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Predation is a powerful selective force shaping many behavioural and mor-
phological traits in prey species. The deflection of predator attacks from vital
parts of the prey usually involves the coordinated evolution of prey body
shape and colour. Here, we test the deflection effect of hindwing (HW)
tails in the swallowtail butterfly Iphiclides podalirius. In this species, HWs dis-
play long tails associated with a conspicuous colour pattern. By surveying
the wings within a wild population of I. podalirius, we observed that wing
damage was much more frequent on the tails. We then used a standardized
behavioural assay employing dummy butterflies with real I. podalirius wings
to study the location of attacks by great tits Parus major. Wing tails and
conspicuous coloration of the HWs were struck more often than the rest of
the body by birds. Finally, we characterized the mechanical properties
of fresh wings and found that the tail vein was more fragile than the
others, suggesting facilitated escape ability of butterflies attacked at this
location. Our results clearly support the deflective effect of HW tails and
suggest that predation is an important selective driver of the evolution of
wing tails and colour pattern in butterflies.

mechanical resistance of wings

1. Introduction

Predation often affects the evolution of multiple morphological and behavioural
Ariane Chotard traits in prey species. While many traits limiting predator attacks evolve, traits
e-mail: ariane.chotard@gmail.com increasing survival after an attack have also been repeatedly promoted by natu-
ral selection [1]. Traits enhancing attack deflection, by attracting strikes towards
a conspicuous body part, indeed limit damage to vital parts and increase escape
probability [2]. The conspicuous coloration on the tails of some lizard species
has been suggested to promote attacks on the tails, therefore limiting wounds
on other parts of the body [3,4]. The attraction towards conspicuous tails can
also be reinforced by striped body coloration, directing the attention of preda-
tors towards the tail [5]. In salamanders, defensive posture increases tail
conspicuousness [6], suggesting that both body shape and colour, as well as
behaviour, may contribute to the deflecting effect. The emergence of a deflect-
ing effect may thus result from a joint evolution of several morphological and
behavioural traits (reviewed in [7] for lizards). In butterflies, the joint evolution
of hindwing (HW) tails and specific behaviour enhancing attack deflection has
been shown in Lycaenidae. In these butterflies, the HWs frequently display tiny
tails, conspicuous colour patterns and a specific behaviour involving tails
Electronic supplementary material is available movements, hypothesized to mimic a head with moving antennae (the ‘false
online at https://doi.org/10.6084/m9.figshare. head effect’, [8,9]). The ‘false-head’ tails of Lycaenidae are likely to deflect
€.5965921. attacks away from vital parts [8]. Laboratory experiments with spiders indeed
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showed that Calycopis cecrops butterflies, displaying false-head
HWs, escaped more frequently than butterflies from other
species where HWs do not display such false-heads [10]. In
museum collections, the prevalence of individuals with sym-
metrically damaged HWs, interpreted as beak marks of
failed predator attacks, has been shown to be higher in Lycae-
nidae species with wing tails, when compared with species
without a tail or with a less conspicuous colour pattern [11].
This suggests that the deflecting effect associated with HW
tails might rely on the joint evolution of wing shape, colour
pattern and behaviour, promoted by the attack behaviour of
predators relying on visual cues.

Such a deflecting effect may lead to the loss of the attacked
body part, but with limited effect on survival. In lizards and
salamanders, tails can be detached without severely impacting
survival of the attacked animal (i.e. autotomy [12,13]). In but-
terflies, wing margins displaying eyespots are preferentially
attacked (e.g. in Bicyclus anynana [14], in Lopinga achine [15],
see [16] for a review). The loss of wing margins and especially
HW margins has a low impact on butterflies flying abilities
[17] and may therefore have a limited impact on survival. But-
terflies are indeed commonly observed flying in the wild with
such wing damage [18]. The escape from predators after an
attack might also be facilitated by enhanced fragility of the
attacked parts of the wings. In Pierella butterflies, for instance,
Hill & Vaca [19] showed that the conspicuous areas of the HWs
are associated with increased fragility, which may facilitate the
escape after a predation attempt directed at this specific wing
area. Similarly, in small passerine bird species, the feathers
located in the zone most prone to the predator attacks are
easier to remove [20]. The evolution of specific body parts
with increased fragility might thus be promoted by predation
pressure, because they enhance prey survival after an attack.

