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Flight was a key innovation in the adaptive radiation of insects. However, it is a complex
trait influenced by a large number of interacting biotic and abiotic factors, making it
difficult to unravel the evolutionary drivers. We investigate flight patterns in neotropical
heliconiine butterflies, well known for mimicry of their aposematic wing color patterns.
We quantify the flight patterns (wing beat frequency and wing angles) of 351 individ-
uals representing 29 heliconiine and 9 ithomiine species belonging to ten color pattern
mimicry groupings. For wing beat frequency and up wing angles, we show that heli-
coniine species group by color pattern mimicry affiliation. Convergence of down wing
angles to mimicry groupings is less pronounced, indicating that distinct components of
flight are under different selection pressures and constraints. The flight characteristics
of the Tiger mimicry group are particularly divergent due to convergence with distantly
related ithomiine species. Predator-driven selection for mimicry also explained variation
in flight among subspecies, indicating that this convergence can occur over relatively
short evolutionary timescales. Our results suggest that the flight convergence is driven
by aposematic signaling rather than shared habitat between comimics. We demonstrate
that behavioral mimicry can occur between lineages that have separated over evolution-
ary timescales ranging from <0.5 to 70 My.

parallel evolution | multitrait mimicry | wing beat frequency | Heliconius | Ithomiini

The evolution of powered flight likely played a key role in the adaptative radiations of
insects (1), bats (2), and birds (3). Flight is a complex trait characterized by variation in
wing beat frequency, flight speed, acceleration, maneuverability, stroke amplitude, and
asymmetry, which may be produced by changes in wing shape and structure, musculature,
and physiology (3). While much research has focused on understanding the acrodynamics
(4) and origin (5) of flight, relatively little is known about the evolutionary pressures
driving the diversification of flight behaviors within these groups (6, 7).

Factors affecting flight could include abiotic drivers associated with habitat such as air
pressure (due to elevation) (8, 9), temperature (particularly important for ectotherms)
(10), and the complexity of the habitat itself. Biotic drivers include species morphology
(11), life history traits like migration behavior (12) and foraging needs (13) among others.
These factors will likely interact in complex and sometimes antagonistic ways, potentially
constraining the ability of selection to affect flight along any particular axis. For example,
in some Morpho butterflies, males are found gliding in the canopy while females utilize
flapping flight in the understory (14). The canopy-flying males have a higher wing aspect
ratio (14), which is associated with increased aerodynamic efliciency and reduced energetic
cost of flight (15). However, despite these energetic advantages, females in the same group
use flapping flight because they are constrained by microhabitat, as they spend a significant
amount of time flying in the understory searching for oviposition sites (14). Male Morpho
butterflies also alter their flight behavior when conspecific butterflies are present and
exhibit a different flight pattern depending on the sex of the individual with which they
are interacting (16).

Flight behavior may also be influenced by predation. In diurnal Lepidoptera (but-
terflies and moths), predation pressure has led to the widespread evolution of mimetic
aposematic wing color patterns. This mimicry among individuals from often unrelated
species is commonly classified as either mutualistic (Miillerian mimicry), with multiple
unpalatable taxa sharing similar warning patterns, or parasitic (Batesian mimicry), with
palatable individuals gaining protection by mimicking unpalatable taxa (17-19).
Although behaviors have been recognized as an important component of the mimetic
signal, studies of mimicry often focus on single trait, static signals such as color pattern
(20-22). However, multitrait mimicry is expected to create a more robust signal and
may reduce the need for close mimicry of individual traits. Behavioral mimicry has been
directly shown to provide protection from predators; for example, in Salticid spiders,
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where ant-mimicking spiders are significantly less likely to be
predated than con- or heterospecific non-ant-mimicking indi-
viduals (23).

There are some limited examples of flight mimicry in insects.
For example, in the butterfly Papilio polytes, mimetic female
morphs show stronger similarities in flight to their putative model
species than nonmimetic males and palatable controls (24). Bee
and wasp-mimicking sesiid moths have also been shown to fly
more similarly to their respective models than to nonmimetic
sesiids (25). Flight mimicry has been demonstrated between two
comimetic species pairs of Heliconius butterflies (26). However,
these studies are limited both in their taxonomic scope and evo-
lutionary time frame, and comprehensive investigation of the
evolution of multitrait mimicry is lacking.

Color pattern mimicry is particularly common in certain but-
terflies, such as the well-studied neotropical heliconiine butterflies
(27). This group of ~77 species (28) display conspicuous warning
color patterns associated with unpalatability to potential predators,
usually diurnal insectivorous birds (29-31). Near identical color
patterns have evolved in multiple species, resulting in the forma-
tion of characteristic mimicry rings (32, 33). These mimicry rings
usually comprise other heliconiine butterflies but may also include
more distantly related butterfly taxa and even day-flying moth
species (32). The orange/yellow/brown “Tiger” mimicry ring in
particular is dominated by species belonging to another distantly
related distinct aposematic butterfly tribe, the Ithomiini (34),
which have been suggested to be the primary unpalatable models
(35). The Ithomiini are a diverse tribe of over 350 species, most
belonging to a variety of transparent mimicry groupings (34).

