absence, pollen and artificial anthers were a similar
hue of yellow and unrewarding anthers were pollen scented
following Muth et al. (2016).

To create treatments that differed in the difficulty of the colour
learning task, we selected two pairs of petal colours that were
closer and further apart in bee colour space, respectively (Fig. 2,
Fig. 3a—c, Supplementary Fig. S1). We closely matched the colour
of the artificial plastic leaves to live leaves collected from the
Missouri State University campus (Amelanchier sp., Philodendron
sp., Tulipa sp.) (Fig. 3b—d).

Spectral Analyses

Following Russell et al. (2021), we measured the colour
reflectance of the artificial petals and leaves (Amazon Basics) and

live leaves with a UV-VIS spectrometer (USB2000, Ocean Optics,
University, FL, U.S.A.), tungsten-deuterium light source (DH2000-
BAL, Ocean Optics), a fluoropolymer white standard (WS-1-SL
Spectralon, Ocean Optics) and an RPH reflectance probe (Ocean
Optics), shielded from extraneous light. We measured irradiance
within the flight arena at the centre of the flower array using a 50
ms integration time and 50 ms averaging, CC-3-UV-S cosine-
corrected (180 degrees) irradiance probe (Ocean Optics), Q400-
7-SR UV/VIS optical fibre (Ocean Optics) and a tungsten-
deuterium calibration light source (DH-3P-CAL, Ocean Optics).
Each reflectance spectrum consisted of the mean of 10 mea-
surements, taken from different petals, leaves or parts of the
arena wall background.

To characterize what bees perceived, we used our reflectance
and irradiance measurements to plot artificial petals (Fig. 3a) and
leaves (Fig. 3b) within a colour space (e.g. the colour hexagon) for
Bombus impatiens following Russell et al. (2017). We crafted a
colour space diagram using ultraviolet (UV)-blue-green trichromat
receptor sensitivities following Chittka (1992) and Skorupski and
Chittka (2010), then transformed them to spectral sensitivity
curves following Stavenga et al. (1993), as in the ‘pavo’ and ‘col-
ourvision’ R packages (Gawryszewski, 2018; Maia et al.,, 2019). In
colour space, the maximum distance from the centre to the vertex
of each photoreceptor (blue, UV or green) is 1, or the maximum
excitation of that photoreceptor. We used the grey-painted test
arena wall, where the flowers were displayed, as the background
stimulus for the colour hexagon (Fig. 3c), and we used the irradi-
ance of the overhead arena lights to calculate the receptor exci-
tation values (Fig. 3e).

We selected the colours for our artificial flower petals and
leaves by how they differed in bee colour vision. Bumble bees have
difficulty discriminating colours that are close in colour space and
fail to discriminate colours that are less than 0.04 colour units
apart (distance in bee colour space according to a hexagon colour
model of bee vision) (Dyer & Chittka, 2004). Previous research
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Figure 3. The loci in B. impatiens colour space of (a) artificial blue (blue diamond), purple (purple diamond) and yellow (yellow diamond) petals and (b) live (Amelanchier sp.,
Philodendron sp., Tulipa sp.) and artificial leaves against the test arena background. Petal colours used in the simple and difficult treatments are encircled in yellow and purple,
respectively. Blue and purple petals differed by 0.1 colour units (difficult to learn; Dyer & Garcia, 2014) and from the background by 0.1 and 0.15 colour units, respectively,
according to a hexagon colour model of bee vision. Blue and yellow petals differed by 0.41 colour units (easy to learn; Dyer & Garcia, 2014), and the yellow petals differed from the
background by 0.32 units. Artificial leaves differed from live leaves by a mean + SE of 0.037 + 0.019 colour units, and the green plastic differed from the background by 0.11 colour
units. (c) The reflectance spectra of the foraging arena background, the artificial petals and leaf, and (d) the live leaves compared to the artificial leaf. (e) The irradiance at the

centre of the flower array of the LED panel illuminating the arena.

notes that the difficulty of the colour learning task is a reliable way
to quantify bee perceptual difficulty of a visual task (Dyer & Garcia,
2014). Therefore, petal colours selected for the simple treatment
(blue versus yellow, which differ by 0.41 colour units) should be
more easily discriminable than petal colours selected for the
difficult treatment (blue versus purple, which differ by 0.1 colour
units). Artificial leaves were a close match to live leaves in bee
colour space and differed on average by 0.037 colour units. Colours
of artificial petals and leaves differed from the background by at
least 0.1 colour units. See Table S1 for receptor excitation values.

Experimental Protocol

Behavioural trials were conducted in a cleaned and grey-
painted plywood test arena (L x W x H: 82 x 60 x 60 cm) with
a clear acrylic ceiling, lit from above by 38 W, 4281 lumen LED
lights (2 x 2 LED Panel; 5000K, Bees Lighting, Chatsworth, CA,
US.A.), following Russell and Ashman (2019). To summarize,
artificial flowers were spaced 7 cm apart in a Cartesian grid design
attached to the arena wall opposite a marking surrounding an
artificial nest entrance.
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Each of 79 flower-naive worker bees (hereafter ‘naive bee’)
from four colonies was assigned to one of two treatments. For both
treatments, we first tested the initial petal colour and leaf shape
preference of each individual bee using a 4 x 4 array of four types
of pollen-rewarding artificial flowers and systematically alter-
nated flower position in the grid. The four types of flowers (the 4
flower petal and leaf combinations) present in the array depended
on the assigned treatment (see Fig. 2, Supplementary Figs S1—S2).
We systematically alternated flower positions for each trial. The
artificial anther of each rewarding flower was loaded with 5.5 mg
of cherry pollen (Prunus avium, Antles Pollen Inc., Wenatchee, WA,
U.S.A.). After each trial (initial, training, retention), we discarded
the artificial anthers and thoroughly cleaned the artificial flowers
with 70% ethanol to be reused following Russell and Ashman
(2019), as bees leave chemical footprints when foraging
(Roselino et al., 2016). At the conclusion of each trial, and before
starting again, the testing arena floor was cleaned.

To initiate an initial preference trial, we first set up flowers
vertically on the arena wall and allowed one naive bee into the
arena. Each bee visited nearly all of the flowers in its trial at least
once, which familiarized them with foraging in the array and on
each flower type and its component parts. To ensure trials were
comparable, trials were terminated after the naive bee made up to
40 pollen-collecting visits in its single initial preference trial, did
not approach any flower for a period of 5 min or attempted to leave
the arena via the nest entrance, whichever came first. The bee was
then recaptured, marked with a unique paint colour using
nontoxic oil-based markers (Sharpie, https://www.sharpie.ca/)
and returned to its colony. Of 79 bees, 14 did not collect pollen
within their initial preference trial and were not included in the
experiment.