The repeated evolution of HW tails in Lepidoptera could
result from the selection exerted by predators on the evolution
of traits that enhance deflection. The long, twisted wing tails of
some Saturniidae moths have indeed been shown to divert
bats from attacking moth bodies [21]. During flapping flight,
the spinning tails indeed confuse the echolocation signal per-
ceived by predators, thus diminishing strike efficiency [22].
The evolution of wing tails in moths is thus likely to be pro-
moted by the sensory system of their nocturnal predators.
The deflecting effect of wing tails has also been suggested in
day-flying butterflies facing diurnal predators relying on
visual cues, but has been tested only in the very specific case
of the false-head wing tail of Lycaenidae. In these small-size
butterflies, predation is likely to be mostly exerted by invert-
ebrate predators, such as jumping spiders. By contrast, a
greater part of predation involves vertebrate predators, and
birds in particular, for larger butterflies [23]. Bird predation
has indeed been suggested to exert significant selection on
the evolution of butterfly wing morphology, especially on
colour pattern [24,25].

Repeated evolution of tails has occurred many times in
day-flying Lepidoptera, including some moths, like Uranidae,
and all butterfly families, with the countless tailed Papilioni-
dae (swallowtail) species, the double-tailed Charaxinae
(Nymphalidae), the tiny tailed Riodinidae and Lycaenidae,
and the few Hesperidae and even fewer Pieridae tailed
species. Swallowtail butterflies are particularly well known
for their conspicuous, highly diversified HW tails [26], but
the selection exerted by predators on the repeated evolution
of these tails has never been formally investigated. Here, we

tested whether the evolution of tails might be promoted by
attack deflection, using the swallowtail species Iphiclides poda-
lirius (Linné, 1758 Lepidoptera, Papilionidae) as a case study.
Iphiclides podalirius is a large palaearctic butterfly with HWs
displaying long tails associated with a salient colour pattern:
an orange eyespot and four blue lunules with strong UV reflec-
tance [27]. The combination of HW tail and colour pattern is,
therefore, very conspicuous (figure 3), and especially for pre-
dators sensitive to UV reflection, such as songbirds [28].
Moreover, the four wings exhibit convergent black stripes
over a pale background, contiguous between forewings
(FWs) and HWs in resting position, pointing towards the
anal edge. This may enhance the attraction of a predator to
the posterior part of the HW [8]. To test whether the evolution
of wing tails in this species may stem from selection promoting
traits enhancing attack deflection, we performed a series of
three complementary experiments.

First, we characterized the amount and location of damage
on the wings of wild butterflies to test whether tails are more
frequently lacking in surviving butterflies, possibly indicative
of failed predation attempts. Second, we conducted exper-
imental behavioural assays in captivity using an avian
generalist predator, the great tit Parus major, and dummy
butterflies made with real I. podalirius wings, in order to inves-
tigate the location of attacks. We specifically tested whether
attacks are more frequently directed towards the HW tails
and associated colour pattern as compared to the rest of the
butterfly body. Finally, we used a specific experimental set
up to estimate the force needed to tear wings at different
locations. Preferentially attacked body parts are predicted to
be more easily detached, as it would enhance the probability
of escape of the butterfly after an attack [19]. This combination
of experiments under controlled and natural conditions
provides a test for the role of predator deflection in the adap-
tive evolution of wing shape, wing colour pattern and wing
resistance in swallowtail butterflies.

2. Material and methods
(a) Field sampling

Field sampling of 1. podalirius was performed in Ariege (France)
during the summer of 2020 (collection sites: 43°04'17.86" N,
01°21'58.88" E; ca 400 m.a.s.l., and 43°03'50.94” N, 01°20'40.95" E;
ca 400 m.a.s.1.). We sampled a total of 138 wild individuals, with a
large majority of males (132 males/six females), likely reflecting
the patrolling behaviour displayed by males (hill topping). After
their capture, butterflies were euthanized by hypothermia and
their wings stretched out and dried.

(b) Assessing the distribution of wing damage

in the wild
The dorsal side of the FWs and HWs of the field-sampled indi-
viduals was photographed in controlled LED light conditions
(Nikon D90, Camera lens: AF-S Micro Nikkor 60 mm 1:2.8G
ED). Out of the 138 wild butterflies collected, 65 exhibited
wing damage. We studied the location of missing wing areas,
distinguishing damage occurring on HW and FW, and reported
the asymmetry of different types of damage (left and right
damage with visually similar areas and positions were con-
sidered symmetric). A Pearson’s y’-test with Yates’ continuity
correction was used to test whether (1) damage was more often
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observed on HWs than on FWs, and (2) damage on HWs was
more often asymmetric than damage on FWs.