There is tantalizing evidence that mimicry in Heliconius but-
terflies extends beyond color patterns to other traits. In addition
to the limited evidence of flight mimicry, studies of wing shape
have also found convergence within mimicry groups in a few
Heliconius species (36-39). Convergence in wing shape can poten-
tially increase both visual mimicry, when butterflies are static (for
example, during basking and roosting behavior), and behavioral
mimicry by influencing flight aerodynamics. Although there are
some habitat differences between mimicry rings, species belonging
to multiple mimicry rings commonly co-occur and also overlap
in flight height (32). The Heliconiini are also a very ecologically
diverse clade, with species ranging widely across the neotropics
(40), and found across elevational gradients and different habitat
types. Various traits including wing shape variation have been
attributed to differences in altitude (41), microhabitat (42), and
flight strata (43). Therefore, the scale and importance of multitrait
mimicry in this textbook system of convergent evolution is
unknown.

In this study, we characterize the flight of 29 heliconiine and 9
ithomiine species. After controlling for phylogenetic relatedness,
we test for the effect of multiple biotic and abiotic factors (mim-
icry, habitat, location, temperature, and morphology) on flight
behavior in a system exhibiting Miillerian mimicry of wing color
patterns between taxa that diverged as recently as 0.5 Mya to as
long as 70 Mya (44, 45).

Results

Wing beat frequency (WBF) was measured for 351 individuals
(199 males and 152 females) from 29 heliconiine (44 subspecies)
and 9 ithomiine species belonging to 10 mimicry rings. Wing
angle estimates were obtained for a subset of 240 of the heliconiine
individuals from all the species, excluding Dione juno, and from
26 ithomiine individuals representing all 9 species. WBF and up
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wing angles are correlated with one another (r = 0.56, 2 < 0.0001),
but there is no correlation between WBF and down wing angles
(r = 0.044, P = 0.49) or between the two wing angles (r = -0.12,
P =0.059) (8] Appendix, Fig. S1) (Fig. 1).

Individual-Based Models. Flight in butterflies is often affected by
wing dimensions and body mass. Using the four species for which
we had morphology measures of the individuals whose flight
was measured, we tested the extent to which variation in WBF
and wing angles is caused by morphological (wing aspect ratio,
wing area, forewing length, fresh body mass, and wing loading)
or behavioral differences between taxa. Other than a significant
negative effect of forewing length on WBF explaining 3% of
the variance, we did not detect effects of any of the morphology
variables on WBF or either wing angle, and models excluding
the morphology variables were a better statistical fit to the data
(SI Appendix, Fig. S2). It is possible that with larger sample sizes
additional subtle effects of the other morphology measures on
flight may be found.

Relationship between Mimicry Affiliation and Wing Beat
Frequency. Among the Heliconiini, the Tiger group has the lowest
mean WBF (9.5 + 1.2 Hz), and after controlling for phylogenetic
nonindependence, its members have a significantly slower WBF
than most other mimicry groups. The members of the orange
mimicry group have a mean WBF significantly higher (14.3 =
2.4 Hz) than most other mimicry groups (Table 14 and Fig. 2).
Although most members of the heliconiine Tiger mimicry ring are
closely related to one another (Fig. 2), the basal comimetic Eueides
isabella also shares this slow WBE In addition, Heliconius elevatus,
the only dennis-rayed species among the group of closely related
Tiger species, has a faster WBE matching that of the other dennis-
rayed species (Fig. 2). The distantly related ithomiine members of
the Tiger mimicry ring were found to have a WBF of 9.6 + 1.4
Hz, similar to that of the heliconiine Tigers, while the transparent
ithomiini have a higher WBF of 12.3 + 1.2 Hz. Our models
indicate that WBF is significantly different in the majority of
pairwise comparisons between mimicry groups demonstrating that
WBF mimicry is widespread across the Heliconiini (Table 14).
There was no significant effect of habitat in any of the models we
ran (Dataset S2-LRT applied to random effect 4,,,; a significant
effect would indicate that species which share habitats have similar
WBFs). We therefore excluded this term from the final models.

In addition to the association with color pattern mimicry
rings, WBF was significantly higher at lower temperatures and
in butterflies with shorter forewings. Butterflies in Peru had
faster WBFs than those in Panama (Dataset S2 and SI Appendix,
Fig. S3). This effect is especially clear when the WBF of the six
species found in both Peru and Panama are compared, with all
six showing higher WBFs in Peru (87 Appendix, Fig. S3). We also
detected significant individual and species effects (Dataset S2).
We did not detect any significant effect of total wing area, body
mass, wing aspect ratio, wing loading, or sex differences on WBF
(Dataset S2).

