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Integrating information across sensory modalities enables animals to
orchestrate a wide range of complex behaviours. The relative importance
placed on one sensory modality over another reflects the reliability of
cues in a particular environment and corresponding differences in neural
investment. As populations diverge across environmental gradients, the
reliability of sensory cues may shift, favouring divergence in neural
investment and the weight given to different sensory modalities. During
their divergence across closed-forest and forest-edge habitats, closely
related butterflies Heliconius cydno and Heliconius melpomene evolved
distinct brain morphologies, with the former investing more in vision.
Quantitative genetic analyses suggest that selection drove these changes,
but their behavioural consequences remain uncertain. We hypothesized
that divergent neural investment may alter sensory weighting. We trained
individuals in an associative learning experiment using multimodal colour
and odour cues. When positively rewarded stimuli were presented in
conflict, i.e. pairing positively trained colour with negatively trained
odour and vice versa, H. cydno favoured visual cues more strongly than
H. melpomene. Hence, differences in sensory weighting may evolve early
during divergence and are predicted by patterns of neural investment.
These findings, alongside other examples, imply that differences in sensory
weighting stem from divergent investment as adaptations to local sensory
environments.

1. Introduction
Animals rely on multiple sensory systems to perceive and navigate their
environments. The integration of environmental information across different
sensory modalities (e.g. vision and olfaction) facilitates complex behaviours
such as foraging, predator avoidance and mate finding [1,2]. Cues perceived
by these different sensory modalities can work in concert to enhance signal
detection [3], but individuals may also prioritize one sensory modality over
another [1,4]. This prioritization is likely shaped by divergent selection acting
on heritable variation across different habitats [5,6], leading to evolutionary
shifts in their relative importance between populations that exploit different
habitats.
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Evidence for divergence in sensory weighting, defined here as the relative emphasis given to different modalities during
behavioural decision-making [4,7,8], has been observed across a handful of taxa where related species exploit different sensory
environments. For instance, stingless bees rely less on visual cues, such as colour, than honeybees, possibly due to reduced
investment in eye size [9]. In butterflies and moths, brain areas processing sensory information are among the most variable
structures between species, and studies investigating multisensory integration emphasize associations between interspecific
differences in neuroanatomy and behaviour [10,11]. For example, while hawkmoths broadly use both visual and olfactory cues
during foraging [4,12], nocturnal species invest relatively more in brain regions associated with olfactory processing, whereas
diurnal species are characterized by larger investments in visual neuropils. This shift in neural investment is mirrored in the
relative importance given to olfactory and visual cues during foraging [7]. How such specializations in the weighting of sensory
cues evolve over smaller evolutionary timescales and across more subtle ecological gradients at the early stages of divergence is
less clear.

The neotropical Heliconius butterflies provide an excellent opportunity to study how sensory environments can shape
multisensory integration during the early stages of divergence. Although olfaction also plays a role [8,13–17], these butterflies
rely heavily on vision during foraging [18,19], mate recognition [20–22] and oviposition [23,24]. In Heliconius, speciation is
often associated with ecological transitions across forest types [25–28] such that closely related species experience different
sensory conditions [26,29,30]. Sister taxa are also known to differ in multiple aspects of both the peripheral and central sensory
pathways, likely reflecting adaptation to local sensory conditions [31–33].

If these shifts in neural investment and sensory weighting are the result of divergent selection imposed by differences
in sensory ecology, we expect populations diverging across similar environmental gradients to show associated changes in
behaviour [34–36]. The Heliconius species pair, Heliconius melpomene and Heliconius cydno, are a well-studied case of ecological
speciation, which provides an opportunity to test this hypothesis. These species exist in ‘mosaic sympatry’, where H. melpomene
inhabits open forest edges while H. cydno occupies more closed canopy, inner forest habitats (figure 1) [26,38,39]. Heliconius
cydno has larger eyes and invests more heavily in brain structures associated with vision when compared with H. melpomene;
however, these species do not differ in antennal lobe investment [32]. Multiple sources of data including common-garden-reared
individuals strongly suggest that these differences have likely been shaped by adaptive processes [32,33,37]. In insects, visual
information is relayed from the optic lobes to the mushroom bodies (the major sensory integration centres), which also receive
input from the olfactory pathway [11]. Changes in investment in specific sensory pathways may, therefore, affect the strength
of input received, consequently influencing the weight given to different sensory cues during behavioural decision-making
processes.