To finely quantify the distribution of missing wing areas, we
then digitized the wing outlines of the 65 damaged butterflies
and 10 intact individuals as references. We defined 300
semi-landmarks equally spaced along the outline of both the
left- and right-reflected FWs and HWs, using TpsDig2 [29]. The
average shape of intact butterflies was obtained with TpsRelw,
[29]), using a geometric morphometric approach [30,31]. The
wing outline of each damaged individual was then manually
superimposed on the average shape of intact butterflies, in order
to characterize the missing area of each damaged wing. A heat
map was then obtained by summing up the occurrences of miss-
ing areas at each pixel throughout the sample of damaged
individuals, using EBImage (R package; [32]), following [17].
The heat map was then plotted with autoimage (R package; [33]).

(c) Behavioural experiment with birds

We conducted an experiment to determine the location of attacks
by birds on I. podalirius wings between October 2020 and January
2021 at the Station d’Ecologie Théorique et Expérimentale du
CNRS, France (near the collection sites). Great tits were caught
in mist-nets in the vicinity of the research station, ringed, and
housed in individual indoor/outdoor cages (5 x 1 x 3 m) and fed
ad libitum with mealworms and sunflower seeds. After 2 days of
habituation to captivity, we conducted behavioural experiments
on 2 consecutive days during the 3 h after sunrise while birds
did not have access to sources of food other than dummy butter-
flies. The whole experiment was repeated three times using new
birds for a total of 72 different birds tested. Capture of wild
birds was performed under permits from the French ringing
office (CRBPO, permit no. 13619 to A.S.C.). Capture and holding
of birds from the wild was approved by the Région Midi-Pyrenées
(DIREN, no. 2019-s-09) in the Moulis experimental aviaries (Pré-
fecture de I’Ariege, institutional permit no. SA-12-MC-054;
Préfecture de ' Ariege, Certificat de Capacite, no. 09-321 to A.S.C.).

We built 95 dummy butterflies, using actual wings of
I. podalirius butterflies collected in the wild, glued on an artificial
black cardboard body. The position of the glued wings corre-
sponded to the natural position of butterflies at rest (figure 1). A
dummy was placed in each bird cage, about 1.5m off the
ground, using a wire fixed to the cage wall. This setting thus
allowed the dummy to gently ‘flutter’ in the middle of the cage,
far enough from any perching site, to prevent close inspection
by resting birds. The birds thus had to approach and potentially
strike dummy butterflies while flying. Each cage was equipped
with a camera filming continuously (figure 1; electronic sup-
plementary material, figure S2). Two observers also monitored
the 24 experimental cages: damaged dummies were replaced as
soon as noted by the observers, to maximize the number of attacks
on intact butterflies. After each experimental session, the birds
were fed ad libitum until nightfall to minimize the stress gener-
ated by the experiment. The whole experiment was repeated for
2 consecutive days.

Analyses of videos recorded during the experiments were
used to count the exact number of strikes performed by each
bird on each dummy butterfly. Each strike was defined as a
single touch of the beak on the dummy butterfly. The films were
also used to assess the precise location of each strike on the butter-
fly body. Five categories of strike location were defined: body,
coastal part of the FW, distal part of the FW, HW colour pattern
and HW tail (figure 1). In some cases, the strike affected several
locations at once. These ‘combined” locations were considered as
separate categories, leading to a total of eight possible targeted
locations (figure 3). Because a dummy could be attacked several
times before it was replaced, we also recorded the order of each
strike performed by the tested bird on the given dummy.

(@) ()

DLT © body

FW coastal
FW distal

colour pattern
tail

Figure 1. Experimental set-up for behavioural assay with wild-caught great
tits. (a) Each experimental cage (5 1x 3 m) was equipped with a video
camera filming continuously. A butterfly dummy was fixed to the wall at
about 1.5 m off the ground using a wire far enough from any perching
site to prevent close inspection by the birds not in flight. (b) Picture of a
butterfly dummy struck by a bird. (c) Schematic of a dummy butterfly com-
posed of four real wings glued on an artificial black cardboard body. Five
locations could be targeted by birds: body, FW coastal, FW distal, colour pat-
tern and tail. Photograph of the set-up is given in electronic supplementary
material, S2. (Online version in colour.)