After 24—48 h, marked bees were individually differentially
conditioned (‘trained’) to the specific rewarding leaf and petal
combination within their assigned treatment (see Giurfa, 2007)
(Fig. 2, Supplementary Fig. S2). Bees were allowed to forage indi-
vidually on a5 x 4 training assay of 20 flowers with one rewarding
flower type of the respective treatment (S+) and one unrewarding
flower type (S-), with flower types alternated by position. Anthers
of rewarding flowers were loaded with 5.5 mg of cherry pollen and
anthers of unrewarding flowers were pollen-scented. We alter-
nated which of the two training flower types were rewarding
across trials, thus creating two subtreatments per treatment
(Fig. 2, Supplementary Fig. S2). We permitted bees to forage until
they had made 8 of their last 10 rewarding visits to the rewarding
flower type, which we considered evidence of the bee having
learned. Bees that did not meet this learning criterion in their first
training treatment (i.e. did not visit any flower for a period of 5
min, or made several consecutive nest entrance visits) were
returned to their colony to unload pollen and subsequently given a
second training trial (16 of the 38 successful bees). Of 65 total bees
that were included in training, nine did not collect pollen within
their first or second training trial and a further 10 bees did not
meet the learning criterion even after two trainings; these data
were not used in analyses.

To test whether trained bees retained the learned preference,
each was given a single retention test 1 h after training. Each bee
was individually tested and presented with unrewarding, pollen-
scented flowers in a 4 x 4 array with the same flower types as in
that bee's initial preference assay. We allowed each bee in the
retention test to make up to 40 flower visits. After a bee completed
its retention test, the bee was euthanized. Of 46 bees that were
included in the retention tests, eight would not visit flowers and
their data were not used in analyses.

We recorded flower-visiting behaviour following Muth et al.
(2016). To summarize, we recorded flower ‘visits’, which we

defined as a bee touching the scented or pollen-covered anther.
When bees collected pollen from rewarding flowers (scraped from
anthers by ‘scrabbling’; see Russell & Papaj, 2016), the visit was
recorded as ‘rewarded’. When bees visited unrewarding flowers,
the visit was recorded as ‘unrewarded’. In the rare cases when bees
visited rewarding flowers but did not collect pollen from them, we
excluded the visit from analyses because we could not be sure
whether the visit reinforced or inhibited learning. Bees never
depleted rewarding flowers of pollen and rarely filled their pollen
baskets during trials.

Data Analyses

We analysed how rate and strength of learning was affected by
treatment and how preferences for the trained rewarding petal
colour, leaf shape and/or the combination changed with experi-
ence. All data were analysed using R statistical software, using R
version 4.2.2 (R Core Team, 2022) and RStudio version
2023.09.1+494 (Ushey et al., 2022). We calculated the effect sizes
using the ‘emmeans’ package (Lenth, 2025) and report Cohen's d in
all cases.

Do bees learn more quickly when the learning task is easier?

In the differential conditioning assay, we assessed whether
bees made more visits to the rewarding flowers with successive
visits (i.e. learned which flower type was rewarding) and whether
the pattern differed by treatment. To accomplish this, we analysed
only bees that met our learning criterion and used a binomial
generalized linear mixed effects model (GLMM) similar to Russell
and Ashman (2019). We fitted a model using the ‘glmmTMB()’
function from the ‘glmmTMB’ package (Brooks et al., 2017), spec-
ifying type Il Wald chi-square (xz) tests via the ‘Anova()’ function
in the ‘car’ package (Fox & Weisberg, 2019), and checked model
assumptions using the ‘DHARMa’ (Hartig & Lohse, 2022) and
‘sjPlot’ (Liidecke, 2024) packages. We specified ‘visit type’
(rewarded or unrewarded) as the response variable and ‘treat-
ment’ (simple or difficult) and ‘visit number’ as the explanatory
variables. We included visit number as a repeated measure, nested
within ‘bee ID’, nested within ‘colony ID’ as our random effects.

Do bees learn the leaf—petal combination regardless of the difficulty
of the learning task?

To analyse differences in preference across the four flower
types for each group of bees in each treatment (Fig. 2), before and
after learning, we used a hierarchical Bayesian model (‘BayesPref’
package; Fordyce et al, 2011) for multinomial count data,
following Russell et al. (2018). Detailed information regarding the
advantages of this model is given in Fordyce et al. (2011), Forister
and Scholl (2012) and Gompert and Buerkle (2012). For each
analysis, we ran MCMC for 40 000 generations and discarded the
first 10 000 runs as burn-in. We confirmed even mixing for all
posteriors using the ‘plot’ Russell et al. (2018) function. To identify
significant differences among estimates of preference for each of
the four flower types in each treatment, we used pairwise com-
parisons of posterior probabilities (PP) (BayesPref package;
Fordyce et al., 2011). When preference for a particular flower type
is greater than preference for another flower type, or when pref-
erence for a particular flower type after experience (i.e. the
retention test) is greater than the initial preference for that flower
type in more than 95% of the sampled MCMC steps, the preference
estimates are considered to be significantly different (Fordyce
et al.,, 2011). Although we use a Bayesian approach for examining
pairwise differences, we can interpret posterior probability values
similarly to the frequentist P — o (where o = 0.05). While pairwise
comparisons offer complementary values for both choice A over B
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and B over A, we report only the smaller value to align with a
frequentist interpretation. See Russell et al. (2018) for a complete
explanation.

Is associative learning mediated equivalently by petal colour and
leaf shape?

To determine whether treatment influenced whether bees
learned to associate petal colour or leaf shape with the pollen
reward, we first calculated the mean percentage of each bee's
visits to the trained petal colour or leaf shape in the initial pref-
erence assay and retention test. We compared initial to test pref-
erence for petal colour or leaf shape via GLMMs as above. The
response variable was ‘percentage preference’ (for the rewarded
petal colour or leaf shape) and ‘experiment phase’ (initial versus
test) was the explanatory variable. For these models, we specified
bee ID, nested within colony ID as our random effects.

Ethical Note

No approval from a regulatory body was required for these
experiments. However, we made every effort to minimize stress to
our subjects, and the bees were maintained and handled only by
experienced researchers. Colonies had ad libitum access to food
outside the daily experimental period. Bees were handled only
during individual marking, after which they were allowed to
recover and acclimate in their nestbox. The bees moved freely in
the testing arenas and were never forced to participate. The
feeding arenas and tubing to the feeding arenas were cleaned
regularly. At the end of the experiments, we euthanized bees by
freezing in accordance with standard practice.

RESULTS
Bees Learned More Quickly When the Learning Task Was Easier

Bumble bees visiting artificial targets (‘flowers’) rapidly learned
via differential conditioning whether a given flower type was
associated with the pollen reward. Bees in both training treat-
ments made more flower visits across consecutive visits to the
rewarding flower type (GLMM: visit number effect: y2; = 5.579,
P = 0.019; treatment effect: (%; = 2.472, P = 0.116; effect size =
0.305). However, when the petal colours of the two artificial flower
types were perceptually more dissimilar (simple treatment), bees
learned significantly more quickly than when the petal colours of
the two flower types were perceptually more similar (difficult
treatment) (GLMM: visit number x treatment interaction: le =
6.016, P = 0.015; Fig. 4). This difference corresponds to a 41% better
performance in the mean number of flower visits to reach the
learning criterion (mean number of visits + SE: trained in simple
treatment: 48.9 + 5.0, N = 17 bees; trained in difficult treatment:
68.9 + 8.3, N = 21 bees).

