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There are fewer eyespots on the forewings versus hindwings of nymphalids
but the reasons for this uneven distribution remain unclear. One possibility
is that, in many butterflies, the hindwing covers part of the ventral forewing
at rest and there are fewer forewing sectors to display eyespots (covered eye-
spots are not continuously visible and are less likely to be under positive
selection). A second explanation is that having fewer forewing eyespots con-
fers a selective advantage against predators. We analysed wing overlap at
rest in 275 nymphalid species with eyespots and found that many have
exposed forewing sectors without eyespots: i.e. wing overlap does not con-
strain the forewing from having the same number or more eyespots than the
hindwing. We performed two predation experiments with mantids to com-
pare the relative fitness of and attack damage patterns on two forms of
Bicyclus anynana butterflies, both with seven hindwing eyespots, but with
two (in wild-type) or four (in Spotty) ventral forewing eyespots. Spotty
experienced more intense predation on the forewings, were shorter-lived
and laid fewer eggs. These results suggest that predation pressure limits
forewing eyespot number in B. anynana. This may occur if attacks on forew-
ing eyespots have more detrimental consequences for flight than attacks on
hindwing eyespots.
1. Background
Colour patterns protect many organisms against predators [1]. Eyespots,
‘roughly circular patterns with at least two concentric rings or with a single
colour disc and a central pupil’ [2], are a common protective pattern on
many lepidopteran wings [3,4]: either intimidating predators (preventing
them from attacking the prey) or deflecting predator attacks towards less impor-
tant parts of the prey’s body [5]. Eyespot effectiveness is dependent on multiple
factors, e.g. eyespot size and number [6,7], behaviour such as rapid wing dis-
plays or stridulation [8], and predator type, as the same eyespot may appear
intimidating to some predators but not to others [5].

Clusters of small eyespots on butterfly wing margins appear to make the area
more conspicuous to predators and thereby deflect attacks onto themselves,
away from vital body parts. In Pararge aegeria, which exhibits eyespot number
polymorphism, males which spend more time displaying their wing patterns
have more eyespots [9,10]. More directly, ventral eyespots in Melanitis leda and
Bicyclus anynana deflect attacks from reptiles [11] and mantids [7], respectively.
Furthermore, butterfly paper models with more conspicuous small ventral mar-
ginal eyespots are more readily attacked [6,12]. This increased conspicuousness,
however, can confer fitness benefits because the eyespots draw attacks to less
important body parts, as demonstrated in studies using live prey items [7].

Surveying museum specimens of 451 nymphalid species, Tokita et al. found
twice asmany eyespots on hindwings versus forewings on dorsal and ventral sur-
faces in males and females [13] (electronic supplementary material, figure S1).
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Figure 1. Examples of the Wt (a) and Spotty (b) Bicyclus anynana butterflies used in this study. Scale bars represent 4 mm. White arrows in (b) indicate the two
additional forewing eyespots in the Spotty form. (c) In our microcosm experiment, damage from mantid attacks on butterfly wings were assigned to these labelled
sectors of the fore and hindwings for later analysis. (Online version in colour.)
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There are two potential explanations for this pattern, especially
with respect to ventral eyespots which are important in anti-
predator defence. First, when many butterflies perch, their
hindwings cover part of the ventral forewing. Any eyespot
on covered wing sectors would not be continuously visible to
predators [14] and this wing overlap may therefore limit the
number of forewing ventral eyespots that are maintained
through positive selection (e.g. with a function in attack deflec-
tion). In other words, if a butterfly has fewer exposed forewing
sectors than hindwing sectors carrying eyespots, it cannot have
more exposed forewing eyespots than hindwing eyespots.
Although covered eyespots may function in startle displays
(e.g. [15,16]), this behaviour has not been documented in our
study species B. anynana. Second, higher numbers of eyespots
on the hindwingsmay be advantageous if they deflect predator
attacks away from the forewings which are more important for
flight. Here, we investigate these two hypotheses.

To study whether forewing ventral eyespot number is
limited by wing overlap, we analysed images of live perching
specimens of the species from Tokita et al. [13]. To investigate
whether the pattern is maintained by predation pressure, we
asked whether the attack behaviour of mantid predators,
Polyspilota sp. and Hierodula sp., is influenced by variation
in forewing eyespot number in a nymphalid butterfly,
B. anynana, which has eyespots on the margins of both forew-
ings and hindwings. Each eyespot has a white centre [17]
within a black disc and orange ring (figure 1a). The species
has a variant, Spotty (figure 1b), found naturally at low fre-
quencies, which differs from the wild-type (Wt) form in the
presence of two extra eyespots on the forewing [18,19] that
are visible at rest.

Bicyclus butterflies are likely to encounter Polyspilota man-
tids in the wild [20,21], while Mycalesis butterflies (a sister
lineage with very similar wing patterns) are likely to encoun-
ter Hierodula mantids [22,23]. We hypothesize that mantids,
common inhabitants of African [24] and Asian tropical forests
[25], contributed to shaping the evolution of wing patterns in
both taxa. We further hypothesize that, because the two
additional forewing eyespots in Spotty B. anynana are likely
to make this wing more conspicuous than the Wt forewing,
more attacks would be directed at the forewing in Spotty
[7], resulting in lower fitness. We tested this by exposing
Spotty and Wt forms of B. anynana to mantid predators in
two experiments: (i) a microcosm experiment to quantify
the effects of mantid predation on the fitness of the two
forms in terms of survival, fecundity and wing damage;
and (ii) an arena-based predation experiment to observe
which parts of the wings are targeted in mantid attacks.
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2. Material and methods
(a) Wing overlap analysis
We sourced images of the 451 species from Tokita et al. [13] in
their natural resting positions from biodiversity databases,
nature guides and wildlife photographers online. For each
species, we noted which ventral forewing sectors are typically
covered by the hindwing at rest. Because there can be variation
within species and individuals, we surveyed as many images
as possible per species and chose the most commonly observed
degree of overlap. When there was a tie, we chose the more con-
servative observation, i.e. with more covered sectors. Hence, our
estimate for the number of exposed forewing sectors at rest is
likely to be conservative.