We first tested whether strikes occurred more often on the
HWs than on the FWs, using a Pearson y*-test with Yates’ conti-
nuity correction. To test whether the different parts of the wings
were equally prone to attack, we applied a generalized binomial
regression model for the probability of attack, using strike
location and strike rank order as effects and considering all speci-
mens and sessions (including birds that did not attack). An
analysis of variance was then applied (ANOVA type II, function
‘Anova’ package ‘car’, [34]). To allow pairwise comparisons on
the location categories, we conducted a series of post hoc tests
(function ‘tukey_hsd’ package ‘rstatix’, [35]).

(d) Mechanical resistance of the wings

(i) Experimental sample

We tested mechanical resistance of the different wing parts on 28
fresh I. podalirius butterflies (21 females and seven males) obtained
as pupae from a commercial supplier (Worldwide Butterflies Ltd).
After emergence, individuals were placed in individual cages to
allow proper unfolding and drying of the wings, then placed in
entomological envelopes to avoid wing damage. The butterflies
were fed once a day with a mixture of water and honey, and main-
tained for 11 to 20 days depending on the time between emergence
and the start of the experiments. Experiments were performed on
freshly killed individuals to limit the effect of wing drying on
mechanical properties post-mortem [36]. In order to test whether
the tails are more fragile, we compared the mechanical resistance
of different regions of the wings (figure 2). Specifically, we con-
trasted the vein located within the HW tail (M3H vein), with
another HW vein located outside the colour pattern area (RSH
vein). We also included the two developmentally homologous
veins on the forewing (M3F and R5F; [37]). For each butterfly,
the experiment was conducted on one HW and one FW. The
four veins were measured in a randomized order to avoid any
bias caused by the deformation of the wings due to previous
tearing.

(ii) Experimental set-up

As wing parts involved in predator deflection are expected to be
particularly fragile, we designed a custom experimental set-up
adapted from Hill & Vaca [19] and De Vries [38] to specifically
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Figure 2. Experimental set-up designed to estimate the strength needed to break wings at different locations. (a) A custom set-up was built, composed of a mobile
part (clip + force transducer + linear table) exerting traction on the wing and a fixed part, holding the wing. (b) Summary variables derived from force profile: £,
(the maximum force exerted on the vein), T; (the time to the first break), Ty (the time to the complete rupture of the vein), S the slope of the curve (estimating
the stiffness of the wing) and the area under the curve /., (indicating the impulse). (c) Locations of the four measured points with attachment on a vein at 3 mm
from the edge of the wings. Hindwing tail resistance is measured at the point M3H. Photograph of the set-up is given in electronic supplementary material, S3.

(Online version in colour.)
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Figure 3. Locations of hird strikes on the dummy butterflies, recorded during six experimental sessions on 72 captured Parus major using butterfly dummies built
with real wings of /. podalirius. A total of 59 strikes were recorded. Each category is defined by the location targeted by a bird in a single strike and represented in
orange on each associated butterfly scheme. Only essential statistical comparisons are represented; see details in table 1. Video in electronic supplementary material,

movies $1-S2. (Online version in colour.)

estimate the mechanical resistance of different parts of the wings.
When a bird catches the wing of a butterfly, the force exerted by
the beak and the opposed escape movement of the butterfly
likely induce tensile stresses on the wing. We thus compared
the mechanical response of the different wing veins to a tensile
force exerted in the direction of the vein, away from the body
(figure 2). Our set up was composed of a fixed part holding
the wing and of a mobile part exerting traction on the wing
(figure 2; electronic supplementary material, figure S3). This
mobile part was connected to the wing using a flattened and
filed alligator clip with a squared 9 mm? piece of rubber ensuring
a soft and standardized contact with the wing. For each measure-
ment, the clip was fixed at 3 mm from the edge of the wing. This
clip was then connected to a piezo-electric force transducer (Kis-
tler 9217A type 9207 serial no. 1275844), connected to a charge
amplifier (Kistler type 5011). The force tranducer was fixed on

a linear table controlled by a motor (RS PRO, 12V dc,
2400 gcm), allowing constant traction. The charge from the
force transducer was measured by the amplifier and sent to a
Biopac AD unit. Forces were captured and analysed using Acq-
Knowledge software (v. 4.1, BIOPAC Systems, Inc.).

The variation of the force through time, from the onset of the
motor to the total rupture of the wing was recorded for each trial.
These response curves were first smoothed using a low-pass filter
set at 20 Hz. Five summary variables were extracted from the
response curve (figure 2): (1) the maximum force exerted on the
vein (estimating the maximum strength of the vein, noted Fy,ax),
(2) the time to the first break (T3; shown by the first abrupt
decrease in force), (3) the time to the complete rupture of the
vein (Tax; When the force returns to zero), (4) the slope (S) of
the curve between the beginning of the pull and the point of maxi-
mum force (estimating the stiffness of the wing, see electronic
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Table 1. Post hoc comparisons of bird strike numbers on the dummy butterflies between attack locations. Eight categories of location were defined: body, [

FW coastal, FW distal, colour pattern, tail, FW coastal + body, tail + colour pattern and tail + colour pattern + FW distal.