Here, we test how H. cydno and H. melpomene prioritize visual and olfactory information during foraging, predicting that
increased investment in the visual pathway may lead to H. cydno prioritizing visual cues. To this end, we trained butterflies to
a combination of visual and olfactory stimuli using flower models and then quantified the relative weights given to visual and
olfactory cues by presenting the rewarded stimuli in conflict.

2. Material and methods
(a) Butterfly rearing and maintenance
We maintained outbred stock populations of H. cydno and H. melpomene at the Experimental Station José Celestino Mutis—
Universidad del Rosario, near La Vega, Colombia (5.0005° N, 74.3394° W), established from wild individuals caught in the local
area. Outdoor cages (1 × 3 × 2 m) housed butterfly groups with access to approximately 20% sugar solution, Gurania, Lantana
and Psiguria spp. flowers as pollen sources, and Passiflora vines for oviposition. All individuals used in the experiments were
reared under common garden conditions.

(b) Experimental set-up and stimuli
To test for visual and olfactory preferences, learning and sensory weighting, we presented male and female butterflies with
artificial feeders with both visual (red or blue) and olfactory (lavender or rose essential oils) stimuli on two 25 × 25 cm hard
polyvinyl chloride (PVC) sheet ‘arrays’ separated by 200 cm in a 1 × 3 × 2 m insectary (figure 2a). Each array had four feeders
made from a 5 ml Eppendorf tube surrounded by a 3 cm radius circle printed on waterproof paper. One array had all red circles,
and on the other, all blue. Olfactory stimuli were presented in a 200 µl PCR tube below the paper circles, containing either
lavender (Lavandula angustifolia) or rose (Rosa damascena) essential oils diluted with paraffin oil to 1% concentration (figure 2b).
By keeping the olfactory cues separate underneath the waterproof paper and not mixing them with the feeding solution, we
ensured that olfactory associations were not confounded by gustatory reception. All four feeders on the same array had the
same olfactory stimuli to avoid odour mixing.

We trained and tested butterflies in same-sex groups of 20–24 uniquely marked individuals (10–12 per species). There is
no evidence of social learning in Heliconius butterflies [40], and we did not see evidence of group effects. Butterflies were
introduced to the experimental cages at least 12 h before the initial testing period to allow for acclimatization and were
food-deprived overnight. Butterflies were trained to associate the combination of blue colour and rose odour with a positive
reward [blue/rose] (20% sugar–water solution) and the combination of [red/lavender] with a negative stimulus (approx. 18%
vitamin C solution; [8,41]).
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We chose red as the negatively rewarded colour because Heliconius often feed on red flowers, which are perceived through
filtering pigments, to which they have a naive preference [18,42]. This allowed us to show that butterflies can learn to associate
novel colours with a food reward. Butterflies were tested with the visual and olfactory cues in the trained test (i.e. [blue/rose]
versus [red/lavender]: days 1 and 5), in ‘conflict’ (i.e. [blue/lavender] versus [red/rose]: day 6) or with colour alone (i.e. [blue]
versus [red]: day 7; figure 3a). In contrast to the training phases, during testing, clean Eppendorf tubes were only filled with
water (i.e. with no positive or negative ‘reward’), and fresh visual stimuli were used.

(c) Training and testing

(i) Naive test (day 1). We recorded the naive preferences toward combinations of the visual and olfactory stimuli [blue/rose]
versus [red/lavender] for 1 h (10.00−11.00) using only water feeders. Afterwards, each butterfly was then hand-fed once on
a positive [blue/rose (+)] and once on a negative rewarded feeder [red/lavender (−)] and then allowed to feed freely for 2 h
from the positive and negative rewarded feeders (11.00−13.00).

(ii) Training (days 2–4). Training was reinforced on experimental days 2–4. First, each individual was hand-fed once on a
positive [blue/rose (+)] and once on a negative rewarded feeder [red/lavender (−)]. Afterwards, butterflies were allowed to
feed freely for 3 h (10.00−13.00) from the positive or negative rewarded feeders. The feeders’ position was randomized (coin
toss) every day to prevent positional learning.

H. cydno

Optic lobe

(+ eye size + facet number)

light intensity

Closed tropical forest Forest edge/open

H. melpomene

Figure 1. Habitat preference and the sensory environment are associated with differences in brain investment in Heliconius butterflies. Heliconius cydno invests more
in visual neuropils [32] and visual periphery [33,37] and inhabits more-closed canopy forest habitats than its close relative. Heliconius melpomene is found in the forest
edge [21,30].