We then investigated whether exposed wing area limits
forewing eyespot number to being lower than hindwing eyespot
number through three analyses. First, in all species with eye-
spots, we divided the number of eyespots by the number of
exposed sectors on each wing to investigate whether there are
still fewer forewing versus hindwing eyespots after controlling
for the number of exposed wing sectors. Second, we compared
the number of exposed forewing versus hindwing eyespots in
only those species which are not constrained to having fewer
exposed forewing eyespots by wing overlap, i.e. these species
have equal or more exposed forewing sectors (either with or
without eyespots) than hindwing eyespots. Third, in all species
with eyespots, we tested whether the absence of the M2 and
M3 eyespots on the forewing (which differentiate the two
B. anynana forms in our study), when homologues are present
on the hindwing, can be accounted for by the frequency that
these forewing sectors are covered. Assuming similar develop-
mental constraints between the forewing and hindwing, any
difference between the eyespot distributions would be a result
of selection.
(b) Experimental animals for predation experiments
For the microcosm experiment, male and female Polyspilota man-
tids were purchased from BugzUK (34 North Walsham Road,
Norwich, UK) at the 6th instar and reared until adulthood for
use. For the arena experiment, giant Asian mantis nymphs Hier-
odula sp. were trapped in a park along Upper Serangoon Road,
Singapore. They were reared to adulthood in the laboratory
and only female mantids were used. Their diet (fruit flies, grass-
hoppers and mealworms) was chosen to avoid exposure to
butterflies or eyespots. Eggs of Wt and Spotty B. anynana were
obtained from laboratory populations. Larvae were fed young
maize Zea mays plants. The pupae of different sexes were separ-
ated to ensure virginity. Adults were fed pulped banana and
water and used in experiments at between two to six days old.
(c) Microcosm experiment set-up and analysis
We performed a microcosm experiment to investigate differences
in survival, fecundity and wing damage in Wt and Spotty butter-
flies. Forty cylindrical net cages (50 cm diameter by 100 cm
height), each containing 10 Wt or 10 Spotty B. anynana (five
males and five females), were set up. For 20 cages (10 Wt and
10 Spotty), one mantid was introduced. Mantids were randomly
assigned, while ensuring that each form was exposed to a similar
number of male and female mantids. The other 20 cages served
as controls. All cages were kept at 27°C and 60% relative humid-
ity with a 12 L : 12 D cycle under a full-spectrum light source. A
food source and an oviposition substrate were maintained until
all butterflies were dead. Survival, fecundity and wing damage
data were collected from all cages.

Survival and fecundity were measured by counting the
number of live butterflies and eggs laid in each cage at the
same time each day. Wing damage was quantified by examining
the wings of dead butterflies for damage marks (holes, tears or
missing chunks) and assigning scores to the damaged sectors
(figure 1c). Each damage mark was worth a total of one point.
When a mark occurred entirely within one sector, that sector
alone was awarded the point. Where a mark was spread across
multiple sectors, each sector shared the point equally (e.g. if a
mark affected two wing sectors, each was assigned 0.5 points).

Data were analysed in R (v. 4.0.0) [26]. The survival data
were analysed by a survival analysis (figure 2a) using the survi-
val [27] and survminer [28] packages. Both constant and non-
constant hazard functions were fitted and the model with the
lowest Akaike information criterion value was chosen. Because
mantid gender, which we expect to be important in experimental
trials (those with mantids) [12], cannot be run in the same model
as control trials (without a mantid), three separate models were
run: (i) analysing all trials (control and experimental) with
mantid presence/absence as the main effect to assess the effects
of predation; (ii) analysing only control trials with butterfly form
as the main effect to investigate the difference between forms in
the absence of predation; and (iii) analysing only experimental
trials with butterfly form and mantid gender as interacting
main effects to assess differences between the two forms under
predation. Where appropriate, cage number was included as a
random effect to account for among-cage differences.

The fecundity data (figure 2b) were analysed using a
Gaussian generalized linear mixed model (GLMM) via the
glmmTMB package [29]. The response variable was the
number of eggs laid per butterfly per day. As with the survival
analysis, three separate models were run. Models were checked
for adherence to error distribution assumptions using the
DHARMa package [30].