FwW tail + tail + colour

FW coastal + colour pattern + FW
coastal Body tail pattern distal

colour FW
locations parameters pattern distal
body estimate
pualie
colour pattern estimate —1.110
pvalue e
FW distal estimate 5.218 6.328
pvalie <0001 <0001
FW coastal estimate 6.328 7.438 1.110
pvalue o am s
FW coastal + estimate —1.665 —0.555 —6.883
body pvalue e 10 o -
tail estimate 2.109 3.220 —3.109
pvalie 0213 <0001 0057
tail + colour estimate 3.109 4219 —2.109
pattern palie <0001 <0001 019
tail + colour estimate 2.109 3.220 —3.109
pattem+  pvalue 0548 0040 0200
FW distal
VU e S 1o oo
p-value <0.001 <0.001 <0.001

supplementary material, S1) and (5) the impulse required for the
complete rupture of the vein (Jymax), assessed by the area under
the curve. The forces were measured in Newtons (N)—note the
force takes negative values since we measured a tensile force.

(iiii) Statistical analysis

The five mechanical parameters measured on the different veins
were then compared using linear mixed models using wing (FW
versus HW) and vein (M3 versus R5) as fixed effects, while but-
terfly ID, sex and the date of measurement session were set as
random variables (function ‘Imer’, package ‘ImerTest’, [39]).
The date of measurement session was added to account for
potential differences in temperature and humidity across sessions
possibly affecting the mechanical properties of the wing. For [iax,
there was some evidence that the wing and vein effects inter-
acted. We thus modified the model to directly account for the
four modalities of the vein effect (RSF, M3E R5H and M3H).
We analysed all models with a type III analysis of variance. All
statistical analyses were carried out in R v. 4.0.3 (R Core Team
2018) [40].

3. Results

(a) Natural wing damage mostly affects the tails

We hypothesized that a deflection effect should result in a
higher proportion of wing damage on the deflecting wing
areas in the wild. To test this hypothesis, we studied the
location of wing damage in a natural population of
I. podalirius. Among all wild individuals collected, 47.1%
had wing damage. FWs were less often damaged than
HWs (22.31% and 85.38%, respectively; )(2= 101.54, d.f. =1,

—7.99
<0.001
—4219 3775
<0001 0210
3220 4774 0.999

<0001 0014 0897
—4219 3.775 0 0999
i S
e i
<0001 <0.001 <0001 <0.001 <0.001

p<0.001). The frequency of individuals with missing HW
tails in the wild was especially high: all 65 damaged individ-
uals had at least one tail damaged (out of 130 wings tested,
82.3% had tail damaged). This result is illustrated by the
heat map (figure 5). Furthermore, damage on the HWs
were more often asymmetrical (78.46%) than damage on
the FWs (24.62%) (y*=35.603, d.f.=1, p <0.001).

(b) Behavioural experiments with birds reveal
preferential attacks on hindwing tail and

colour pattern
Using the behavioural assays carried out with great tits, we
investigated whether the attacks on dummy butterflies were
directed towards the posterior part of the HWs (figure 3),
as expected under the hypothesis of a deflecting effect
induced by the butterfly morphology.

Among the 72 birds tested, only 17 attacked the dummy
butterflies, resulting in 65 recorded strikes. Because some
strikes occurred outside of the field of view of the camera,
the targeted part of the dummy could be determined in
only 59 of these strikes. The HWs were more often targeted
by the birds (43 strikes; 72.9%) than the FWs (16 strikes;
27.1%) (¢*=12.36, d.f.=1, p<0.001). The probability of
attack strongly depended on the wing location (LR y*=
141.21, d.f.=8, p<0.001): there was strong evidence that
strikes jointly targeting the tail and the colour pattern of
the HWs (23 attacks; 39%) were more frequent than strikes
on any other body part (see detailed statistical tests in
table 1). By contrast, no evidence for an effect of the attack
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Figure 4. Variation in mechanical resistance in different areas of the forewings and hindwings of fresh /. podalirius samples (n = 28). On each of the 28 butterflies,
four locations were studied, corresponding to four different veins (RSF, M3F, R5H and M3H). Means and standard errors are indicated as well as significant differences
between locations. Three mechanical variables per wing location are reported (a) Ty (the time to the complete rupture of the vein). (b) S, the slope of the curve
(estimating the stiffness of the wing) and () Jyay the area under the curve (a measure of impulse). (Online version in colour.)