Bees Learned the Leaf—Petal Combination When the Learning Task
Was Easier

Relative to their initial preference, experienced bees in unre-
warded retention tests for the simple treatment significantly
preferred the flower type that had been rewarded (flower types
with the correct petal colour and leaf shape) and avoided flower
types with the incorrect petal colour or incorrect petal colour and
leaf shape but did not alter their preference when only leaf shape
was incorrect (Table 1, Fig. 5). Experienced bees also significantly
preferred flowers with the correct petal colour over flowers with
the incorrect petal colour, regardless of leaf shape (Table 1, Fig. 5).
In contrast, bees in the difficult treatment did not alter their
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Figure 4. Mean proportion of correct (rewarded) visits to the rewarding flower type
during the training phase for bees in the simple treatment (N = 17) and the difficult
treatment (N = 21). Plotted lines indicate means and shaded regions indicate 95%
confidence intervals.

preference for any flower type with experience (Table 2, Fig. 5). For
preferences divided among subtreatments for both treatments, see
Supplementary Tables S2—S5 and Supplementary Fig. S3.

Initially naive bees showed no preference for any one flower
type over any other flower type, regardless of treatment (Table 1,
Fig. 5).

Associative Learning Was Primarily Mediated by Petal Colour

Learned preferences for petal colour, but not leaf shape, were
retained for at least 1 h by bees assigned to the simple treatment.
Relative to their initial petal colour preference and independent of
leaf shape, these experienced bees significantly preferred the
correct petal colour (GLMM: x21 =11.743, P = 0.0007, effect size =
1.18; Fig. 6a). Conversely, experienced bees in the difficult treat-
ment did not similarly retain their petal colour preference (GLMM:
v21 =1.095, P = 0.295, effect size = 0.349; Fig. 6a). However, in one
of the two subtreatments there was a trend for experienced bees to
recall the correct petal colour (GLMM: trained to flowers with
purple petals and long leaves: %% = 3.785, P = 0.052, effect size =
0.973; trained to flowers with blue petals and short leaves: y%; =
0.005, P = 0.945, effect size = 0.031). In contrast, regardless of
treatment or subtreatment, experienced bees did not retain their
preference for leaf shape independent of flower colour (GLMMs:
simple treatment: le = 1.803, P = 0.180; effect size = 0.461;
difficult treatment: x21 = 0.033, P = 0.857; effect size = 0.060;

Table 1
Differences in posterior probabilities via a Bayesian analysis for bees assigned to the
simple treatment

Initial preference Test preference Initial vs Test

CPIL vs CPCL 0.400 0.262
CPIL vs IPIL 0.345 0.007
CPIL vs IPCL 0.287 0.013
CPCL vs IPIL 0.264 0.009
CPCL vs IPCL 0.208 0.003
IPIL vs IPCL 0.432 0.470
CPIL 0.084
CPCL 0.007
IPIL 0.022
IPCL 0.020

CP: correct petal colour; CL: correct leaf shape; IP: incorrect petal colour; IL:
incorrect leaf shape.
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Figure 5. Initial and unrewarded retention test preference for each flower type for bees in (a) the simple treatment (N = 17 bees) and (b) the difficult treatment (N = 20 bees).
Asterisks indicate pairwise differences for each flower type for the initial versus retention test at posterior probabilities <0.05. Dashed line at 25% indicates random expectation
for an assay with four choices. In reference to the trained rewarding flower target, C = correct, I = incorrect, P = petal colour, L = leaf shape; therefore, CPCL = correct petal
colour—correct leaf shape; CPIL = correct petal colour—incorrect leaf shape; IPCL = incorrect petal colour—correct leaf shape; IPIL = incorrect petal colour—incorrect leaf shape.

Table 2
Differences in posterior probabilities via a Bayesian analysis for bees assigned to the
difficult treatment

Initial preference Test preference Initial vs Test

CPIL vs CPCL 0.424 0.364
CPIL vs IPIL 0.353 0.079
CPIL vs IPCL 0.292 0.214
CPCL vs IPIL 0.299 0.150
CPCL vs IPCL 0.232 0.338
IPIL vs IPCL 0.422 0.257
CPIL 0.181
CPCL 0.227
IPIL 0.132
IPCL 0.277

CP: correct petal colour; CL: correct leaf shape; IP: incorrect petal colour; IL:
incorrect leaf shape.

Fig. 6b). For further details regarding bee preferences by sub-
treatment, see Supplementary Tables S2—S5 and Fig. S3.

DISCUSSION

Our study sheds light on the role a common nonfloral plant cue
plays in pollinator learning. We found that generalist bumble bees
can learn to associate leaf shape with a pollen food reward, but
whether bees learned leaf shape depended on how readily the
simultaneously available floral colour cue was learned. However,
our prediction for when bees would learn leaf shape did not align
with our results. We predicted that bees would learn to discrimi-
nate flower types more slowly when presented with a difficult
flower colour perceptual learning task (see Niggebriigge et al.,
2009). We also predicted that when the petal colour learning
task was more difficult, bees would readily learn the other avail-
able cue, leaf shape, alone or in combination with petal colour, to
facilitate learning. When the colour perceptual learning task was
difficult, bees indeed learned to discriminate flower types 29%

more slowly, but they did not remember leaf shape alone or in
combination with petal colour. Instead, only when the colour
perceptual learning task was easier did bees remember the correct
combination of petal colour and leaf shape. We also found that the
effectiveness of training within this treatment depended on which
target was rewarded: bees trained to flowers with yellow petals
and long leaves had much greater retention than bees trained to
flowers with blue petals and short leaves. Whether this is evidence
of a bias or prepared learning (Dexheimer & Dunlap, 2025) will
require future study. Altogether, while foraging bees can attend to
a nonfloral cue like leaf shape, at least when compared to a flower
colour cue, leaf shape is less important for associative learning.

Compound floral stimuli facilitate significantly stronger
learning and memory for bees (Kunze & Gumbert, 2001; Leonard
et al,, 2011a; Leonard et al., 2011b; Mansur et al., 2018; Rusch
et al., 2017; Stach et al., 2004). Our results extend prior research
by demonstrating that bees can also be conditioned to a compound
of flower and leaf cues. However, this compound stimulus was
forgotten just 1 h later by bees in our difficult colour perceptual
treatment. One possible explanation is that bees attempted to
attend primarily to petal colour, even when the colour perceptual
task was difficult. Consistent with this, bees in the difficult colour
perceptual treatment did not remember the correct leaf shape, but
still showed modest recall of petal colour. This bias could have
occurred if the stimulus saliency of leaf shape was always signif-
icantly weaker than that of petal colour in our experiment, thus
resulting in weaker recall of leaf shape (see Gil-Guevara et al.,
2022). Indeed, even in the simpler colour perceptual learning
treatment, bees learned petal colour independently of leaf shape,
but did not learn leaf shape independently of petal colour. Alto-
gether, our results seem to provide further evidence that differ-
ences in stimulus saliency affect learning processes and memory
of compound stimuli (Katzenberger et al., 2013).