(a) (b)
PCR tube containing odour cue

2 m

Visual cue printed on waterproof paper

Figure 2. Experimental set-up. (a) Groups of H. cydno and H. melpomene were presented with artificial flower arrays at the end of the cages and were trained to a
certain colour/odour combination. (b) Artificial flower array containing the multimodal visual cues (coloured circles) and olfactory cue (PCR tube containing essential
oil).
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(iii) Trained test (day 5). On day 5, we recorded the trained preferences for 1 h (between 10.00 and 11.00) using only water in the
feeders with the stimuli in trained conditions (i.e. [blue/rose] versus [red/lavender]). This was immediately followed by 2 h
of reinforcement training with rewarded feeders, i.e. [blue/rose (+)] and [red/lavender (−)].

(iv) Conflict test (day 6). To test for differences in sensory weighting, we presented the visual and olfactory cues in conflict (i.e.
[blue/lavender] versus [red/rose]; figure 3). As for the previous tests, feeding behaviour was recorded for 1 h (between
10.00 and 11.00) using only water in the feeders. This was then followed by reinforcement training for 2 h, i.e. [blue/rose
(+)] and [red/lavender (−)].

(v) Colour test (day 7). We tested visual preferences in isolation for 1 h (between 10.00 and 11.00; i.e. blue versus red, without
olfactory stimuli and using water only).

(d) Behavioural tests
All feeding test assays ((i) naive, (ii) trained, (iv) conflict and (v) colour) were filmed from above with an AKASO Brave 4
Pro action camera. We scored the videos in BORIS [43], recording the total number of feeding attempts directed toward each
stimulus per individual. Feeding attempts were defined as a proboscis extension within the coloured circle feeders. We scored
instances where an individual moved outside the circle and subsequently returned as a new feeding attempt. In contrast, we
scored instances where an individual remained within a circle and probed continuously as a single attempt unless the proboscis
was retracted for 3 s or longer.

(e) Training criterion
We established a stringent training criterion to incorporate only individuals that had successfully learned the correct stimulus
combination, following similar learning studies in lizards [44,45] and butterflies [19]. Out of 260 individuals, 73 were excluded
from the analysis for not attempting to feed on the trained test (day 5; electronic supplementary material, table S1). To
investigate species differences in sensory weighting, we included only those individuals that demonstrated robust associative
learning of the trained cue combinations (i.e. ≥ 75% of feeding choices toward the positive multimodal stimuli [blue/rose] on the
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Figure 3. Heliconius cydno and H. melpomene weight visual and olfactory cues differently while foraging. (a) Butterflies were trained to feed on blue feeders with a
rose odour (zigzag lines) and negatively reinforced red feeders with a lavender odour (dotted lines). In the conflict test, the positively trained feeders were presented
in combination with the negatively trained odours and vice versa. During training, positive stimuli were rewarded with sugar–water solution and negative stimuli with
approximately 18% vitamin C solution, but during all tests (naive, trained, conflict and colour), feeders were only filled with water (i.e. with no positive or negative
reward). Training and reinforcement training periods are delineated by white rectangles, while behavioural tests are indicated by grey rectangles (water only). (b)
Proportion of feeding attempts toward blue feeder for H. cydno and H. melpomene. Each point represents the feeding choices of an individual; solid dots and error
bars represent the mean choices per species ± 95% confidence intervals. Blue circles represent H. cydno, and orange triangles represent H. melpomene. Shapes in grey
represent naive individuals that did not learn. On naive and trained tests, feeder combinations were blue/rose and red/lavender; in the conflict test, the positively
trained colour (blue) was presented in conflict with the negatively rewarded odour (lavender) and vice versa. In the colour tests, individuals were presented only with
red or blue feeders without an odour. Only individuals that passed our training criteria (≥ 75% on the trained day) are shown (see §2).
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trained test (day 5), resulting in a reduced sample size from 187 to 73 individuals. Although biased toward H. melpomene (52
individuals versus 21 H. cydno individuals), this rigorous criterion ensured that our analysis focused solely on individuals who
had successfully learned. However, our results did not quantitatively change when including all 117 individuals with a lower
threshold of learning (i.e. > 50% correct; see electronic supplementary material, tables S2, S5 and S6).

(f) Statistical analysis
We used general linear mixed models (GLMM) with a binomial distribution using the lme4 package [46] in R [47] to assess
if species differed in their feeding attempts when the positively rewarded stimuli agreed or were in conflict. The dependent
variable was the proportion of choices toward the blue feeders, and we included species and treatment (trained test (day 5),
conflict test (day 6) or colour test (day 7)) and their interaction as fixed factors. Sex was also included as a fixed factor in
our initial model but was later dropped during model selection. To account for the varying number of choices made by each
butterfly, individual observations are weighted by their total number of feeding attempts [48]. Individual ID nested within
group ID was included as random effects to account for repeated measures (table 1). We applied a stepwise model reduction
approach to identify the minimum adequate statistical models, using likelihood ratio tests (LRTs) via the drop1 function to
determine significance. When fixed effects or their interactions were significant, we conducted pairwise comparison tests using
post hoc Bonferroni corrections with the emmeans package [49]. Plots were made using the ggplot2 package [50].