Table 2. Summary of the linear mixed-effects models describing the effect of wing (forewing/hindwing) and vein (M3/R5) on the five mechanical parameters
measured during the mechanical resistance experiment in different areas of the forewings and hindwings of fresh /. podalirius samples (n = 28): Fy (the
maximum force exerted on the vein), T; (the time to the first break), T, (the time to the complete rupture of the vein), S (estimating the stiffness of the
wing) and J;,a (the impulse required for the complete rupture of the vein). These five models were analysed with a type III analysis of variance.

F-value
Frnax 75.8500 3.1006 0.0823 75.6680
T 44.4160 17.779% <0.001 441520
. T'ma,'(v o s ome 43680
S 69.0870 60.4044 <0.001 68.9320
CEna 64036 18635 0170 58537

ranking on attack probability was found (see detailed statis-
tical tests in electronic supplementary material, table S1).

(c) Hindwings and in particular hindwing tails are more

easily damaged

We then tested whether the HW region with the tail and con-
spicuous colour pattern is more fragile than the rest of both
wings, as expected if they are involved in a deflecting
effect. There was a strong evidence that time to first rupture
(T1) and the time to total rupture (Ty,,,) were lower in HWs
veins than FW veins (figure 4, see statistical tests in
table 2). Jmax, the impulse required to fully rupture the vein
(as assessed by the area under the response curve; figure 2)
was smaller for the HW tail vein (M3H) than for any other
veins (M5H: t=-2.42; p=0.019; M3F,; t=-2.48; p=0.016;
M5F: t=-1.88, p=0.06). The slope of the force profile, S,
reflects the stiffness of the wing: the greater the slope, the stif-
fer the veins (equations in electronic supplementary material,
S1). There was strong evidence that HW veins had higher
force profile slopes than FW veins (figure 4, details in
table 2), indicating that they are stiffer. Finally, a weak evi-
dence for a lower F,,, (maximum force applied to the vein)
in the HWs than in the FWs was found (F =3.11; p=0.082,
table 2).

wing : vein
F-value df. F-value p-value
0.0180 0.8937 75.791 13071 0.2565
0.8624 03581 44.793 27123 0.1066
1.1973 0.2779 63.458 2.1050 0.1517
1.3691 0.2460 70.49 0.3050 0.5825
2.0436 0.1582 57.844 41549 0.04609

4. Discussion

Our multi-pronged approach combining behavioural exper-
iments, biomechanical measurements and survey in natural
population provides strong evidence of a deflecting effect of
HW tails in I. podalirius, opening new research avenues on the
predation pressures involved in the evolution of tails in
butterflies.

(a) Adaptive evolution of hindwing tails promoted
by predator behaviour

Our behavioural trials showed that attacks by great tits on
I. podalirius are highly biased towards the HW tails and
colour pattern. This provides strong support for a deflective
effect generated by both colour pattern and tail on predators.
Only a small fraction of the tested birds actually attacked the
dummies. This could suggest that I. podalirius butterflies are
not the usual prey consumed by great tits [41], especially
during the season when the tests were carried out (late
autumn and winter), where they mostly rely on seeds rather
than on insects. Our behavioural experiments are thus relevant
for the behaviour of generalist predators that are probably
naive to the phenotypes of the tested butterflies, a likely situ-
ation in nature, as no specialist predator is known for
I. podalirius. Some of the birds nevertheless repeatedly attacked

79502207 687 § 20S Y 20id  qdsi/jeunol/bio-buiysijgndAiaposiesol H



N

percent damage (n = 130)

S e

0% 50% 100%

Figure 5. Heat map describing the spatial distribution of wing damage on a
sample of wild /. podalirius. Left: photograph of /. podalirius wings. Right: pro-
portion of naturally damaged wing locations. Data for left and right wings
were pooled for each pair of wings (65 individuals, so 130 forewings and 130
hindwings). The most frequently damaged areas are shown in red, while intact
areas are shown in blue (see colour scale).

the posterior area of the HWs, consecutively targeting the two
tails, showing a particularly strong interest for this location
(see electronic supplementary material, movie S1).