Our results also suggest that petal colour overshadows learning
of leaf shape. If bees only learned compound stimuli, they should
have remembered only the correct leaf shape and petal colour
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Figure 6. Initial and retention test preference for the trained flower type in the simple and difficult treatment (same raw data as in Fig. 5), pooled by (a) petal colour or (b) leaf
shape. Plotted as box plots that show 25% and 75% quartiles (boxes), medians (lines in the boxes) and with raw data indicated via dots joined by lines showing how preference of
individual bees changed with experience. N = 17 and 21 bees in the simple and difficult treatment, respectively.

combination and avoided all other combinations. Instead, bees
remembered the correct petal colour and leaf shape combination,
avoided flowers with the incorrect petal colour (regardless of leaf
shape) and showed no change in preference when petal colour, but
not leaf shape, matched the correct combination. This over-
shadowing could be a result of a bias in learning, in which bees
always learn colour before shape, regardless of which stimulus is
more salient (e.g. Lehrer & Campan, 2005; Rusch et al., 2017).
Indeed, learning of flower shape is generally more difficult than
learning of flower colour (Gould, 1993; Lehrer, 1990, 1993; Lehrer
et al, 1985; Menzel, 1967), suggesting a bias in learning
(Dexheimer & Dunlap, 2025). Given that depending on the bee's
angle of approach to the flower, a shape cue changes substantially
more than a noniridescent colour cue and thus may be a less
reliable cue, a bias to learn colour before shape could be functional
for the bee (Gould, 1993). Additionally, our experimental design
potentially facilitated bees to attend to colour over shape. Scent
can prepare pollinators to learn a flower colour cue (Leonard et al.,
2011a; Leonard et al., 2011a; Leonard & Masek, 2014; Mansur et al.,
2018). Both rewarding and unrewarding flowers in this study were
pollen-scented, which may have prepared bees to learn petal
colour first even when the shape learning task was potentially less
perceptually difficult. Finally, perhaps flower cues generally over-
shadow leaf cues, given that, for instance, leaf cues will not always
be reliably associated with the presence of flowers or their re-
wards. Future work will be required to tease apart the context and
causes of overshadowing of shape cues.

How broadly representative are our results? In this study we
standardized leaf surface area so that we could test whether bees
specifically learned leaf shape of artificial targets. However, both
leaf shape and surface area frequently differ between clades of
plant species (Kidner & Umbreen, 2010), which could further
facilitate associative learning. Yet learning of leaf shape may also
be more difficult than our findings suggest. Leaves of closely
related plant species are often similar in shape and there may even
be variation in leaf shape within a species (Kidner & Umbreen,
2010; Richards et al., 2019), which could make learning this cue
more difficult. Additionally, green leaves are often perceived by
pollinators against a green background (e.g. the plant's own foliage

or the foliage of other plant species), and green achromatic
contrast is especially important in associative learning by bees
(Del Valle et al., 2024; Dyer & Spaethe, 2008). Nonetheless, given
that bees can learn to discriminate very similar flower shapes (e.g.
Symington & Glover, 2024) and that other insects can learn leaf
shapes (e.g. Degen & Stadler, 1996; Dell’Aglio et al., 2016; Wackers
& Lewis, 1999), learning relatively small differences in leaf shape in
the context of floral foraging may also be possible.

In conclusion, given that multimodal floral cues are essential in
enabling pollinators to discriminate flowers (Leonard et al., 2011a;
Leonard et al., 2011a; Mansur et al., 2018; Rusch et al., 2017), the
multimodal sensory billboard (Raguso, 2004) may also comprise
leaf cues, including potentially leaf scent (see Caissard et al., 2024;
Dufay et al., 2003). Whether these cues are also learned in com-
bination with flower cues will rely on future study. In addition, the
capacity of a generalist pollinator to learn a leaf cue has significant
implications for plant—pollinator interactions. Pollinator cognition
is broadly recognized to drive the evolution of floral cues that are
more easily learned and remembered, as such cues facilitate plant
reproduction (Gervasi & Schiestl, 2017; Russell et al., 2016; Schiestl
& Johnson, 2013). Our results provide rare evidence that
pollinator-mediated selection may also directly drive the evolution
of leaf traits (see also Caissard et al., 2024; Dufay et al., 2003;
Simon et al., 2011). In particular, we expect pollinator-mediated
selection on leaf cues to be strongest when co-occurring floral
cues are easily learned. However, assuming that learning of flower
cues generally overshadows learning of leaf cues such as shape, we
would expect reduced selection on leaf cues when flower types are
relatively hard to discriminate. Such a pattern might explain why,
in floral mimicry systems, leaf shape (and even petal shape) often
differ enough between model and mimic to be discriminable (e.g.
Fig. 1).

Author Contributions

Anthony Moth T. Castagna: Writing — review & editing,
Writing — original draft, Visualization, Validation, Supervision,
Project administration, Methodology, Investigation, Funding
acquisition, Formal analysis, Data curation, Conceptualization.



A. M. T. Castagna et al. / Animal Behaviour 234 (2026) 123509 9

Jenny K. Burrow: Writing — review & editing, Validation, Super-
vision, Methodology, Investigation, Data curation, Conceptualiza-
tion. Ciara G. Stewart: Writing — review & editing, Validation,
Methodology, Investigation, Conceptualization. Avery L. Russell:
Writing — review & editing, Writing — original draft, Visualization,
Validation, Supervision, Resources, Project administration, Meth-
odology, Investigation, Funding acquisition, Formal analysis, Data
curation, Conceptualization.

Data Availability

The data sets supporting this article are available as Supple-
mentary Material.

Declaration of Interest
None.
Acknowledgments

We thank Biobest for donating bee colonies and Antles Pollen
for the pollen used in experiments. We live and work on unceded
traditional territory of the Kiikaapoi, Sioux and Osage and recog-
nize acknowledging provenance of the land is the minimum and
working to ‘land back’ is the goal. This research was supported by a
Society for Integrative and Comparative Biology Grant in Aid of
Research, a Missouri State University Graduate College Thesis
Funding Grant and a Sigma Xi Grant in Aid of Research.

Supplementary Material

Supplementary material associated with this article is available
at https://doi.org/10.1016/j.anbehav.2026.123509.