Wing damage scores were plotted on two-way heat maps to
compare damage on the two forms visually (figure 2c). The
scores were also analysed using the mvabund package [31] to
fit multivariate GLMMs where the response variable was the
matrix of wing damage scores for each sector. This analysis
detects overall differences in the number and distribution of
damage marks between the forms. Models were fitted with a
negative binomial error distribution, which was checked using
the same package. Forewings and hindwings were analysed sep-
arately as they had different wing sectors. Similar to above, three
sets of models were constructed, initially with form as the main
explanatory variable and other potential sources of variation as
secondary explanatory variables (e.g. cage number, mantid
gender and average survival for each cage), and thereafter sim-
plified stepwise by removing interactions or variables with a
non-significant p-value. Where a variable had a p-value close to
0.05, we used the ANOVA function in base R [31] to compare
how well the two models (i.e. before and after removing the vari-
able in question) explained the data. If the amount of variance
explained did not differ significantly, we removed the variable
(as the simpler model could explain a similar amount of var-
iance). Where the unsimplified model (i.e. with the variable)
was significantly better, the variable was retained.
(d) Arena experiment set-up and analysis
We performed an arena experiment to investigate differences in
the wing areas targeted by mantids in Wt and Spotty butterflies.
The wooden arena, covered with green poster board, was a
square floor with a circular wall enclosing a rectangular ramp
(46 cm length by 8 cm width) extending from a port in the wall
to the centre of the arena, tilted upwards at an angle of 16° (simi-
lar to that used by Prudic et al. [7]; figure 3a). It was illuminated
by two full-spectrum halogen tube lamps. Before trials, mantids
and butterflies were starved for two days and one day, respect-
ively. Immediately prior to trials, mantids were exposed to
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Figure 2. Results from the microcosm experiments. (a) The survival curves show that individuals in control cages (above) lived longer than those in experimental
cages (below). Similar longevity between Wt and Spotty individuals in control cages, together with decreased longevity of Spotty versus Wt individuals in exper-
imental cages, indicates that mantids preyed more intensely upon Spotty individuals. ‘+’ indicates the censoring of a cage. (b) Similarly, Spotty fecundity was more
significantly impaired by the mantid predators than Wt fecundity. Ranges in (a) and (b) represent 95% confidence intervals. (c) A two-way heat map with each wing
sector coloured according to the form which suffered higher average damage scores in that sector (green for Wt and yellow for Spotty; only experimental trials
shown). There are two clear patterns: first, the wings are predominantly yellow suggesting that Spotty individuals suffered more intense predation, and second the
darker yellows tend to occur on the anterior sectors of both wings, suggesting that the mantids tended to direct more of their attacks towards the forward portions
of both wings in Spotty.
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both B. anynana forms for 15 min by placing them into a small
mesh cage between two other cages (one containing a Wt and
the other a Spotty individual), during which the mantid was
fed a B. anynana with its eyespots rubbed off.

During each trial, the mantid was attracted into the arena
using a mealworm. A single butterfly was then placed 5 cm
away from the mantid (with a morsel of banana as an incentive
to remain in place), facing perpendicular to the long axis of the
ramp so as to maximally display its eyespots to the mantid. The
prey–predator interaction that followed was recorded using a
Legria HFR36 video camera. A new butterfly was used for
each trial. If the butterfly flew away before an attack was
initiated, the trial was repeated with another butterfly. A total
of 10 mantids were used, and one round of trials comprised
10 trials: one per mantid in random sequence. After the first
round, the mantids were again starved for two days before con-
ducting the second round of trials. This process was repeated
until eight rounds were completed. Each mantid encountered
four Wt and four Spotty butterflies in random order. From
the videos, we identified where on the butterfly the mantid
first struck. Latency to attack was not recorded as mantids
were observed to initiate attacks only in response to a move-
ment by the butterflies. First strikes observed were assigned to
one of four categories (figure 3b): (i) on or near the ‘body’
(including the proximal parts of the wing, without any
eyespots); (ii) on the ‘forewing eyespots’; (iii) on the ‘hindwing
eyespots’; and (iv) on the ‘eyespots on both wings’
simultaneously.

The data were analysed in R (v. 4.0.0) [26]. A multinomial
regression was performed using the nnet [32] and car [33]
packages. An extension of binomial regression (which can
only analyse two categories), multinomial regression compares
the overall proportions of the four categories of first strikes
observed to determine whether the mantids attacked Wt and
Spotty differently. The response variable was the proportion of
each first strike category and the explanatory variable was but-
terfly form. The multinomial model also compared all possible
pairs of first strike categories to identify which specific cat-
egories were different. This procedure is similar to using an
ANOVA to test for global differences among groups followed
by individual t-tests to identify the groups driving the differ-
ence. To account for potential differences among the mantids,
we used the lme4 package [34] to compare all pairwise combi-
nations of the four categories via a series of binomial GLMMs,
with form as the main effect and mantid identity as a random
effect. This is the manual equivalent of the multinomial
regression [35] but also allows the modelling of random effects.
The arm package [36] was used for model checking.
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3. Results
(a) Wing overlap partially explains the uneven eyespot

distribution
Of the 451 species from Tokita et al. [13], we excluded 20
species with no suitable images and 156 species without eye-
spots, leaving a total of 275 species for the three analyses. In
the first analysis, we found 1.5 times more eyespots per
exposed wing sector on hindwings (mean ± s.e.: 0.49 ±
0.015) than on forewings (0.31 ± 0.018). Second, wing overlap
is a limiting factor for the number of forewing eyespots in
only 35 species (12.8%). These species have fewer exposed
forewing sectors than hindwing sectors with eyespots and
therefore cannot have as many exposed forewing eyespots
as hindwing eyespots. The remaining 240 species (87.2%),
including B. anynana, have the potential to display the same
number or more exposed forewing than hindwing eyespots
and yet they have, on average, more than two times as
many exposed eyespots on the hindwing (mean ± s.e.: 4.0 ±
0.14) than the forewing (1.8 ± 0.12), suggesting that this differ-
ence was not caused by wing overlap. Third, even though
both the forewing M2 and M3 sectors are covered at rest in
13.8% (i.e. 38) of the 275 species, this is insufficient to explain
why eyespots are twice as common on the homologous M2
and M3 hindwing sectors—present on the hindwing in 127
species (46.2%) but on the forewing in only 57 species
(20.7%). Taken together, these three observations suggest
that the lower eyespot number on forewings versus hind-
wings in nymphalids cannot be fully explained by wing
overlap at rest.

(b) Microcosm experiment: Spotty butterflies have
lower fitness and suffer more wing damage

All 40 cages were used in the survival and fecundity analyses,
although nine (two control Spotty, three control Wt and four
experimental Wt cages) were censored at various points, e.g.
owing to an escaped butterfly. Of these nine, six were cen-
sored from the wing damage location data, e.g. owing to
premature mantid death.