Birds typically flew above the butterflies, patrolling the cage
at 3 m high and dummies had their tails oriented towards the
ground, at about 1.5 m high. The high frequency of attacks on
the tails therefore did not result from an easier access to the
tails due to a positional bias. To the contrary, birds adjusted
their trajectory to attack from below (see electronic supplemen-
tary material, S4; movie S2), suggesting they were specifically
targeting the tails. The combination of tails and associated con-
spicuous colour pattern is thus probably very attractive to
predators, inducing the observed pattern of attack locations.
Given the tested birds preferentially attacked the distal area of
the HW, we would expect that this wing area should be easier
to tear off. Such enhanced fragility would facilitate butterfly
escape and may thus be promoted by natural selection gener-
ated by the behaviour of birds.

Our analysis of the mechanical resistance of wing veins
indeed shows that HW veins, and especially the vein located
within the tail, are less resistant to the application of a tensile
force and break sooner than FW veins. Whether the measured
difference in strength would have a significant impact during
a predator attack is unknown but the forces tested are rel-
evant to the type of strikes observed in our behavioural
experiment. The enhanced fragility of the HW vein located
within the tail is thus consistent with the deflection hypoth-
esis. It should increase escape probability, while preserving
the integrity of the wing and reducing aerodynamic costs.
Interestingly, in Pierella butterflies, the conspicuous white
patch of the HW, found by Hill & Vaca [19] to have increased
fragility, contains the M3H vein, i.e. the vein located within
the tail in I. podalirius, that was found to be the stiffest and
the earliest to break in our study. The M3H vein could

have enhanced fragility in many butterfly species, therefore

promoting the evolution of conspicuousness in these wing
areas, enhancing survival after an attack. The evolution of
such an association should especially be favoured if
butterflies missing this wing area still survive in the wild.

The large abundance of tailless I. podalirius flying in the
wild indeed testifies to the limited aerodynamic consequences
of such damage. Tail loss does not prevent these damaged but-
terflies from performing their typical hill-topping behaviour
and is thus likely to have a limited impact on their fitness.
The distribution of damage across the wings in the natural
population of I. podalirius also confirms that HW tails are
more prone to attack than any other part of the wing
(figure 5). Inferring predation from butterfly wing damage
alone can be misleading because damage can stem from a
diversity of sources, including interactions with conspecifics
[42,43] or collision with obstacles [17,44]). However, the pattern
we found is still consistent with an increased attack rate on HW
tails. While damage due to collisions should be symmetrical as
seen on FWs, the prevalence of asymmetric damage on the tails
of I. podalirius matches the hypothesis of predator attacks
during flight or when butterflies are at rest, typically perching
on high branches with their wings wide open (figure 1). This
also suggests that symmetry in the tail is not critical for aerody-
namics. Our survey in a natural population thus reinforces the
evidence for the adaptive evolution of tail and colour pattern in
I. podalirius, where the benefits in terms of escape ability may
exceed the costs of wing damage.

Considered together, (1) the strong prevalence of the attacks
on the HW tails and associated colour pattern, (2) the reduced
strength or the corresponding parts of the wings and (3) the
very high incidence of natural wing damage on the tails, provide
evidence for the adaptive evolution of HWs tails in I. podalirius
via a deflecting effect of predator attacks. The effect of attack
deflection on the evolution of wing tails in day-flying butterflies
has only been demonstrated in the peculiar case of false head
morphology in Lycaenidae [8,9]. Our study suggests that preda-
tion can be a major selective pressure involved in the evolution
of HW tails in butterflies. HW tails have evolved multiple inde-
pendent times throughout the diversification of butterflies and
are associated with an important diversity of colour patterns
[45]. Their size and shape are highly variable across species, ran-
ging from slightly scalloped margins to long tails. Poorly
developed tails might be sufficient to induce attack deflection:
for example, a high rate of attack (as assessed by the frequency
of wing damage) was reported on the barely prominent, but col-
ourful, hindtips of the Burmese jungle queen butterfly [46]. This
underlines the importance of the joint effect of wing shape and
colour and suggests that the predator’s behaviour can promote
the gradual evolution of HW tails. Altogether, our results point
to the combined evolution of different traits involved in preda-
tor deflection, namely HW shape, fragility and colour patterns,
as well as behaviour, jointly forming an adaptive syndrome.