References

Allard, R. A., & Papaj, D. R. (1996). Learning of leaf shape by pipevine swallowtail
butterflies: A test using artificial leaf models. Journal of Insect Behavior, 9(6),
961—967. https://doi.org/10.1007/BF02208982

Ashman, T.-L. (2009). Sniffing out patterns of sexual dimorphism in floral scent.
Functional ~ Ecology, 23(5), 852—862.  https://doi.org/10.1111/j.1365-
2435.2009.01590.x

Bierzychudek, P. (1981). Asclepias, lantana, and epidendrum: A floral mimicry
complex? Biotropica, 13(2), 54—58. https://doi.org/10.2307/2388070

Brooks, M. E., Kristensen, K., van Benthem, K. ]J., Magnusson, A., Berg, C. W.,
Nielsen, A., Skaug, H. ]., Machler, M., & Bolker, B. M. (2017). glmmTMB balances
speed and flexibility among packages for zero-inflated generalized linear
mixed modeling. R Journal, 9(2), 378. https://doi.org/10.32614/R]-2017-066

Caissard, ]J., Meekijjironenroj, A., Baudino, S., & Anstett, M. (2004). Localization of
production and emission of pollinator attractant on whole leaves of Cha-
maerops humilis (Arecaceae). American Journal of Botany, 91(8), 1190—1199.
https://doi.org/10.3732/ajb.91.8.1190

Cepero, L. C., Rosenwald, L. C., & Weiss, M. R. (2015). The relative importance of
flower color and shape for the foraging monarch butterfly (Lepidoptera:
Nymphalidae). Journal of Insect Behavior, 28(4), 499—511. https://doi.org/
10.1007/s10905-015-9519-z

Chittka, L. (1992). The colour hexagon: A chromaticity diagram based on photo-
receptor excitations as a generalized representation of colour opponency.
Journal of Comparative Physiology, 170(5), 533—543. https://doi.org/10.1007/
BF00199331

Chittka, L., & Raine, N. E. (2006). Recognition of flowers by pollinators. Current
Opinion in  Plant Biology, 9(4), 428—435. https://doi.org/10.1016/
j-pbi.2006.05.002

Chittka, L., & Thomson, ]. D. (2005). Cognitive ecology of pollination: Animal
behaviour and floral evolution. Cambridge University Press.

Clarke, D., Morley, E., & Robert, D. (2017). The bee, the flower, and the electric field:
Electric ecology and aerial electroreception. Journal of Comparative Physiology,
203(9), 737—748. https://doi.org/10.1007/s00359-017-1176-6

Clarke, D., Whitney, H., Sutton, G., & Robert, D. (2013). Detection and learning of
floral electric fields by bumblebees. Science, 340(6128), 66—69. https://doi.org/
10.1126/science.1230883

Degen, T., & Stadler, E. (1996). Influence of natural leaf shapes on oviposition in
three phytophagous flies: A comparative study. Entomologia Experimentalis et
Applicata, 80(1), 97—100. https://doi.org/10.1111/j.1570-7458.1996.th00895.x

Del Valle, ]. C., Le6n-Osper, M., Dominguez-Gonzdlez, C., Buide, M. L., Arista, M.,
Ortiz, P. L., Whittall, J. B., & Narbona, E. (2024). Green flowers need yellow to
get noticed in a green world. Annals of Botany, 135(7), 1281—-1292. https://
doi.org/10.1093/aob/mcae213

Dell'Aglio, D. D., Losada, M. E., & Jiggins, C. D. (2016). Butterfly learning and the
diversification of plant leaf shape. Frontiers in Ecology and Evolution, 4, Article
81.

Dexheimer, A. F, & Dunlap, A. S. (2025). Prepared learning in plant—pollinator
interactions. Animal Behaviour, 222, Article 123112. https://doi.org/10.1016/
j.anbehav.2025.123112

Dufay, M., Hossaert-McKey, M., & Anstett, M. C. (2003). When leaves act like
flowers: How dwarf palms attract their pollinators. Ecology Letters, 6(1),
28—34. https://doi.org/10.1046/j.1461-0248.2003.00382.x

Dyer, A. G., & Chittka, L. (2004). Fine colour discrimination requires differential
conditioning in bumblebees. Naturwissenschaften, 91(5), 224—227. https://
doi.org/10.1007/s00114-004-0508-x

Dyer, A. G., & Garcia, J. E. (2014). Color difference and memory recall in free-flying
honeybees: Forget the hard problem. Insects, 5(3), Article 3. https://doi.org/
10.3390/insects5030629

Dyer, A. G., & Spaethe, ]. (2008). Comparative psychophysics of bumblebee and
honeybee colour discrimination and object detection. Journal of Comparative
Physiology, 194, 617—627.

Essenberg, C. ]., Easter, R. A., Simmons, R. A.,, & Papaj, D. R. (2015). The value of
information in floral cues: Bumblebee learning of floral size cues. Behavioral
Ecology, 26(5), 1335—1344. https://doi.org/10.1093/beheco/arv061

Fordyce, ]. A., Gompert, Z., Forister, M. L., & Nice, C. C. (2011). A hierarchical
Bayesian approach to ecological count data: A flexible tool for ecologists. PLoS
One, 6, Article e26785.

Forister, M. L., & Scholl, C. F. (2012). Use of an exotic host plant affects mate choice
in an insect herbivore. American Naturalist, 179(6), 805—810. https://doi.org/
10.1086/665647

Fowler, J. (2016). Specialist bees of the northeast: Host plants and habitat con-
servation. Northeastern Naturalist, 23(2), 305—320. https://doi.org/10.1656/
045.023.0210

Fox, J., & Weisberg, S. (2019). An R companion to applied regression (3rd ed.). Sage
https://socialsciences.mcmaster.ca/jfox/Books/Companion/

Gawryszewski, F. M. (2018). Color vision models: Some simulations, a general n-
dimensional model, and the colourvision R package. Ecology and Evolution,
8(16), 8159—8170. https://doi.org/10.1002/ece3.4288

Gervasi, D. D. L., & Schiestl, F. P. (2017). Real-time divergent evolution in plants
driven by pollinators. Nature Communications, 8(1), Article 14691. https://
doi.org/10.1038/ncomms14691

Gigord, L. D. B., Macnair, M. R,, Stritesky, M., & Smithson, A. (2002). The potential
for floral mimicry in rewardless orchids: An experimental study. Proceedings of
Royal Society of London, Series B: Biological Sciences, 269(1498), 1389—1395.
https://doi.org/10.1098/rspb.2002.2018

Gil-Guevara, O., Bernal, H. A., & Riveros, A. ]. (2022). Honey bees respond to
multimodal stimuli following the principle of inverse effectiveness. Journal
of Experimental Biology, 225(10), jeb243832. https://doi.org/10.1242/
jeb.243832

Giurfa, M. (2007). Behavioral and neural analysis of associative learning in the
honeybee: A taste from the magic well. Journal of Comparative Physiology. A,
Neuroethology, Sensory, Neural, and Behavioral Physiology, 193(8), 801—824.
https://doi.org/10.1007/s00359-007-0235-9

Gompert, Z., & Buerkle, C. A. (2012). Bgc: Software for Bayesian estimation of
genomic clines. Molecular Ecology Resources, 12(6), 1168—1176. https://doi.org/
10.1111/1755-0998.12009.x

Gould, J. L. (1985). How bees remember flower shapes. Science, 227(4693),
1492—-1494. https://doi.org/10.1126/science.227.4693.1492