Relationship between Mimicry Affiliation and Wing Angles.
Mirroring the WBF results, aside from transparent ithomiine
butterflies (40 + 7°), the heliconiine members of the Tiger mimicry
ring have the most distinct mean up wing angle (55 + 12°) which,
after taking into account phylogenetic nonindependence, is
significantly narrower than the angles of all other mimicry rings
(Table 14, Fig. 2, and S7 Appendix, Fig. S4) and very similar to that
of the Tiger ithomiine butterflies (53 + 13°). Significant differences

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2300886121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300886121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300886121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300886121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300886121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300886121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300886121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300886121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300886121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300886121#supplementary-materials

Downloaded from https://www.pnas.org by UNIVERSITY OF YORK on February 28, 2024 from IP address 217.155.106.162.

Mimicry Group
© Blue
. cydno-sapho
@ Dennis rayed
@ nhewitsoni-pachinus
@ oOrange
@ Postman
@ Red and White
© Tiger
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Fig. 1. Diversity and convergence of wing patterns among the heliconiine
and ithomiine taxa whose flight patterns have been measured. Background
color indicates the 10 mimicry groups. Transparent (Ithomiine) 1: ithomia
salapia travella, 2: G. zavaleta; Tiger (lthomiine) 3: Melinaea marseus phasiana,
4: Tithorea harmonia, 5: Mechanitis polymnia, 6: Melinaea menophilus zaneka, 7:
Mechanitis messenoides deceptus, 8: Melinaea mothone mothone, 9: Hypothyris
anastasia honesta; Tiger (Heliconiine) 10: Heliconius ismenius bouletti, 11: H.
p. butleri, 12: Heliconius hecale felix, 13: Eueides isabella nicaraguensis, 14: H.
pardalinus sergestus, 15: Heliconius numata bicoloratus, 16: Heliconius numata
aurora, 17: Heliconius ethilla aerotome; hewitsonii-pachinus 18: H. pachinus,
19: Heliconius hewitsoni; cydno-sapho 20: Heliconius cydno chioneus, 21:
Heliconus sapho sapho; Blue 22: Heliconius doris viridis blue, 23: Heliconius
wallacei flavascens, 24: Heliconius leucadia pseudorhea, 25: Heliconius sara
sara, Postman 26: Heliconius timareta thelxinoe, 27: Heliconius melpomene
rosina, 28: H. e. favorinus, 29: Heliconius erato demophoon, 30: Heliconius
melpomene amaryllis; Orange 31: Eueides lybia olympia, 32: Eueides aliphera
aliphera, 33: Dione juno juno, 34: Dryadula phaetusa, 35: D. iulia; Dennis rayed
36: Heliconius elevatus pseudocupideneus, 37: Heliconius burneyi huebneri, 38:
Heliconius aoede cupidensis, 39: Heliconius melpomene aglaope, 40: Heliconius
doris viridis, 41: Heliconius eratosignis, 42: Heliconius demeter joroni, 43: H. e.
emma; Red and white 44: H. himera; Zebra 45: H. charithonia. Butterflies images
are from the Neukirchen Collection, McGuire Centre, Florida; https://www.
butterfliesofamerica.com/ (Andrew Warren); http://www.sangay.eu/esdex.
php/ (Jean-Claude Petit).

in up wing angle were not observed between any of the other
mimicry rings other than Zebra, which is only represented by a
single taxon (Table 1B and Fig. 2). Up wing angles were found
to be larger at lower temperatures (Dataset S2). In our models,
we do not detect any effect of location, morphology, or sex on up
wing angle (Dataset S2).

While there is no mimicry group that has a very distinct down
wing angle, our models demonstrate that there are small but sig-
nificant differences between some mimicry groups (Table 15 and
SI Appendix, Fig. S5). Unlike WBF and up wing angles, the down
wing angle of the heliconiine Tiger mimicry ring is not very dis-
tinct. Down wing angle was also affected by multiple morphology
measures; the angles were found to be larger with smaller aspect
ratio, larger wing area, and lower wing loading. No effect of loca-
tion, sex, forewing length, or body mass on down wing angle was
detected.

PNAS 2024 Vol.121 No.11 2300886121

We also detected significant individual and species effects on
up wing angle and a significant effect of individual on down wing
angle (Dataset S2). As with WBE, we detected no significant effect
of habitat (dw) in any of the wing angle models (Dataset S2-LRT
applied to random effect 4,,) and therefore excluded this term

from the final models.