There were three main results from the survival analysis
(figure 2a). First, butterflies in experimental cages had shorter
lifespans than those in control cages (6.7 versus 28.7 days;
p < 0.001). Second, in control cages, butterfly form did not
affect survival: there was no significant difference in the long-
evity of Wt (29.4 days) and Spotty (27.2 days) ( p = 0.48).
Third, in experimental cages, form significantly affected survi-
val: Spotty (which survived an average of 3.4 days) died
sooner than Wt (9.4 days; p = 0.032). Mantid gender was also
significant (butterflies in cages with female mantids survived
2.5 days less; p < 0.01) but there was no significant interaction
between mantid gender and butterfly form (p = 0.48).

The fecundity data produced similar results (figure 2b).
First, butterflies in experimental cages laid half as many
eggs as those in control cages (9.3 versus 18.9 eggs butter-
fly−1 d−1; p < 0.001). Second, in control cages, there was no
significant difference between Wt and Spotty (20.3 versus
17.5 eggs butterfly−1 d−1, respectively; p = 0.38). Third, in
experimental cages, form had a significant effect on fecundity:
Spotty laid half as many eggs as Wt (6.8 versus 13.4 eggs but-
terfly−1 d−1; p = 0.022). This lower fecundity is probably
driven by increased predation on Spotty.
There were also three main results from the wing damage
data. First, butterflies in experimental cages suffered more
damage than those in control cages on both forewings (0.36
damage marks butterfly−1 d−1 in experimental cages versus
0.16 marks in control cages; p = 0.01) and hindwings (0.28
versus 0.20 marks butterfly−1 d−1; p = 0.01) (electronic sup-
plementary material, figure S2). Second, in control cages,
there was no difference in wing damage between Wt and
Spotty, both on forewings ( p = 0.80) and hindwings ( p =
0.83). Third, in experimental cages, Spotty were attacked
more than Wt on both the forewing (0.22 damage marks but-
terfly−1 d−1 in Spotty versus 0.14 in Wt) and hindwing (0.17
versus 0.10 marks butterfly−1 d−1). The two-way average
damage score heat map (figure 2c) shows this same pattern
(the figure is predominantly yellow) and also suggests that
the mantids tended to attack Spotty more on the anterior por-
tions of both wings (where the darker yellows tend to occur).
These differences border on significance for the forewing ( p =
0.083; despite this p-value being greater than 0.05, the model
including butterfly form explains the data significantly better
than the model without it, p = 0.04, suggesting that the effect
of form is significant) but not significant on the hindwing
( p = 0.19). Together, these results indicate that Spotty experi-
enced more intense predation and were attacked more on
their forewings compared to Wt.

(c) Arena experiment: Spotty and wild-type butterflies
are targeted differently

Eight mantids successfully completed all eight trials. Two
died prematurely, completing four trials (two Wt, two
Spotty) and six trials (four Wt, two Spotty). A total of 69
attacks were recorded (35 on Wt and 34 on Spotty) and five
trials (four Wt, one Spotty) resulted in no attack. In eight
out of the 69 attacks observed (four Wt, four Spotty), the but-
terfly subsequently escaped. The number of first strikes in
each category for Wt and Spotty is shown in table 1. As
expected, most attacks targeted areas with eyespots (50
attacks, or 72%) (table 1). Focusing on the forewings: because
the forewing is also targeted in attacks on both wings, the
forewing was attacked more frequently in Spotty (38.2% on
both wings + 29.4% on the forewing alone = 67.6% of trials)
than in Wt (17.1% + 40.0% = 57.1% of trials) (figure 3c).

The multinomial GLMM revealed a difference which bor-
ders on significance in the overall proportions of the four
first strike categories between Wt and Spotty ( p = 0.063),
supporting our wing damage data (figure 2c). The pairwise
comparisons showed two main drivers of this difference
(figure 3c). First, a significant difference in the relative pro-
portion between ‘hindwing eyespots’ (reducing steeply from
17.1% in Wt to 2.9% in Spotty) and ‘eyespots on both
wings’ (more than doubling from 17.1% in Wt to 38.2% in
Spotty) ( p = 0.031), suggesting that the mantids shifted from
attacking the hindwings alone to attacking both wings simul-
taneously. Second, a difference bordering on significance
between ‘forewing eyespots’ (decreasing from 40% in Wt to
29.4% in Spotty) and ‘eyespots on both wings’ ( p = 0.085).
All other comparisons were non-significant. The binomial
GLMMs produced almost identical statistics, confirming
these results, and indicated no significant difference among
mantids. These data suggest that the predominant change
in mantid attacks was a switch from targeting the hindwing
in Wt to attacking both wings in Spotty.



Table 1. Total number of first strikes in each category on Spotty (Sp) and wild-type (Wt) butterflies. (Bo, body; FwE, forewing eyespots; HwE, hindwing
eyespots; BE, eyespots on both wings.)

mantid
number

Bo
(Wt)

Bo
(Sp)

FwE
(Wt)

FwE
(Sp)

HwE
(Wt)

HwE
(Sp)

BE
(Wt)

BE
(Sp) total

1 2 1 2 0 0 0 0 2 7

2 1 2 1 0 0 0 1 2 7

3 1 1 2 3 0 0 0 0 7

4 1 1 2 1 0 0 1 2 8

5 1 2 3 0 0 1 0 0 7

6a 1 0 1 2 1 0 1 0 6

7 0 2 2 1 1 0 1 1 8

8 0 0 0 1 2 0 2 3 8

9 0 0 1 2 2 0 0 2 7

10a 2 1 0 0 0 0 0 1 4

total 9 10 14 10 6 1 6 13 69
aMantid died before completing all eight trials.
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4. Discussion
Multiple small marginal eyespots on hindwings are known to
deflect predator attacks to the wing margin [6,7,11] but it is
unclear why nymphalids generally have fewer eyespots on
forewings than hindwings. Here, we find that this pattern
on the ventral wing surfaces persists even after accounting
for wing overlap in the butterflies’ perching positions. We
also demonstrate that B. anynana butterflies with more forew-
ing eyespots suffered more attacks by mantid predators on
the forewings, reducing their survival and fecundity. Our
data indicate that predation helps to maintain lower forewing
eyespot numbers in B. anynana because carrying more fore-
wing eyespots draws attacks towards the forewing which is
more important for flight.