Gould, J. L. (1993). Ethological and comparative perspectives on honey bee
learning. In D. R. Papaj, & A. C. Lewis (Eds.), Insect learning: Ecology and
evolutionary perspectives (pp. 18—50). Springer. https://doi.org/10.1007/978-1-
4615-2814-2_2

Harrap, M. ], Rands, S. A., Hempel de Ibarra, N., & Whitney, H. M. (2017). The di-
versity of floral temperature patterns, and their use by pollinators. eLife, 6,
Article e31262. https://doi.org/10.7554/eLife.31262

Hartig, F.,, & Lohse, L. (2022). DHARMa: Residual diagnostics for hierarchical (multi-
level/mixed) regression models (Version 0.4.6). https://doi.org/10.32614/
CRAN.package. DHARMa

Hempel de Ibarra, N., & Somanathan, H. (2019). How are pollinators guided by
colourful floral structures? A commentary on: ‘The role of pollinator prefer-
ence in the maintenance of pollen colour variation’. Annals of Botany, 123(6),
iv—vi. https://doi.org/10.1093/aob/mcz080

Internicola, A. L, Page, P. A., Bernasconi, G., & Gigord, L. D. B. (2007). Competition
for pollinator visitation between deceptive and rewarding artificial in-
florescences: An experimental test of the effects of floral colour similarity and
spatial mingling. Functional Ecology, 21(5), 864—872.

Kamil, A. C., & Roitblat, H. L. (1985). The ecology of foraging behavior: Implications
for animal learning and memory. Annual Review of Psychology, 36(1), 141-169.
https://doi.org/10.1146/annurev.ps.36.020185.001041

Katzenberger, T. D., Lunau, K., & Junker, R. R. (2013). Salience of multimodal flower
cues manipulates initial responses and facilitates learning performance of
bumblebees. Behavioral Ecology and Sociobiology, 67(10), 1587—1599. https://
doi.org/10.1007/s00265-013-1570-1


https://doi.org/10.1016/j.anbehav.2026.123509
https://doi.org/10.1007/BF02208982
https://doi.org/10.1111/j.1365%2D2435.2009.01590.x
https://doi.org/10.1111/j.1365%2D2435.2009.01590.x
https://doi.org/10.2307/2388070
https://doi.org/10.32614/RJ%2D2017%2D066
https://doi.org/10.3732/ajb.91.8.1190
https://doi.org/10.1007/s10905%2D015%2D9519%2Dz
https://doi.org/10.1007/s10905%2D015%2D9519%2Dz
https://doi.org/10.1007/BF00199331
https://doi.org/10.1007/BF00199331
https://doi.org/10.1016/j.pbi.2006.05.002
https://doi.org/10.1016/j.pbi.2006.05.002
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref9
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref9
https://doi.org/10.1007/s00359%2D017%2D1176%2D6
https://doi.org/10.1126/science.1230883
https://doi.org/10.1126/science.1230883
https://doi.org/10.1111/j.1570%2D7458.1996.tb00895.x
https://doi.org/10.1093/aob/mcae213
https://doi.org/10.1093/aob/mcae213
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref14
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref14
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref14
https://doi.org/10.1016/j.anbehav.2025.123112
https://doi.org/10.1016/j.anbehav.2025.123112
https://doi.org/10.1046/j.1461%2D0248.2003.00382.x
https://doi.org/10.1007/s00114%2D004%2D0508%2Dx
https://doi.org/10.1007/s00114%2D004%2D0508%2Dx
https://doi.org/10.3390/insects5030629
https://doi.org/10.3390/insects5030629
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref19
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref19
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref19
https://doi.org/10.1093/beheco/arv061
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref21
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref21
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref21
https://doi.org/10.1086/665647
https://doi.org/10.1086/665647
https://doi.org/10.1656/045.023.0210
https://doi.org/10.1656/045.023.0210
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://doi.org/10.1002/ece3.4288
https://doi.org/10.1038/ncomms14691
https://doi.org/10.1038/ncomms14691
https://doi.org/10.1098/rspb.2002.2018
https://doi.org/10.1242/jeb.243832
https://doi.org/10.1242/jeb.243832
https://doi.org/10.1007/s00359%2D007%2D0235%2D9
https://doi.org/10.1111/1755%2D0998.12009.x
https://doi.org/10.1111/1755%2D0998.12009.x
https://doi.org/10.1126/science.227.4693.1492
https://doi.org/10.1007/978%2D1%2D4615%2D2814%2D2_2
https://doi.org/10.1007/978%2D1%2D4615%2D2814%2D2_2
https://doi.org/10.7554/eLife.31262
https://doi.org/10.32614/CRAN.package.DHARMa
https://doi.org/10.32614/CRAN.package.DHARMa
https://doi.org/10.1093/aob/mcz080
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref36
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref36
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref36
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref36
https://doi.org/10.1146/annurev.ps.36.020185.001041
https://doi.org/10.1007/s00265%2D013%2D1570%2D1
https://doi.org/10.1007/s00265%2D013%2D1570%2D1

10 A. M. T. Castagna et al. / Animal Behaviour 234 (2026) 123509

Kidner, C., & Umbreen, S. (2010). Why is leaf shape so variable? International
Journal of Plant Developmental Biology, 4(SI1), 64—75.

Kunze, J., & Gumbert, A. (2001). The combined effect of color and odor on flower
choice behavior of Bumble bees in flower mimicry systems. Behavioral Ecology,
12(4), 447—456. https://doi.org/10.1093 /beheco/12.4.447

Liidecke, D. (2024). sjPlot: Data visualization for statistics in social science (R package
Version 2.8.16) https://CRAN.R-project.org/package=sjPlot

Lehrer, M. (1990). How bees use peripheral eye regions to localize a frontally
positioned target. Journal of Comparative Physiology, 167(2), 173—185. https://
doi.org/10.1007/BF00188109

Lehrer, M. (1993). Why do bees turn back and look? Journal of Comparative Phys-
iology, 172(5), 549—563. https://doi.org/10.1007/BF00213678

Lehrer, M., & Campan, R. (2005). Generalization of convex shapes by bees: What
are shapes made of? Journal of Experimental Biology, 208, 3233—3247. https://
doi.org/10.1242/jeb.01790

Lehrer, M., Wehner, R., & Srinivasan, M. (1985). Visual scanning behaviour in
honeybees. Journal of Comparative Physiology, 157(4), 405—415. https://doi.org/
10.1007/BF00615140

Lenth, R. (2025). emmeans: Estimated marginal means, aka least-squares means (R
package Version 1.11.2-80003) https://rvlenth.github.io/emmeans/

Leonard, A. S., Dornhaus, A., & Papaj, D. R. (2011a). Flowers help bees cope with
uncertainty: Signal detection and the function of floral complexity. Journal of
Experimental Biology, 214(1), 113—121. https://doi.org/10.1242/jeb.047407