3. Results
Among the 73 individuals (52 H. melpomene and 21 H. cydno) that passed our stringent training criterion (i.e. > 75% correct
choices on day 5), we conducted tests to quantify the species’ reliance on visual and olfactory cues. Importantly, during these
tests, all feeders were unrewarded. Heliconius cydno did not differ from H. melpomene in the trained test (table 1; post hoc: H.
cydno trained versus H. melpomene trained, Z = −1.375, p = 1.0). In contrast, H. melpomene and H. cydno responded differently
when presented with the olfactory and visual stimuli in conflict (figure 3b). Importantly, the interaction between species and
trial type was retained in our model, confirming that this was an effect of how the stimuli were presented (species × treatment
LRT: 2ΔlnL = 22.876, d.f. = 2, p < 0.001; electronic supplementary material, table S3). In the conflict test, H. cydno fed mostly on
the blue feeder, while H. melpomene primarily chose the feeder with the rose scent, suggesting a difference between these species
in how olfactory and visual cues are weighed during behavioural decisions (figure 3b; table 1; post hoc: H. cydno conflict versus
H. melpomene conflict, Z = 3.210, p = 0.019). We found no effect of sex, which was excluded from our model (sex LRT: 2ΔlnL =
3.067, d.f. = 1, p = 0.079; electronic supplementary material, table S3).

Our post hoc analysis revealed that individuals of both species made fewer feeding attempts on the blue feeder when the
stimuli were presented in conflict, suggesting that both species use both visual and olfactory stimuli when making foraging
decisions (table 1; post hoc: H. cydno trained versus H. cydno conflict, Z = 6.932, p ≤ 0.0001; H. melpomene trained versus H.
melpomene conflict, Z = 20.614, p ≤ 0.0001). Heliconius cydno made fewer feeding attempts on the blue feeder when the positively
trained olfactory and visual stimuli were in conflict than when they were in the trained combinations, confirming the use of
both cues when present. However, there was no distinction between the trained test and the colour-only test (table 1; post hoc: H.
cydno trained versus H. cydno colour, Z = 2.321, p = 0.304), further emphasizing that H. cydno was more attentive to the visual cue
in our assay. Conversely, H. melpomene differed between the trained test and the colour-only test, indicating greater use of the
olfactory stimulus (table 1; post hoc: H. melpomene trained versus H. melpomene colour, Z = 10.920, p ≤ 0.0001).

4. Discussion
We explored how two closely related butterfly species, H. cydno and H. melpomene, weigh visual and olfactory information
in a foraging context. Our findings indicate a significant divergence in behaviour between these two species, with H. cydno
favouring visual cues over olfactory cues compared with H. melpomene. Importantly, our results mirror differences in brain

Table 1. Pairwise p-value comparison matrix of post hoc test with Bonferroni correction for the minimal adequate model for the effects of the interaction between
species and treatment (trained, conflict and colour) on choices toward blue feeders. Only individuals that passed our training criteria (≥ 75% on the trained day) are
included. Results are from a binomial GLMM (see §2 for statistical details; Proportion blue ~ Species × Level + (1|Group/ID)).

H. cydno trained H. melpomene trained H. cydno conflict H. melpomene conflict H. cydno colour H. melpomene colour

H. cydno trained [2.329] 1 <0.0001 <0.0001 0.3041 0.008

H. melpomene trained [2.874] <0.0001 <0.0001 0.0116 <0.0001

H. cydno conflict [0.465] 0.0199 <0.0001 1

H. melpomene conflict [−0.601] <0.0001 <0.0001

H. cydno colour [1.639] 1

H. melpomene colour [0.989]
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morphology and suggest that divergence in the sensory environment may have led to changes in brain composition and how
these species process, integrate and prioritize information across sensory modalities.