Overall, our data show that both wing overlap and preda-
tion pressure contribute to limiting the number of ventral
forewing eyespots in butterflies. However, wing overlap is a
limiting factor in only 12.8% of the species analysed. Owing
to the paucity of this type of data, it is likely that we did
not capture all the resting positions displayed by these
species in nature. However, because our analysis was deliber-
ately conservative, we believe that, even as more images
become available, our conclusions should remain sound.
This does not immediately indicate that predation is primar-
ily responsible for fewer forewing eyespots, but our data
suggest that it might be an important factor. The presence
of predators was detrimental to the fitness of both B. anynana
forms in our study, but Spotty butterflies were significantly
shorter-lived (figure 2a) and laid significantly fewer eggs
(figure 2b). The mantids preyed upon the two forms differ-
ently: Spotty forewings both suffered more damage in the
microcosm experiments (0.22 marks butterfly−1 d−1 versus
0.14 in Wt) and were attacked more frequently in the arena
experiments (67.6% of Spotty trials versus 57.1% of Wt
trials). While we did not explicitly control for wing damage
owing to wear and tear in our microcosm experimental
cages, our data show that this accumulates over time primar-
ily on the leading edge of the forewing (electronic
supplementary material, figure S2). Therefore, correcting for
wear and tear would result in a greater reduction of
damage scores on the forewings of Wt (which survived
longer than Spotty), which would provide stronger support
for our conclusions.

Although we show that having more forewing eyespots is
detrimental, our results alone cannot disentangle whether
this is a consequence of Spotty having a more even distri-
bution of eyespots (across forewings and hindwings) or
more eyespots overall. However, when informed by existing
studies, our data suggest that eyespot location may be impor-
tant. Prudic et al. [7] showed that, although the conspicuous
wet season form (WS) of B. anynana was more attacked
than the less conspicuous dry season form (DS), the WS
still had higher fitness (because most damage was on the
hindwings compared to the head and thorax in DS). Hence,
if Spotty were attacked more, simply because they were
more conspicuous (having more eyespots overall), we
would expect more wing damage but not necessarily lower
fitness. However, we observed both in the microcosm exper-
iment. We therefore believe that the lower fitness in Spotty is
owing to greater forewing relative to hindwing damage. In
the arena experiment, the additional forewing eyespots in
Spotty caused a significant reduction of attacks towards
hindwings and an increase towards both wings, suggesting
that the forewing became a relatively more important
target. Nymphalids display large variation in total eyespot
number but consistently have fewer forewing eyespots [13].
We believe our experiments shed light on the detrimental
effect of drawing too much attention to forewings by placing
too many eyespots on these wings, relative to placing most
eyespots on hindwings. Nevertheless, future studies are
needed to differentiate between the effects of total eyespot
number and eyespot distribution, e.g. by painting eyespots
onto the same butterfly genotype to produce forms with
different eyespot distributions but the same total eyespot
number.

Displaying more deflective eyespots on the hindwing
appears to be beneficial as their outer margins are easily
ripped and detached, allowing the prey to escape with only
hindwing damage [37]. Butterfly hindwings are less impor-
tant for flight: hindwing clippings are generally not
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detrimental to survival (e.g. [38]); many species in the wild
exhibit more hindwing damage [39]; and Pieris rapae and
Morpho butterflies without hindwings remain able to evade
predators (although at reduced height, speed and accelera-
tion) [40,41]. Forewings, however, are critical for all stages
of flight, from general flight to evasive manoeuvring [40–
43]. A greater number of forewing eyespots, as seen in
Spotty, may therefore be selectively disadvantageous because
this encourages predators to grasp both wings simul-
taneously. This curtails a butterfly’s chances of escaping
an attack [44] and, if it does escape, still results in
forewing damage, diminishing its survivability in subsequent
encounters with predators.

The lower fecundity of Spotty relative to Wt in the
presence of mantids could also be owing to lower mating
success. In Bicyclus spp., including B. anynana, there is evi-
dence that forewing pattern elements are more important
for sexual signalling [17,45,46]. The greater damage to
Spotty forewings could thus have contributed to lower
mating frequency. However, in species which use both forew-
ings and hindwings for sexual signalling, e.g. Hypolimnas
bolina [47], the extent of wing damage may be more important
than damage location per se. Few studies have investigated
the relative importance of forewing versus hindwing mark-
ings in mating, and more experiments are necessary to
evaluate how variation in eyespot distribution may affect
sexual signalling in nymphalids. These studies should, how-
ever, consider possible sex-biased mortality (as sex ratio
within a cage affects fecundity) and could also investigate
female preference in the absence of harassment from males.