Wing Beat Frequency Mimicry at the Intraspecific Level.
Comparing comimetic parapatric subspecies of Peruvian Heliconius
melpomene and Heliconius erato, butterflies of both species in
the postman mimicry group (Heliconius melpomene amaryllis
and Heliconius erato favorinus) had a significantly higher WBF
compared to the dennis-rayed subspecies (H. melpomene aglaope
and Heliconius erato emma) (B = 0.84, SE = 0.38, t = 2.2, P =
0.049). There was no significant difference in WBF between the
species (B = 0.35, SE = 0.43, t = 0.81, P = 0.43). No significant
differences were found in wing angles between mimicry groups
(up angles: B=7.39, SE=9.1, t = 0.81, P = 0.44; down angles: B
=-4.36, SE = 5.64, t = -0.77, P = 0.47) or species (up angles: B
=11.47,SE =9.83,t=1.17, P = 0.27; down angles: B = -4.86,
SE = 6.471, t = -0.751, P = 0.481).

Does Shared Habitat or Mimicry Have a Stronger Effect on
Flight Convergence? If flight convergence is more influenced
by selection caused by predation pressure than selection due to
the habitat, then the correlation between flight similarity and
phylogenetic relatedness is expected to be weaker among mimetic
co-occurring species compared to nonmimetic co-occurring
species. Accordingly, we find significant positive correlations
between phylogenetic distance and differences in both WBF (r
= 0.47, P = 0.00002) and up wing angle (r = 0.25, P = 0.01)
among co-occurring nonmimetic species. In contrast, among
the co-occurring mimetic species there is no correlation between
phylogenetic distance and differences in either WBF (r = 0.22,
P =0.89) or up wing angle (r = 0.03, P = 0.56). We did not find
significant correlations between differences in down wing angles
and phylogenetic distance in either group. Therefore, convergence
in WBF and up wing angle is strongly associated with color pattern
mimicry rather than shared habitat, a finding consistent with the
absence of habitat effects in our phylogenetic linear mixed models
(PLMMs). The frequency distribution of correlation coefficients
from the 20,000 randomized trees used to derive P-values is shown
in supplementary S/ Appendix, Fig. S6.

Discussion

Evidence for mimetic convergence is widespread in many taxa (for
example, refs. 46 and 47). Mimicry can be a highly complex trait
that extends to morphological features (39), chemical signals (48),
and behavior (26). Multitrait mimicry could evolve to produce a
more complex and robust mimetic signal (26) and to supplement
imperfect morphological mimicry of individual traits (49). Here,
we demonstrate that multiple factors affect flight behavior in hel-
iconiine butterflies, but that the association between color pattern
mimicry affiliation and convergence in flight (WBF and up wing
angles) is particularly strong (Fig. 2). Our data indicate that con-
vergence of flight behavior mainly results from predator-driven
selection due to mimicry rather than shared habitat of comimics.
Evidence of flight pattern mimicry is found between species span-
ning the entire Heliconiini tribe and is even present between the
Tiger-patterned heliconiines and their distantly related Ithomiine
mimetic models. Significant differences in WBF were also found
between the subspecies of individual species (Fig. 3), and these
differences were shared between comimetic subspecies of different
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Table 1.

Pairwise differences in flight behavior between heliconiine mimicry groups
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Models include two principal components as covariates capturing >99% of the variation in three morphology measures (forewing length, total wing area, and aspect ratio). (A) Figures
show the difference in wing beat frequency (bottom left triangle) and up wing angle (top right triangle) and in (B) the difference in down wing angle, between the left mimicry group and
top mimicry group. To obtain the difference in trait value between all pairwise comparisons of mimicry rings, each mimicry ring was set in turn as the intercept in the PLMMs. Significance
values are indicated by color: P < 0.05 (light blue), P < 0.01 (dark blue). Note that the Zebra and red and white mimicry groups are only represented by single taxa.

species, indicating that evolution of flight mimicry can occur over
relatively short evolutionary time scales. The patterns of flight
mimicry we show are clear even though we were unable to properly
control for morphology of the filmed individuals and instead used
species average values for these variables. On the basis of our
individual data, these morphology variables seem to have relatively
little influence, at most explaining 3% of the variation in flight
parameters.

Overall, we demonstrate that behavioral mimicry is present
across the entire Heliconiini tribe and beyond and therefore that
complex multitrait mimicry is common in this aposematic group
of butterflies. The convergent effects of flight mimicry are particu-
larly clear in cases like H. elevatus, a dennis-rayed species in a clade
dominated by Tiger-patterned species, and E. isabella the only
sampled Tiger in an otherwise orange clade (Fig. 1). In both cases,
the species in question show WBF and up wing angles similar to
their more distantly related comimics than to their closest relatives.
More generally, the many members of the dennis-rayed mimicry
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ring are phylogenetically widely distributed yet show strongly
convergent WBF and wing angles.