Leonard, A. S., Dornhaus, A., & Papaj, D. (2011b). Forget-me-not: Complex floral
displays, inter-signal interactions, and pollinator cognition. Current Zoology, 57,
215—224. https://doi.org/10.1093/czoolo/57.2.215

Leonard, A. S., & Masek, P. (2014). Multisensory integration of colors and scents:
Insights from bees and flowers. Journal of Comparative Physiology, 200(6),
463—474. https://doi.org/10.1007/s00359-014-0904-4

Lichtenberg, E. M., Heiling, J. M., Bronstein, J. L., & Barker, J. L. (2020). Noisy
communities and signal detection: Why do foragers visit rewardless flowers?
Philosophical Transactions of the Royal Society B: Biological Sciences, 375(1802),
Article 20190486. https://doi.org/10.1098/rstb.2019.0486

Maia, R., Gruson, H., Endler, ]. A., & White, T. E. (2019). Pavo 2: New tools for the
spectral and spatial analysis of colour in R. Methods in Ecology and Evolution,
10(7), 1097—1107. https://doi.org/10.1111/2041-210X.13174

Mansur, B. E., Rodrigues, J. R. V., & Mota, T. (2018). Bimodal patterning discrimi-
nation in harnessed honey bees. Frontiers in Psychology, 9, Article 1529. https://
doi.org/10.3389/fpsyg.2018.01529

Mclinn, C. M., & Stephens, D. W. (2006). What makes information valuable: Signal
reliability and environmental uncertainty. Animal Behaviour, 71(5), 1119—-1129.
https://doi.org/10.1016/j.anbehav.2005.09.006

Menzel, R. (1967). Untersuchungen zum erlernen von spektralfarben durch die
honigbiene (Apis mellifica). Journal of Comparative Physiology, 56, 22—62.
https://doi.org/10.1007/BF00333562

Muth, F,, Papaj, D. R., & Leonard, A. S. (2016). Bees remember flowers for more than
one reason: Pollen mediates associative learning. Animal Behaviour, 111,
93-100. https://doi.org/10.1016/j.anbehav.2015.09.029

Nicholls, E., Rands, S. A., Botias, C., & Hempel de Ibarra, N. (2022). Flower sharing
and pollinator health: A behavioural perspective. Philosophical Transactions of
the Royal Society B: Biological Sciences, 377(1853), Article 20210157. https://
doi.org/10.1098/rstb.2021.0157

Niggebriigge, C., Leboulle, G., Menzel, R., Komischke, B., & Hempel de Ibarra, N.
(2009). Fast learning but coarse discrimination of colours in restrained hon-
eybees. Journal of Experimental Biology, 212(9), 1344—1350. https://doi.org/
10.1242/jeb.021881

Page, R. A., & Jones, P. L. (2016). Overcoming sensory uncertainty: Factors affecting
foraging decisions in frog-eating bats. In M. A. Bee, & C. T. Miller (Eds.), Psy-
chological mechanisms in animal communication (Vol. 5, pp. 285—312). Inter-
national: Springer. https://doi.org/10.1007/978-3-319-48690-1_11

R Core Team. (2022). R: A language and environment for statistical computing. R
Foundation for Statistical Computing. https://www.R-project.org/

Raguso, R. A. (2004). Flowers as sensory billboards: Progress towards an integrated
understanding of floral advertisement. Current Opinion in Plant Biology, 7(4),
434—440. https://doi.org/10.1016/j.pbi.2004.05.010

Richards, T. J., Ortiz-Barrientos, D., & McGuigan, K. (2019). Natural selection drives
leaf divergence in experimental populations of Senecio lautus under natural
conditions. Ecology and Evolution, 9(12), 6959—6967. https://doi.org/10.1002/
ece3.5263

Riffell, J. A. (2011). The neuroecology of a pollinator's buffet: Olfactory preferences
and learning in insect pollinators. Integrative and Comparative Biology, 51(5),
781-793. https://doi.org/10.1093/icb/icr094

Roselino, A. C., Rodrigues, A. V., & Hrncir, M. (2016). Stingless bees (Melipona
scutellaris) learn to associate footprint cues at food sources with a specific
reward context. Journal of Comparative Physiology, 202(9), 657—666. https://
doi.org/10.1007/s00359-016-1104-1

Rusch, C.,, Roth, E., Vinauger, C., & Riffell, J. A. (2017). Honeybees in a virtual reality
environment learn unique combinations of colour and shape. Journal of
Experimental Biology, 220(19), 3478—3487. https://doi.org/10.1242/jeb.164731

Russell, A. L., & Ashman, T.-L. (2019). Associative learning of flowers by generalist
Bumble bees can be mediated by microbes on the petals. Behavioral Ecology,
30(3), 746—755. https://doi.org/10.1093 /beheco/arz011

Russell, A. L., Golden, R. E., Leonard, A. S., & Papaj, D. R. (2016). Bees learn pref-
erences for plant species that offer only pollen as a reward. Behavioral Ecology,
27(3), 731-740. https://doi.org/10.1093/beheco/arv213

Russell, A. L., Mauerman, K., Golden, R. E., & Papaj, D. R. (2018). Linking compo-
nents of complex signals to morphological part: The role of anther and corolla
in the complex floral display. Animal Behaviour, 135, 223—236. https://doi.org/
10.1016/j.anbehav.2017.11.021

Russell, A. L., Newman, C. R., & Papaj, D. R. (2017). White flowers finish last: Pollen-
foraging Bumble bees show biased learning in a floral color polymorphism.
Evolutionary Ecology, 31(2), 173—191. https://doi.org/10.1007/s10682-016-
9848-1

Russell, A. L., & Papaj, D. R. (2016). Artificial pollen dispensing flowers and feeders
for bee behaviour experiments. Journal of Pollination Ecology, 18, 13—22. https://
doi.org/10.26786/1920-7603(2016)14

Russell, A. L., Sanders, S. R., Wilson, L. A., & Papaj, D. R. (2021). The size of it: Scant
evidence that flower size variation affects deception in intersexual floral
mimicry. Frontiers in Ecology and Evolution, 9, Article 724712. https://www.
frontiersin.org/articles/10.3389/fevo.2021.724712

Schiestl, F. P. (2005). On the success of a swindle: Pollination by deception in or-
chids. Naturwissenschaften, 92(6), 255—264. https://doi.org/10.1007/s00114-
005-0636-y

Schiestl, F. P, & Johnson, S. D. (2013). Pollinator-mediated evolution of floral sig-
nals. Trends in Ecology & Evolution, 28(5), 307—315. https://doi.org/10.1016/
j.tree.2013.01.019

Simon, R., Holderied, M. W., Koch, C. U., & von Helversen, O. (2011). Floral acous-
tics: Conspicuous echoes of a dish-shaped leaf attract bat pollinators. Science,
333(6042), 631—633. https://doi.org/10.1126/science.1204210

Skorupski, P, & Chittka, L. (2010). Photoreceptor spectral sensitivity in the
bumblebee, bombus Impatiens (Hymenoptera: Apidae). PLoS One, 5(8), Article
e12049. https://doi.org/10.1371/journal.pone.0012049