Finally, other factors could explain our results. Systematic
differences in escape behaviour between Spotty and Wt,
which we did not notice during our experiments, could
result in different survival rates, although Prudic et al. [7]
showed that the effects of eyespots on survival were indepen-
dent of behaviour in the seasonal forms of B. anynana. Also,
the M3 and Cu1 eyespots on the Spotty forewing are partially
joined (the orange ring is always fused, and the inner black
ring is fused in 10% of specimens), producing a new shape
on the forewing which could affect predator behaviour. How-
ever, this would not affect the conspicuity of the white
eyespot centres. They should therefore still draw attacks to
themselves in a manner similar to isolated eyespots [12].
Nevertheless, future research should ensure that eyespot
shape remains consistent. Startle displays, which have
received limited study, could also potentially influence eye-
spot shape, size and distribution, and are an interesting
avenue for further research. To extrapolate our conclusions
to the Nymphalidae as a whole, similar work on other species
is necessary. However, it should be considered that different
predators may respond differently to the same wing pattern,
and different predator guilds in different forests may explain
why some nymphalids have more eyespots on the forewing
instead. Hence, future work sampling whole predator–prey
communities is needed to address further drivers of eyespot
number diversity.
Ethics. All applicable guidelines from the Animal Behavior Society
Guidelines for the Use of Animals in Research (Animal Behaviour,
2018, 135, I-X), national legal requirements and institutional guide-
lines were adhered to in conducting this study. A permit to collect
mantid specimens was issued by the National Parks Board,
Singapore (NP/RP15-063-1a).
Data accessibility. All data and the R code for the wing overlap, micro-
cosm and arena experiments are available from the Dryad Digital
Repository: https://doi.org/10.5061/dryad.h9w0vt4gw [48].

Authors’ contributions. I.Z.W.C.: data curation, formal analysis, investi-
gation, methodology, writing—original draft, writing—review and
editing; Z.C.N.: conceptualization, investigation, methodology,
writing—-original draft; L.N.: conceptualization, investigation, meth-
odology, writing—review and editing; Y.L.: conceptualization,
investigation, methodology, writing—review and editing; V.G.: investi-
gation, writing—review and editing; A.M.: conceptualization, funding
acquisition, methodology, project administration, resources, supervi-
sion, writing—review and editing. All authors gave final approval
for publication and agreed to be held accountable for the work
performed therein.
Competing interests. The authors declare that they have no competing
interests.
Funding. This work was supported by the National Research
Foundation, Singapore under the Investigatorship Programme
(grant no. NRF-NRFI05-2019-0006), the National Research Foun-
dation, Singapore under the CRP programme (grant no. NRF-
CRP20-2017-0001) and the Ministry of Education, Singapore’s Aca-
demic Research Fund (grant no. R-154-000-602-112).

Acknowledgements. The authors would like to thank Aaron Teo for his
advice on data analysis, and the editorial board member and anon-
ymous referees for comments which substantively improved this
paper.
References
1. Stevens M. 2007 Predator perception and the
interrelation between different forms of protective
coloration. Proc. R. Soc. B 274, 1457–1464. (doi:10.
1098/rspb.2007.0220)

2. Monteiro A. 2008 Alternative models for the
evolution of eyespots and of serial homology on
lepidopteran wings. Bioessays 30, 358–366. (doi:10.
1002/bies.20733)

3. Stevens M. 2005 The role of eyespots as anti-
predator mechanisms, principally demonstrated in
the Lepidoptera. Biol. Rev. 80, 573–588. (doi:10.
1017/S1464793105006810)

4. Skelhorn J, Holmes GG, Hossie TJ, Sherratt TN. 2016
Eyespots. Curr. Biol. 26, R52–R54. (doi:10.1016/j.
cub.2015.10.024)
5. Kodandaramaiah U. 2011 The evolutionary
significance of butterfly eyespots. Behav.
Ecol. 22, 1264–1271. (doi:10.1093/beheco/
arr123)

6. Ho S, Schachat SR, Piel WH, Monteiro A. 2016
Attack risk for butterflies changes with eyespot
number and size. R. Soc. Open Sci. 3, 150614.
(doi:10.1098/rsos.150614)

7. Prudic KL, Stoehr AM, Wasik BW, Monteiro A. 2015
Eyespots deflect predator attack increasing fitness and
promoting the evolution of phenotypic plasticity. Proc.
R. Soc. B 282, 20141531. (doi:10.1098/rspb.2014.1531)

8. Vallin A, Jakobsson S, Lind J, Wiklund C. 2005 Prey
survival by predator intimidation: an experimental
study of peacock butterfly defence against blue tits.
Proc. R. Soc. B 272, 1203–1207. (doi:10.1098/rspb.
2004.3034)

9. Shreeve TG. 1987 The mate location behaviour of
the male speckled wood butterfly, Pararge aegeria,
and the effect of phenotypic differences in hind-
wing spotting. Anim. Behav. 35, 682–690. (doi:10.
1016/S0003-3472(87)80104-5)

10. Van Dyck H, Matthysen E, Dhomdt AA. 1997
The effect of wing colour on male behavioural
strategies in the speckled wood butterfly.
Anim. Behav. 53, 39–51. (doi:10.1006/anbe.
1996.0276)

11. Halali D, Krishna A, Kodandaramaiah U, Molleman
F. 2019 Lizards as predators of butterflies: shape of
wing damage and effects of eyespots. J.

https://doi.org/10.5061/dryad.h9w0vt4gw
https://doi.org/10.5061/dryad.h9w0vt4gw
http://dx.doi.org/10.1098/rspb.2007.0220
http://dx.doi.org/10.1098/rspb.2007.0220
http://dx.doi.org/10.1002/bies.20733
http://dx.doi.org/10.1002/bies.20733
http://dx.doi.org/10.1017/S1464793105006810
http://dx.doi.org/10.1017/S1464793105006810
http://dx.doi.org/10.1016/j.cub.2015.10.024
http://dx.doi.org/10.1016/j.cub.2015.10.024
http://dx.doi.org/10.1093/beheco/arr123
http://dx.doi.org/10.1093/beheco/arr123
http://dx.doi.org/10.1098/rsos.150614
http://dx.doi.org/10.1098/rspb.2014.1531
http://dx.doi.org/10.1098/rspb.2004.3034
http://dx.doi.org/10.1098/rspb.2004.3034
http://dx.doi.org/10.1016/S0003-3472(87)80104-5
http://dx.doi.org/10.1016/S0003-3472(87)80104-5
http://dx.doi.org/10.1006/anbe.1996.0276
http://dx.doi.org/10.1006/anbe.1996.0276