Among the Heliconiini, the mimicry ring with the most distinct
flight pattern is the Tiger group, which has both the lowest WBF
and the narrowest up wing angle. The convergence in WBF between
heliconiine and ithomiine members of the Tiger mimicry ring,
which diverged from one another ~70 Mya (45), is striking. The
Ithomiini are thought to be the main mimetic models in the Tiger
mimicry ring (35) as it is dominated by a large number of chemically
defended ithomiine species (35, 50) belonging mainly to the
Melinaea, Hypothyris, Mechanitis, and Tithorea genera (51). The
Ithomiini have very different ecologies to the Heliconiini, for exam-
ple, in host plant usage (52), defensive toxins (53), brain composi-
tion (54, 55), and pheromones (56, 57). Our limited sampling of
transparent ithomiine species suggests that while transparent and
Tiger ithomiine species appear to have distinct WBE the narrow
up wing angles seem characteristic of the Ithomiini regardless of
mimicry affiliation. Taken together, the very distinct flight patterns
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Fig. 2. Variation in flight behavior among mimicry groups. The (A) mean up wing angle (see Inset diagram) and (B) mean wing beat frequency + 1 SE for each
mimicry group. Data points are the measurements made from all the recorded individuals for each taxon. (C) Phylogenetic relationships among the species
used in the analyses of wing beat frequency. Mean wing beat frequency + 1 SE for each taxon is shown, together with data points representing measurements
made from all individuals. Species names and data points are colored by mimicry ring. Species with subspecies belonging to multiple mimicry rings are shown
with multicolored names. For habitat types, P = Primary/tall forest, S = Secondary/degraded forest, O = Open forest or field environments.

of the heliconiine Tiger mimicry ring suggest that its members have
converged on the flight patterns exhibited by the Tiger Ithomiini.
Subtle fine-scale mimicry may also be present between similarly
patterned species within the Tiger mimicry group, with flight pat-
terns among the heliconiine Tigers mirroring those of their specific
ithomiine comimics. Better sampling of transparent ithomiine taxa
may also reveal pervasive flight mimicry within this large and diverse
group similar to our findings within the Heliconiini.

Among the other factors we found to affect flight patterns, the
effect of sampling location is likely a consequence of the Peruvian
sampling sites and flight cages being situated at an elevation ~350 m
higher than those in Panama, although we cannot rule out other
factors related to cage location such as the extent of exposure to
the sun. Similar effects of elevation have been observed in migra-
tory birds (58). Higher elevation correlates with a number of flight
relevant environmental variables [lower air density, temperature
and oxygen levels (59)], and we find that Peruvian taxa had sig-
nificantly higher WBF than Panamanian species (S/ Appendix,
Fig. $3). Elevation has also been shown to correlate with wing

PNAS 2024 Vol.121 No.11 2300886121

shape in Heliconius (41), and this may in turn also influence flight
behavior (60).

Habitat complexity is expected to impose different constraints
upon flight. For example, species such as Eueides aliphera, which is
typically found in forest clearings, are likely to experience a very
different flight environment to Heliconius aoede, which is found in
closed forest (40).

However, our PLMMs and tests based on comparing phyloge-
netic signals in flight measures between co-occurring mimetic an
nonmimetic species both indicate that convergence in WBF and
up wing angles among species is more strongly associated with
species’ color pattern mimicry affiliation than their habitat. They
suggest that convergence in these flight characters is a consequence
of selection pressure from predators promoting behavioral mimicry
rather than due to shared habitat. In contrast, several lines of evi-
dence suggest that the selective pressures acting on down wing
angles may be different to those acting on WBF and up wing angles.
First, unlike the other flight characters, we find that down wing
angles are correlated with multiple wing and other flight-related
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Fig.3. Convergence in wing beat frequency among comimetic subspecies of
Heliconius erato and Heliconius melpomene. Butterflies in the Peruvian Postman
mimicry group (H. e. favorinus and H. m. amaryllis) have a significantly higher
wing beat frequency (B = 0.84, SE = 0.38, t = 2.2, P = 0.049) compared to
Peruvian Dennis-rayed butterflies (H. e. emma and H. melpomene aglaope).
Wing beat frequency is not significantly different between species (B = 0.35, SE
=0.43,t=0.81, P =0.43). The mean wing beat frequency (+1 SE) is shown for
each mimicry group. Each stack of points represents multiple measurements
from the same individual.

morphologies (Dataset S2). Second, the results of the PLMMs show
that relatively few mimicry groups have different down wing angles,
and that the Tiger mimicry group with its very distinct WBF and
up angles is not distinctive in its down wing angle (Table 1). Third,
unlike for WBF and up wing angles, co-occurring mimetic and
nonmimetic taxa have similar nonsignificant phylogenetic signals
in their down wing angles (S/ Appendix, Fig. S6). These all suggest
that down wing angles respond differently to selection exerted by
predators and may be indicative of greater aerodynamic constraint
on this trait. Fuller characterization of flight may provide stronger
evidence of whether different components of flight are evolving
under different selection pressures.