Stach, S., Benard, J., & Giurfa, M. (2004). Local-feature assembling in visual pattern
recognition and generalization in honeybees. Nature, 429(6993), Article 6993.
https://doi.org/10.1038/nature02594

Stavenga, D. G., Smits, R. P., & Hoenders, B. J. (1993). Simple exponential functions
describing the absorbance bands of visual pigment spectra. Vision Research,
33(8), 1011—-1017. https://doi.org/10.1016/0042-6989(93)90237-q

Stephens, D. W. (2008). Decision ecology: Foraging and the ecology of animal
decision making. Cognitive, Affective, & Behavioral Neuroscience, 8(4), 475—484.
https://doi.org/10.3758/CABN.8.4.475

Symington, H. A., & Glover, B. J. (2024). Strawberry varieties differ in pollinator-
relevant floral traits. Ecology and Evolution, 14(2), Article e10914. https://
doi.org/10.1002/ece3.10914

Ushey, K., Allaire, J., Wickham, H., & Ritchie, G. (2022). rstudioapi: Safely access the
RStudio API (R package Version 0.14). https://CRAN.R-project.org/
package=rstudioapi

van der Kooi, C. ]., Reuvers, L., & Spaethe, ]J. (2023). Honesty, reliability, and in-
formation content of floral signals. iScience, 26(7), Article 107093. https://
doi.org/10.1016/j.isci.2023.107093

Wackers, F. L., & Lewis, W. ]. (1999). A comparison of color-, shape- and pattern-
learning by the hymenopteran parasitoid Microplitis croceipes. Journal of
Comparative  Physiology,  184(4), 387-393.  https://doi.org/10.1007/
s003590050337

Whitney, H. M., Chittka, L., Bruce, T. J. A., & Glover, B. ]. (2009). Conical epidermal
cells allow bees to grip flowers and increase foraging efficiency. Current
Biology, 19(11), 948—953. https://doi.org/10.1016/j.cub.2009.04.051

Wiklund, C. (1984). Egg-laying patterns in butterflies in relation to their phenology
and the visual apparency and abundance of their host plants. Oecologia, 63(1),
23-29.

Zhang, S. W,, Srinivasan, M. V., & Collett, T. (1995). Convergent processing in
honeybee vision: Multiple channels for the recognition of shape. Proceedings of
the National Academy of Sciences of the United States of America, 92(7),
3029—-3031. https://doi.org/10.1073/pnas.92.7.3029


http://refhub.elsevier.com/S0003-3472(26)00046-1/sref39
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref39
https://doi.org/10.1093/beheco/12.4.447
https://CRAN.R%2Dproject.org/package%3DsjPlot
https://doi.org/10.1007/BF00188109
https://doi.org/10.1007/BF00188109
https://doi.org/10.1007/BF00213678
https://doi.org/10.1242/jeb.01790
https://doi.org/10.1242/jeb.01790
https://doi.org/10.1007/BF00615140
https://doi.org/10.1007/BF00615140
https://rvlenth.github.io/emmeans/
https://doi.org/10.1242/jeb.047407
https://doi.org/10.1093/czoolo/57.2.215
https://doi.org/10.1007/s00359%2D014%2D0904%2D4
https://doi.org/10.1098/rstb.2019.0486
https://doi.org/10.1111/2041%2D210X.13174
https://doi.org/10.3389/fpsyg.2018.01529
https://doi.org/10.3389/fpsyg.2018.01529
https://doi.org/10.1016/j.anbehav.2005.09.006
https://doi.org/10.1007/BF00333562
https://doi.org/10.1016/j.anbehav.2015.09.029
https://doi.org/10.1098/rstb.2021.0157
https://doi.org/10.1098/rstb.2021.0157
https://doi.org/10.1242/jeb.021881
https://doi.org/10.1242/jeb.021881
https://doi.org/10.1007/978%2D3%2D319%2D48690%2D1_11
https://www.R%2Dproject.org/
https://doi.org/10.1016/j.pbi.2004.05.010
https://doi.org/10.1002/ece3.5263
https://doi.org/10.1002/ece3.5263
https://doi.org/10.1093/icb/icr094
https://doi.org/10.1007/s00359%2D016%2D1104%2D1
https://doi.org/10.1007/s00359%2D016%2D1104%2D1
https://doi.org/10.1242/jeb.164731
https://doi.org/10.1093/beheco/arz011
https://doi.org/10.1093/beheco/arv213
https://doi.org/10.1016/j.anbehav.2017.11.021
https://doi.org/10.1016/j.anbehav.2017.11.021
https://doi.org/10.1007/s10682%2D016%2D9848%2D1
https://doi.org/10.1007/s10682%2D016%2D9848%2D1
https://doi.org/10.26786/1920%2D7603%282016%2914
https://doi.org/10.26786/1920%2D7603%282016%2914
https://www.frontiersin.org/articles/10.3389/fevo.2021.724712
https://www.frontiersin.org/articles/10.3389/fevo.2021.724712
https://doi.org/10.1007/s00114%2D005%2D0636%2Dy
https://doi.org/10.1007/s00114%2D005%2D0636%2Dy
https://doi.org/10.1016/j.tree.2013.01.019
https://doi.org/10.1016/j.tree.2013.01.019
https://doi.org/10.1126/science.1204210
https://doi.org/10.1371/journal.pone.0012049
https://doi.org/10.1038/nature02594
https://doi.org/10.1016/0042%2D6989%2893%2990237%2Dq
https://doi.org/10.3758/CABN.8.4.475
https://doi.org/10.1002/ece3.10914
https://doi.org/10.1002/ece3.10914
https://CRAN.R%2Dproject.org/package%3Drstudioapi
https://CRAN.R%2Dproject.org/package%3Drstudioapi
https://doi.org/10.1016/j.isci.2023.107093
https://doi.org/10.1016/j.isci.2023.107093
https://doi.org/10.1007/s003590050337
https://doi.org/10.1007/s003590050337
https://doi.org/10.1016/j.cub.2009.04.051
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref82
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref82
http://refhub.elsevier.com/S0003-3472(26)00046-1/sref82
https://doi.org/10.1073/pnas.92.7.3029

	Take it or leaf it: bees learn leaf shape as a cue when flower colour is easily learned
	Methods
	Bees and Housing
	Artificial Flowers
	Spectral Analyses
	Experimental Protocol
	Data Analyses
	Do bees learn more quickly when the learning task is easier?
	Do bees learn the leaf–petal combination regardless of the difficulty of the learning task?
	Is associative learning mediated equivalently by petal colour and leaf shape?

	Ethical Note

	Results
	Bees Learned More Quickly When the Learning Task Was Easier
	Bees Learned the Leaf–Petal Combination When the Learning Task Was Easier
	Associative Learning Was Primarily Mediated by Petal Colour

	Discussion
	Author Contributions
	Data Availability
	Declaration of Interest
	Acknowledgments
	Supplementary Material
	References