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20202840

9
Lepidopterists’ Soc. 73, 78–86. (doi:10.18473/lepi.
73i2.a2)

12. Chan IZW, Rafi FZ, Monteiro A. 2019 Interacting
effects of eyespot number and ultraviolet reflectivity
on predation risk in Bicyclus anynana (Lepidoptera:
Nymphalidae). J. Insect. Sci. 19, 19. (doi:10.1093/
jisesa/iez123)

13. Tokita CK, Oliver JC, Monteiro A. 2013 A survey of
eyespot sexual dimorphism across nymphalid
butterflies. Int. J. Evol. Biol. 2013, 926702. (doi:10.
1155/2013/926702)

14. Stevens M, Ruxton GD. 2014 Do animal eyespots
really mimic eyes? Curr. Zool. 60, 26–36. (doi:10.
1093/czoolo/60.1.26)

15. Olofsson M, Eriksson S, Jakobsson S, Wiklund C.
2012 Deimatic display in the European swallowtail
butterfly as a secondary defence against attacks
from great tits. PLoS ONE 7, e47092. (doi:10.1371/
journal.pone.0047092)

16. Olofsson M, Løvlie H, Tibblin J, Jakobsson S,
Wiklund C. 2013 Eyespot display in the peacock
butterfly triggers antipredator behaviors in naïve
adult fowl. Behav. Ecol. 24, 305–310. (doi:10.1093/
beheco/ars167)

17. Robertson KA, Monteiro A. 2005 Female Bicyclus
anynana butterflies choose males on the basis of
their dorsal UV-reflective eyespot pupils.
Proc. R. Soc. B 272, 1541–1546. (doi:10.1098/rspb.
2005.3142)

18. Brakefield PM, French V. 1993 Butterfly wing
patterns: developmental mechanisms and
evolutionary change. Acta Biotheor. 41, 447–468.
(doi:10.1007/bf00709376)

19. Monteiro A, Chen B, Scott L, Vedder L, Prijs JH,
Belicha A, Brakefield PM. 2007 The combined effect
of two mutations that alter serially homologous
color pattern elements on the fore and hindwings
of a butterfly. BMC Dev. Biol. 8, 22. (doi:10.1186/
1471-2156-8-22)

20. Condamin M. 1973 Monographie du genre Bicyclus
(Lepidoptera, Satyridae). Dakar, Senegal: Institut
Fondamental d’Afrique Noire.

21. Monteiro A, Pierce NE. 2001 Phylogeny of Bicyclus
(Lepidoptera: Nymphalidae) inferred from COI, COII
and EF-1a gene sequences. Mol. Phylogen. Evol. 18,
264–281. (doi:10.1006/mpev.2000.0872)

22. Kodandaramaiah U, Lees DC, Mueller CJ, Torres E,
Karanth KP, Wahlberg N. 2010 Phylogenetics and
biogeography of a spectacular Old World radiation
of butterflies: the subtribe Mycalesina (Lepidoptera:
Nymphalidae: Satyrini). BMC Evol. Biol. 10, 172.
(doi:10.1186/1471-2148-10-172)

23. Peña C, Nylin S, Wahlberg N. 2011 The radiation of
Satyrini butterflies (Nymphalidae: Satyrinae): a
challenge for phylogenetic methods. Zool. J. Linn. Soc.
161, 64–87. (doi:10.1111/j.1096-3642.2009.00627.x)

24. Spearman LA. 2009 Studies in the taxonomy and
biodiversity of South African orthopteroids. New
Brunswick, NJ: Rutgers University.

25. Ehrmann R. 2002 Mantodea: Gottesbeterinnen der
welt. Münster, Germany: Natur und Tier Verlag.

26. R Core Team. 2020 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing, See http://
www.R-project.org.

27. Therneau T. 2020 A package for survival analysis in
R. R package version 3.1-11. See https://CRAN.R-
project.org/package=survival.

28. Kassambara A, Kosinski M, Biecek P. 2019
survminer: drawing survival curves using ‘ggplot2’.
R package version 0.4.6. See https://CRAN.R-project.
org/package=survminer.

29. Brooks ME, Kristensen K, van Benthem KJ,
Magnusson A, Berg CW, Nielsen A, Skaug HJ,
Maechler M, Bolker BM. 2017 glmmTMB balances
speed and flexibility among packages for zero-
inflated generalized linear mixed modeling. R J. 9,
378–400. (doi:10.32614/rj-2017-066)

30. Hartig F. 2020 DHARMa: residual diagnostics for
hierarchical (multi-level /mixed) regression models.
R package version 0.3.1. See https://CRAN.R-project.
org/package=DHARMa.

31. Wang Y, Naumann U, Wright ST, Warton DI. 2012.
mvabund–an R package for model based analysis of
multivariate abundance data. Methods Ecol. Evol. 3,
471–474. (doi:10.1111/j.2041-210X.2012.00190.x)

32. Venables WN, Ripley BD. 2002 Modern applied
statistics with S, 4th edn. New York, NY: Springer.

33. Fox J, Weisberg S. 2019 An {R} companion to
applied regression, 3rd edn. Thousand Oaks, CA:
Sage. See https://socialsciences.mcmaster.ca/jfox/
Books/Companion/.

34. Bates D, Mächler M, Bolker B, Walker S. 2015 Fitting
linear mixed-effects models using lme4. J. Stat.
Softw. 67, 1–48. (doi:10.18637/jss.v067.i01)

35. Dobson AJ, Barnett A. 2008 An introduction to
generalized linear models, third edition. Boca Raton,
FL: CRC Press.

36. Gelman A, Su Y-S. 2020 arm: Data analysis using
regression and multilevel/hierarchical models. R
package version 1.11-1. See https://CRAN.R-project.
org/package=arm.