Flight mimicry between comimetic Peruvian subspecies of H.
erato and H. melpomene is remarkable as these parapatric subspecies
are young [H. e. emma and H. e. favorinus are estimated to have
diverged 330 to 500 thousand years ago (44)]. This suggests that in
this system even complex behavioral mimicry can evolve rapidly,
although the generality of this across other subspecies, or indeed
across the rest of the Heliconiini remains untested. Rapid evolution
of different intraspecific color pattern variants in Heliconius is a con-
sequence of the phenotypes being controlled by a small number of
major effect loci, each associated with multiple cis-regulatory mod-
ules (61, 62). Shuffling of these modules through recombination
between lineages can rapidly generate new phenotypes, and similar
mechanisms may also allow rapid diversification of flight patterns.
In both species, the subspecies are genetically very similar, with only
a few narrow regions of genetic differentiation distinguishing each
subspecies (62, 63). Most of these regions are associated with known
color pattern loci, raising the possibility that loci controlling flight
may be genetically linked to these color pattern loci. Such linkage
could potentially provide another route to flight mimicry, allowing
particular flight characteristics to be associated with certain color
pattern alleles. In support of this hypothesis, there is close corre-
spondence between quantitative trait loci controlling colour pattern,
WBEF and wing shape in crosses between the dennis-rayed H. elevatus
and Tiger-patterned H. pardalinus (64). The generality of this finding
is unknown, and it remains to be discovered whether the genetic
architecture of flight patterns mirrors that of color patterns, with
mimicry between closely related taxa resulting from collateral evo-
lution via hybridization, and extensive parallel evolution occurring
between more distantly related species.
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Across the Heliconiini and beyond, mimicry group is a key
determinant of flight behavior and explains more variation in the
trait than factors typically associated with flight behavior, such as
wing size (65, 66). This serves as quantitative evidence of behav-
ioral mimicry across a large, phenotypically and phylogenetically
diverse group. Flight behavior has converged between taxa that
evolved across a broad range of evolutionary timescales, raising
important questions about the genetic mechanisms behind the
convergent evolution of this highly complex trait.

Materials and Methods

Filming Butterflies. Wild-caught heliconiine butterflies (Fig. 1 and Dataset S1)
were housed in outdoor insectaries in Tarapoto, Peru (15 species), Gamboa,
Panama (15 species, including 6 also filmed in Peru), and IKIAM, Ecuador
(2 species). Additionally, a few ithomiine species belonging to the Tiger and
transparent mimicry groupings (Fig. 1 and Dataset S1) were also kept in Peru
(2 species) and IKIAM, Ecuador (5 species). When individuals were collected
at locations away from the filming sites, they were allowed to acclimatize to
local conditions for at least 3 to 5 d prior to filming. For a few taxa (Dataset S1),
the individuals used were captive-bred [maintained as detailed in Rosser et al.
(67)] including the non-Panamanian species Heliconius himera, which was
filmed in Panama. Butterflies were filmed flying freely in large outdoor flight
cages [Panama: 1.5 m (W) x 9 m (L) x 2.5 m (H); Peru: 2.5 m (W) x 5 m (L)
x 2 m (H); Ecuador: 2 m (W) x 13 m (L) x 2.2 m (H)] using GoPro HERO Black
cameras at 239.7 frames per second and 720p resolution. Only individuals
with intact or slightly damaged wings were filmed. Butterflies were introduced
into the flight cages at least 15 min prior to filming. Individuals were gener-
ally left undisturbed but were occasionally agitated to induce flying. In these
cases, measurements were not taken until the butterfly had returned to normal,
undisturbed flight. Butterflies were filmed during the active hours of the day,
between 08:30 and 17:00. Air temperature (varying between 19.6 and 36.5 °C)
and weather conditions were recorded at the time of each flight, though sus-
tained flight only occurred in sunny or partly overcast conditions.

Wing Beat Frequency and Wing Angle Measurements. \/ideos were analyzed in
slow motion using GoPro Studio 2.5.9.2658. Flight sequences in which an individual
was flying straightand level for at least five wing beats were selected to measure wing
beat frequency (WBF). WBF was measured by counting the number of complete wing
beats and the corresponding number of video frames which gives the flighttime. Five
WBF measurements were taken per individual from separate flight sequences. Where
possible, these flight measurements were taken for five males and five females of
each taxon (Dataset S1). The same flight sequences were also used to measure the
angle made between the two wings at the peak upstroke and downstroke, which we
referto as up and down wing angles (Fig. 24). This measure is related to stroke ampli-
tude (the maximum and minimum elevation of the wing relative to the horizon) used
in earlier work (68). To minimize parallax error, video frames in which the butterfly
was level with and in front of the camera, and which showed the upper and lower
extremes of the wing beat, were collected. Up and down wing angles (Fig. 24) were
measured from these images using ImageJ (69), with measurements taken from the
clearly defined leading edge of the forewing. Where possible, five measurements for
both the up and down angle were taken perindividual. Video frames appropriate for
measuring wing angle could not be obtained for D. juno.