(b) Adaptive syndrome of predation deflection

In our experiments with birds, tails alone were targeted in a
large proportion of the trials, but most attacks involved a
combination of the tails and associated colour pattern. This
strongly suggests that the visual effect triggering attack
deflection in I. podalirius is jointly induced by the tails and
the colour pattern, including the blue marks and the orange
eyespots on the HW, and possibly the black stripes pointing
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at the tails. The deflection effect therefore probably relies on
the evolution of a series of traits, including wing shape,
wing colour pattern and wing mechanical resistance. The
joint versus sequential nature of the evolution of these differ-
ent traits is largely unknown and might depend on the
developmental and genetic bases of the traits involved in
deflective syndromes, as well as the different selection
pressures acting on each of those traits.

Associations between HW tails and peculiar colour patterns
promoted by predation pressure have been described for but-
terfly species involved in Batesian mimicry. In Papilio memnon,
for instance, some females display HW tails and red coloration
resembling the toxic species Pachliopta coon on the Malay penin-
sula while other females have no tail and an alternative yellow
colour pattern mimicking Troides helena in Northern Borneo
[47]. These two traits are controlled by different loci and the
linkage disequilibrium between these loci might have been pro-
moted by the selective advantages brought by mimicry [48].
Nevertheless, the association between well-developed tails
and conspicuous colour elements is not universal in Papilioni-
dae: for example, Papilio ulysses tails and surrounding wing
parts are completely black, while in Papilio demodocus, conspic-
uous distal eyespots are observed in tailless HWs. Shared
developmental pathways in wing shape and colour pattern
might promote their joint evolution, so that the emergence of
deflective syndromes can be facilitated in some lineages. Alter-
natively, species ecology might trigger strong selection
promoting linkage disequilibrium between loci controlling
traits enhancing deflection.

The combined evolution of traits limiting predation also
frequently extends to behaviour. Whether the behaviour
emerges before or after the evolution of morphological traits
involved in deflection is an open question. In I. podalirius, the
perching position with wings wide open possibly enhances
the deflecting effect provided by HW tails but might have
been promoted for its effect on thermoregulation [49] before
the evolution of tails. Adaptive syndromes involving the evol-
ution of both morphological and behavioural traits promoted
by predator behaviour have been observed in other Lepidop-
tera. In some species, hidden conspicuous coloration can be
suddenly uncovered when threatened by a predator, inducing
a startling effect (e.g. in Catocala nupta, [50]) or attracting pred-
ator attention to specific eyespot locations (e.g. in Archeoprepona
chromus [51]). The evolutionary sequence of these behavioural
and morphological traits has been investigated experimentally
by testing the deterring effect of both traits independently.
These experiments suggest that behavioural changes might
have preceded the evolution of conspicuous coloration,
because sudden movements can be sufficient to induce
strong deterrence [52]. Whether a similar ‘behaviour first’ evol-
utionary sequence is involved in the evolution of deflective
syndromes should be investigated.

Important selective trade-offs between predator deflection
and flight abilities might also influence the evolution of deflec-
tive syndromes in Lepidoptera, therefore constraining wing
areas involved in such syndromes. Anteromotorism being a
shared characteristic of butterflies [53], HW fragility might be
ancestral, and conspicuous marks might have secondarily
been favoured on these weaker wings. In Papilionidae, HW
shape is indeed strikingly more diversified than FW shape
[26] in agreement with lower aerodynamic constraints on the
HWs. The study of aerodynamic forces applied to an artificial
model of a butterfly with tails suggests that HW tails increase

the lift of the butterfly during gliding [54]. Preservation of flight
capacity through the maintenance of tail integrity, and in par-
ticular a sufficient strength to withstand the pressure forces
applied during flapping, could act as an evolutionary trade-
off with the selection of mechanical weakness. The selective
pressures acting on each of the traits involved in these deflec-
tive syndromes should now be studied independently and
compared in species with contrasted ecologies and levels of
phylogenetic proximity to determine the evolutionary forces
involved in the emergence of deflective syndromes.

5. Conclusion

The diversity of wing tails observed in Lepidoptera suggests
they have evolved multiple times, therefore raising the ques-
tion of the selective pressures involved. Based on our
combined analysis of natural wing damage, biomechanical
resistance of the wings and behavioural interactions with
bird in the species I. podalirius, we provide direct evidence
for an effect of natural selection exerted by predators on
HW tail evolution, promoting traits enhancing attack deflec-
tion away from the vital body parts. Our study therefore
opens up new research avenues on the relative effect of pre-
dation pressure versus other selective forces involved in the
evolution of HW tails in butterflies. We also highlight that
such a deflective effect may have emerged from a sequential
evolution of a suite of traits, including wing shape, wing
colour patterns and wing mechanical properties. These ques-
tions should stimulate new research on the developmental
and selective origin of the traits involved in deflective
syndromes in various butterfly species.
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