37. Hill RI, Vaca JF. 2004 Differential wing strength in
Pierella butterflies (Nymphalidae, Satyrinae)
supports the deflection hypothesis. Biotropica 36,
362–370. (doi:10.1111/j.1744-7429.2004.tb00328.x)

38. Koscinski D, Crawford LA, Keller HA, Keyghobadi N.
2011 Effects of different methods of non-lethal
tissue sampling on butterflies. Ecol. Entomol. 36,
301–308. (doi:10.1111/j.1365-2311.2011.01272.x)

39. Molleman F et al. 2020 Quantifying the effects of
species traits on predation risk in nature: a comparative
study of butterfly wing damage. J. Anim. Ecol. 89,
716–729. (doi:10.1111/1365-2656.13139)

40. Jantzen B, Eisner T. 2008 Hindwings are unnecessary
for flight but essential for execution of normal
evasive flight in Lepidoptera. Proc. Natl Acad. Sci.
105, 16 636–16 640. (doi:10.1073/pnas.0807223105)

41. Le Roy C, Cornette R, Llaurens V, Debat V. 2019
Effects of natural wing damage on flight
performance in Morpho butterflies: what can it tell
us about wing shape evolution? J. Exp. Biol. 222,
jeb204057. (doi:10.1242/jeb.204057)

42. Dudley R. 2002 The biomechanics of insect flight:
form, function, evolution. Princeton, NJ: Princeton
University Press.

43. Liang Z, Xinyan D. 2009 Power distribution in the
hovering flight of the hawk moth Manduca sexta.
Bioinspir. Biomim. 4, 046003. (doi:10.1088/1748-
3182/4/4/046003)

44. Robbins RK. 1980 The lycaenid ‘false head’
hypothesis: historical review and quantitative
analysis. J. Lepid. Soc. 34, 194–208.

45. Oliver JC, Robertson KA, Monteiro A. 2009
Accommodating natural and sexual selection in
butterfly wing pattern evolution. Proc. R. Soc. B
276, 2369–2375. (doi:10.1098/rspb.2009.0182)

46. Huq M, Bhardwaj S, Monteiro A. 2019 Male Bicyclus
anynana butterflies choose females on the basis of
their ventral UV-reflective eyespot centers. J. Insect.
Sci. 19, 25. (doi:10.1093/jisesa/iez014)

47. White TE, Zeil J, Kemp DJ. 2015 Signal design and
courtship presentation coincide for highly biased
delivery of an iridescent butterfly mating signal.
Evolution 69, 14–25. (doi:10.1111/evo.12551)

48. Chan IZW, Ngan ZC, Naing L, Lee Y, Gowri V,
Monteiro A. 2021 Data from: Predation favours
Bicyclus anynana butterflies with fewer forewing
eyespots. Dryad Digital Repository. (https://doi.org/
10.5061/dryad.h9w0vt4gw)

http://dx.doi.org/10.18473/lepi.73i2.a2
http://dx.doi.org/10.18473/lepi.73i2.a2
http://dx.doi.org/10.1093/jisesa/iez123
http://dx.doi.org/10.1093/jisesa/iez123
http://dx.doi.org/10.1155/2013/926702
http://dx.doi.org/10.1155/2013/926702
http://dx.doi.org/10.1093/czoolo/60.1.26
http://dx.doi.org/10.1093/czoolo/60.1.26
http://dx.doi.org/10.1371/journal.pone.0047092
http://dx.doi.org/10.1371/journal.pone.0047092
http://dx.doi.org/10.1093/beheco/ars167
http://dx.doi.org/10.1093/beheco/ars167
http://dx.doi.org/10.1098/rspb.2005.3142
http://dx.doi.org/10.1098/rspb.2005.3142
http://dx.doi.org/10.1007/bf00709376
http://dx.doi.org/10.1186/1471-2156-8-22
http://dx.doi.org/10.1186/1471-2156-8-22
http://dx.doi.org/10.1006/mpev.2000.0872
http://dx.doi.org/10.1186/1471-2148-10-172
http://dx.doi.org/10.1111/j.1096-3642.2009.00627.x
http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=survminer
https://CRAN.R-project.org/package=survminer
https://CRAN.R-project.org/package=survminer
http://dx.doi.org/10.32614/rj-2017-066
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=DHARMa
http://dx.doi.org/10.1111/j.2041-210X.2012.00190.x
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
http://dx.doi.org/10.18637/jss.v067.i01
https://CRAN.R-project.org/package=arm
https://CRAN.R-project.org/package=arm
https://CRAN.R-project.org/package=arm
http://dx.doi.org/10.1111/j.1744-7429.2004.tb00328.x
http://dx.doi.org/10.1111/j.1365-2311.2011.01272.x
http://dx.doi.org/10.1111/1365-2656.13139
http://dx.doi.org/10.1073/pnas.0807223105
http://dx.doi.org/10.1242/jeb.204057
http://dx.doi.org/10.1088/1748-3182/4/4/046003
http://dx.doi.org/10.1088/1748-3182/4/4/046003
http://dx.doi.org/10.1098/rspb.2009.0182
http://dx.doi.org/10.1093/jisesa/iez014
http://dx.doi.org/10.1111/evo.12551
https://doi.org/10.5061/dryad.h9w0vt4gw
https://doi.org/10.5061/dryad.h9w0vt4gw

	Predation favours Bicyclus anynana butterflies with fewer forewing eyespots
	Background
	Material and methods
	Wing overlap analysis
	Experimental animals for predation experiments
	Microcosm experiment set-up and analysis
	Arena experiment set-up and analysis

	Results
	Wing overlap partially explains the uneven eyespot distribution
	Microcosm experiment: Spotty butterflies have lower fitness and suffer more wing damage
	Arena experiment: Spotty and wild-type butterflies are targeted differently

	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