Explanatory Variables. Previous studies (32, 40, 70) have classified species
of Heliconiini as belonging in one of nine mimicry groups (dennis-rayed, post-
man, zebra, blue, cydno-sapho, hewitsoni-pachinus, orange, Tiger, red and white;
Fig. 1) based on visual similarities and co-occurrence. These mimicry classifi-
cations are widely accepted among Heliconius biologists, and while they are
mostly intuitive, could be seen as subjective. Therefore we used image analysis
of wings to check these traditionally accepted mimicry groupings (S/ Appendix,
Fig. S7). Barring a few small discrepancies (discussed in S/ Appendix), this anal-
ysis upheld the traditional mimicry groups. Therefore, each of our 34 taxa was
placed in one of nine of these mimicry groups to allow the effect of mimicry ring
membership on flight to be tested. We note that we only have data from single
representatives of the zebra, and red and white groups, Heliconius charithonia
and H. himera respectively. The ithomiine taxa we measured mainly belonged to
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theTiger group, together with two species from the large and diverse transparent
mimicry group (Fig. 1).

Habitat complexity may affect flight patterns due to microclimate buffering (41)
or due to habitat specific behavior (71). We assigned taxa as being present in one
or more of three habitat types along an environmental gradient ranging from open
habitat (scrub, field, semiagricultural), through secondary/degraded/edge forest, to
primary forest (40, 72). This categorization was based on data reported in previous
studies (43, 72, 73). In addition, we classified taxa biogeographically. For Peru,
taxa were described as flying in the Upper Huallaga/Rio Mayo valley and/or in the
Cordillera Escalera and/or in adjacent the Amazon lowlands regions. For Panama,
we assigned taxa as being present in the Pacific and/or the central cordillera and/
or the Caribbean.

Flightin butterflies is often affected by wing dimensions and body mass (74).To
test the extent to which variation in WBF and wing angles is caused by morpholog-
ical or behavioral differences between taxa, for four species (Dryas iulia, Heliconius
numata, Godyris zavaleta, and [thomia salapia), we measured wing aspect ratio,
wing area (cm?), forewing length (cm), fresh body mass (g), and wing loading (N/
cm?) of the individuals that were filmed. Body mass was measured immediately
after the collection of flight data. The other parameters were measured from wing
images using ImageJ (69). For all other, taxa we were unable to measure the wings
of the individuals whose flight was assessed since either the wings were sampled
destructively foranother experiment, or because the wings had sustained additional
damage after filming. Therefore, we obtained species average estimates of wing
measurements from our existing butterfly collections. For most of these taxa, data
were obtained from at least five individuals from both sexes. Fresh body mass meas-
ures were collected for 53% of heliconiine taxa (Dataset S1) allowing estimation
of wing loading.

Airtemperature and sex of individuals may also affect flight patterns and were
also included in our statistical models, as was location (Peru/Panama).

To account for the phylogenetic nonindependence of the taxa, we used a
previously published time-calibrated Bayesian phylogeny of the Heliconiini
tribe with outgroups, estimated using 20 nuclear and 2 mitochondrial mark-
ers (28). Where we had flight data for a subspecies not represented in this
phylogeny, we assigned the phylogenetic position and branch length of the
most closely related taxon based on other studies (75, 76); for example,
H. cydno chioneus was assigned to H. cydno cordula (Dataset S1). In cases
where we had data from two subspecies within particular species (H. doris,
H. erato, and H. melpomene from Peru), one of which was not represented
in the published phylogeny, these were assigned conservatively as sisters
with branch lengths of the most closely related pair of taxa (H. pachinus/H.
cydno). Phylogenetic data was also missing for Heliconius pardalinus serges-
tus, which has been shown to be a divergent lineage rendering H. pardalinus
paraphyletic (67). We therefore grafted the whole genome phylogeny (67)
for this clade [H. hecale, (H. p. sergestus, (Heliconius pardalinus butleri, H.
elevatus))] on to the multilocus phylogeny, with the branch lengths scaled
using the species in common, H. ethilla.

Individual-Level Models. We used the data for the four species where we had
morphology measures (wing aspect ratio, wing area, forewing length, fresh body
mass, and wing loading measurements) of the individuals whose flight was meas-
ured to test the extent to which variation in WBF and wing angles is caused by
morphological or behavioral differences between taxa. The dataset comprised
D. iulia (WBF n = 10, wing angle n = 6), H. numata (WBF n = 10, wing angle n
=5), G. zavaleta (WBF n = 14, wing angle n = 6), and I. salapia (WBF n = 10,
wing angle n = 5), all filmed in Ecuador. To understand the individual effect
of each of these morphology variables, separate general linear models were fit
including a species-morphology interaction, together with sex and temperature.
These models were compared to simpler models with no morphology variable.