To assess how H. cydno and H. melpomene prioritize visual and olfactory information, we presented trained butterflies
with conflicting stimuli—pairing positively trained colours with negatively trained odours and vice versa. Both species chose
the ‘correct’ colour less frequently in these conflict scenarios compared with their trained preferences or when presented
with colours alone, indicating that both visual and olfactory cues influence foraging decisions. However, when presented
with conflicting cues, the species differed in their reliance on each sensory modality. Heliconius cydno predominantly fed on
the positively rewarded visual cue (the blue feeder). In contrast, H. melpomene showed a stronger preference for the feeder
containing the positive trained odour stimulus (rose), indicating a difference between the two species in the weight given to
the two cues during behavioural decision-making. Additionally, H. melpomene differed between the trained and colour-only
test, making fewer correct choices when only colours were presented, again suggesting a larger reliance on the olfaction
stimulus compared to H. cydno. Given that the behavioural variation we observe is from common-garden-reared individuals,
these interspecific shifts are likely to have a genetic basis. In addition, our results align with divergent patterns of investment
in sensory pathways between the two species, whereby H. cydno exhibits greater relative investment in the visual system
[32,33,37]. Therefore, heritable shifts in neural investment and sensory weighting may result from divergent selection imposed
by differences in sensory ecology.

One potential limitation of our study is that we managed to successfully train a larger number of H. melpomene than H. cydno
individuals. This discrepancy in training could be due to H. melpomene being more active during the trials, possibly due to the
outdoor insectaries being found in the forest edge, which closely resembles the H. melpomene habitat [26,30]. Indeed, in contrast
to H. cydno, H. melpomene is frequently observed flying next to the insectaries (J Borrero, personal observation). Despite this
difference, individuals of both species successfully learned the rewarded combination under our rigorous training criteria (≥ 
75% correct choices), and our main conclusions hold even under less rigorous training criteria (see electronic supplementary
material, results).

Adaptation to the local sensory environment may play an important role during the early stages of divergence. The gradient
observed in the preferred environments of H. cydno and H. melpomene, from closed forest canopy to open forest edge [26,30],
resembles the transition across an altitudinal gradient, from complex broadleaf forest environments to dry Andean forests seen
in another distantly related Heliconius species pair, Heliconius erato and Heliconius himera [51]. Heliconius erato cyrbia and H. himera
exhibit similar patterns of neural divergence, with H. erato cyrbia showing increased, heritable investment in the visual pathway,
but with H. himera also showing some increased investment in the olfactory pathway [8,31]. Despite methodological differences
(group versus individual testing and the exact visual and olfactory stimuli used), our results qualitatively reassemble a previous
study in H. erato and H. himera [8]. Together, these findings demonstrate similar shifts in sensory weighting among Heliconius
butterflies, with species inhabiting more closed habitats investing more in perceiving and processing visual information and
favouring visual over olfactory cues. This suggests that changes in the light environment are a common source of divergent
selection across the two species pairs.

More broadly, changes in sensory weighting have been observed across different taxa and across different evolutionary
timescales. For instance, urban great tits prefer olfactory cues, while forest birds rely more on visual cues [52]. Nine-spined
sticklebacks show plasticity in their sensory reliance; for instance, compared to fish reared in visually unrestricted habitats,
individuals raised in visually restricted environments display a larger reliance on chemical over visual cues. This suggests that
neural plasticity may underpin initial behavioural responses to novel environments that are later consolidated by selection [53].
In three spine stickleback fish, populations in different lakes segregate into limnetic and benthic ecomorphs along an environ-
mental gradient [54]. These stickleback populations show repeated evolutionary shifts in brain regions that are correlated with
differences in their sensory environments; limnetic species have larger structures for visual processing, and benthic ectomorphs
possess larger olfactory bulbs. Comparing across larger evolutionary timescales, studies have found that nocturnal hawkmoths
prioritize olfactory cues while foraging, as evidenced by their increased investment in olfactory processing. Conversely, diurnal
hawkmoths show a larger investment in visual neuropils and place a greater emphasis on visual cues. These changes in the
relative weight given to different sensory modalities and the accompanying changes in brain investment are likely driven by
the transition from a nocturnal to a diurnal habitat and the associated alterations in their sensory environment [7]. Combined
with our findings, these studies underscore the role of environmental factors in driving changes in neuroanatomy, sensory
integration and behaviour across species.

In conclusion, our results highlight shifts in sensory weighting between species associated with neural investment and
ecological divergence, consistent with patterns across Heliconius butterflies. We demonstrated that H. cydno, from a lower
light habitat [30], which is characterized with increased visual investment [32,33], favours visual cues more strongly than
H. melpomene. Alongside previous results in hawkmoths and Heliconius butterflies [7,8], our research reveals repeated shifts
in sensory weighting associated with changes in neural investment and habitat use. This highlights the potential role of the
sensory environment to shape differences in brain structure, which subsequently may influence key sensory behaviours crucial
during the initial stages of species divergence.
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