Phylogenetic Models. We analyzed wing beat frequency and wing angle of the
heliconiine butterflies using PLMMs (77, 78) structured as follows:

Y = a + mimicry; + temp; + morphology; + sex; +site; + agy;) + by + Gy

Yis the WBF, up wing angle or down wing angle for observation i in the dataset. The
intercept a estimates the overall average value of Y across all observations, and e
captures the residual variance. The fixed categorical effects mimicry, sex, and site
denote the mimicry ring, sex, and the filming location. temp is a continuous fixed
effect corresponding to temperature at the time of the observation. morphology is
a continuous fixed effect corresponding to the species' average wing aspect ratio,
wing area, forewing length, fresh body mass, or wing loading. To understand the
individual effect of each of these variables, separate models were first fit including
single morphology variables. Since these morphology measures may act in con-
cert yet many of them are correlated, additionally separate models were fit using
principal components covering >99% of the variation in these measures. Random
variableay,, gives the differences in mean Y of different butterfly species, which are
assumed to be drawn independently from a Gaussian distribution with mean 0 and
variance ¢°,. Random variable b, accountsforthe phylogenetic relatedness among
taxa. Speifically, b, gives the differences in mean Y of different butterflies, but the
differences between species are assumed to be drawn from a Gaussian distribution
with covariance matrix o7, V/,, where the n x nmatrix V, is derived from the butterfly
phylogeny assuming Brownian motion evolution, and the scalar &%, corresponds
to the strength of phylogenetic signal. Random variable c,, gives the differences
in mean Y across individual butterflies. Random variable d,is similar to b, but
describes similarity in habitat use, with the expected covariance among species
proportional to habitat overlap. Specifically, similarity in habitat use is estimated as
the number of habitats shared among two species divided by the number of habitats
used by the species with a narrower habitat range. The significance of fixed effects
was tested using the z-scores of the coefficients. The significance of random effects
was tested using a likelihood ratio test.

Mimetic Differences within Species. To test for flight mimicry over short
evolutionary timescales, we also compared the flight of the comimetic
Peruvian subspecies of H. erato (H. e. emma and H. e. favorinus) and H. mel-
pomene (H. m. aglaope and H. m. amaryllis), which are parapatrically distrib-
uted dennis-rayed and postman subspecies of each species (79). WBF and
wing angles were modeled separately against mimicry ring, species and sex,
using a linear mixed-effects model implemented in the "Ime4" package (80).
Summary statistics were calculated using the “ImerTest" package (81). Data
for each individual flight was used, and the individual was controlled for as
arandom effect.

Mimicry and Habitat. Comimetic species co-occur in part or across their entire
distributions, making it difficult to establish the relative influences of mimicry
and shared habitat on flight convergence. However, if flight convergence is
driven more by mimicry than shared habitat, then the correlation between
flight similarity and phylogenetic relatedness is expected to be weaker among
mimetic co-occurring species compared to nonmimetic co-occurring species.
This rationale was used to test for differences in ecological convergence in
comimics and non-comimics in Elias et al. (82) and to test for evidence of
selection in brain morphology divergence in Montgomery et al. (83). Using
a Mantel test we compared the strength of this relationship in mimetic and
nonmimetic species. Co-occurring species were defined as those sharing at
least one common habitat type and region (see "Explanatory variables" methods
and Dataset S1).

Using the data for all species, pairwise flight similarity distance matrices of
WBF and wing angle means were built using the dist() function in R (84), and
the phylogenetic distance matrix generated with the cophenetic() function from
the ape package (85). From each of these matrices, we derived one matrix con-
taining only pairwise values for co-occurring nonmimetic species and a second
matrix containing only values for co-occurring mimetic species (all other values
were replaced using NAs; Dataset S1). This allowed us to calculate correlation
coefficients between pairwise flight similarity (WBF and both wing angles) and
phylogenetic relatedness separately for the co-occurring mimetic and nonmi-
metic species.

|+ Ay + €5

wherea ~ Gaussian(0, 21,); b ~ Gaussian(0, 53V,); ¢ ~ Gaussian(0, 21,); d ~ Gaussian(0, 62V, );
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The usual permutation-based Mantel test of the statistical significance of corre-
lation between matrices is not valid when the matrices have a large proportion of
nullvalues. Instead, we derived the frequency distribution of correlation coefficients
by generating 20,000 random phylogenetic trees, and for each created the same
matrices for mimetic and nonmimetic co-occurring species as described above.
This allowed us to calculate the probability of obtaining our observed correlation
coefficients by chance using the function pnorm()in R.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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