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Abstract
1. Evading predators is a fundamental aspect of the ecology and evolution of all prey
animals. In studying the influence of prey traits on predation risk, previous researchers have shown that crypsis reduces attack rates on resting prey, predation risk increases with increased prey activity, and rapid locomotion reduces attack rates and
increases chances of surviving predator attacks. However, evidence for these conclusions is nearly always based on observations of selected species under artificial
conditions. In nature, it remains unclear how defensive traits such as crypsis, activity
levels and speed influence realized predation risk across species in a community.
Whereas direct observations of predator–prey interactions in nature are rare, insight
can be gained by quantifying bodily damage caused by failed predator attacks.
2. We quantified how butterfly species traits affect predation risk in nature by
determining how defensive traits correlate with wing damage caused by failed
predation attempts, thereby providing the first robust multi-species comparative
analysis of predator-induced bodily damage in wild animals.
3. For 34 species of fruit-feeding butterflies in an African forest, we recorded wing
damage and quantified crypsis, activity levels and flight speed. We then tested for
correlations between damage parameters and species traits using comparative
methods that account for measurement error.
4. We detected considerable differences in the extent, location and symmetry of
wing surface loss among species, with smaller differences between sexes. We
found that males (but not females) of species that flew faster had substantially
less wing surface loss. However, we found no correlation between cryptic coloration and symmetrical wing surface loss across species. In species in which males
appeared to be more active than females, males had a lower proportion of symmetrical wing surface loss than females.
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5. Our results provide evidence that activity greatly influences the probability of attacks and that flying rapidly is effective for escaping pursuing predators in the
wild, but we did not find evidence that cryptic species are less likely to be attacked
while at rest.
KEYWORDS

activity, ageing, crypsis, defensive ecology, flight speed, restricted maximum likelihood, sex
differences, symmetrical damage

1 | I NTRO D U C TI O N

Butterflies are particularly suitable for studies linking damage
patterns, species traits, and predator attack rates and outcomes.

Predation risk is inevitably dependent on prey defensive traits such

Damage to butterfly wings in the shape of a bird's beak has been inter-

as behaviour and appearance (Ruxton, Sherratt, & Speed, 2004). For

preted as an outcome of failed predation attempts by birds (Wourms

instance, studies show that crypsis reduces attack rates on rest-

& Wasserman, 1985). Therefore, relative frequencies of beak marks

ing prey, that prey activity increases predation risk and that rapid

across butterfly species contain information about the effects of but-

prey movement increases chances of surviving predator attacks

terfly species traits on predation by birds. For example, beak mark

(e.g. Husak, 2006; Ioannou & Krause, 2009). However, evidence

frequencies have been shown to be correlated with butterfly palat-

for these conclusions usually comes from observations of selected

ability (Carpenter, 1941; Ohsaki, 1995). The location of wing damage

species under artificial conditions (e.g. Prudic, Stoehr, Wasik, &

can also be correlated with butterfly defence traits. Robbins (1981)

Monteiro, 2015) or artificial prey in the wild (e.g. Stevens, Hardman,

and Tonner, Novotny, Lepš, and Komarek (1993) showed that butter-

& Stubbins, 2008). The extent to which species traits influence re-

fly species with false heads (hindwing coloration and shape that give

alized predation risk across species in a natural community remains

the impression that the head is on the posterior end of the animal)

largely unresolved (Remmel, Davison, & Tammaru, 2011).

had damage more often on hindwings than on forewings, compared

One reason for the limited empirical evidence relating prey traits

to species without such markings. Furthermore, it can be viewed that

with predation rates is the transient nature of predator–prey inter-

symmetrical wing surface loss is incurred while butterflies are at rest,

actions, such that predator attacks on wild prey are not observed

because most butterfly species keep their wings closed while at rest,

frequently enough to be reliably quantified. However, since most

while they are necessarily open during flight (Shapiro, 1974). Thus,

predator attacks are unsuccessful and these failed attacks often

the frequency, location and symmetry of butterfly wing damage all

cause permanent and observable damage, the study of patterns of

contain information about predator–prey interactions.

bodily damage in wild animal populations offers an alternative ap-

In addition to differences among species, there are intraspecific

proach for understanding the links between prey traits and preda-

differences between the sexes in activity, body size and allometry,

tion risk (Edmunds, 1974; Raffaelli, 1978; Rand, 1954; Robbins, 1981;

coloration, wing shape and anti-predator tactics in many butter-

Schoener, 1979; Vermeij, 1982).

fly species (e.g. Fermon, Waltert, & Mühlenberg, 2003; Ide, 2006;

The locomotory behaviour of prey interacts with the effective-

Ohsaki, 1995; Owen & Smith, 1990; Wallace, 1889; Westerman et

ness of various other types of defences. For example, crypsis is an

al., 2019). For example, flight morphology can be in part shaped by

effective anti-predator trait when individuals are at rest, but not

mate locating behaviour and may therefore differ between the sexes

when moving (De Ruiter, 1952; Ioannou & Krause, 2009; Stevens,

(Wickman, 1992). We expect that species with larger differences

Searle, Seymour, Marshall, & Ruxton, 2011). Furthermore, the pro-

between the sexes in defensive traits should also show larger differ-

portion of time that prey spends moving is an important determinant

ences between the sexes in damage patterns.

of predator attack rate (Bieber & Ruf, 2009; Skelly, 1994), because

Of course, animals are also subject to general wear and tear,

most predators predominantly target moving prey (Hailman, 1977).

which generates damage that is not attributable to predator attacks.

During movement, the outcome of attacks likely depends largely

In butterflies, wing scales are gradually lost with age, whereas wing

on the prey's escape ability, which is often a function of its speed

surface loss is more often due to attacks by predators (Kemp, 2001;

(e.g. Heithaus, Frid, & Dill, 2002). Since particular body parts are dif-

Robbins, 1981). Therefore, we expect stronger within-individual cor-

ferentially exposed while the prey is at rest as opposed to when in

relations between damage that is likely caused by predator attacks

motion, the type and configuration of bodily damage likely differ in

across different wings (e.g. wing surface loss inflicted during a single

individuals that were attacked while resting compared with those

attack), than between predator-related damage (e.g. wing surface

that were attacked during activity. The location and configuration

loss) and damage that is likely due to wear and tear (e.g. scale loss).

of damage can therefore be indicative of the behavioural context of
attacks (Arlet, Carey, & Molleman, 2009).

Despite the intuitiveness of the effects of butterfly traits on
damage patterns, quantitative aspects of such relationships remain
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largely uncharacterized. In particular, crypsis and flight speed are

2006 until February 2007, and butterflies were scored, marked and

thought to be important defences for the majority of butterfly spe-

released on four consecutive days between 10:00 and 16:00, replac-

cies, but quantitative data regarding their effectiveness in the wild

ing bait only when it was lost. In Lowercamp and Mikana, trapping

are sorely lacking. Previous wing damage studies have focused on

was performed once every 4 weeks from May 2006 to June 2012.

particular defence traits that were not quantified on a continuous

Since the traps accumulated butterflies over 24-hr time periods, any

scale, considered few species or did not account for phylogeny.

differences in diurnal activity could not bias trap catches.

In the present study, we quantify the effectiveness of defence

In forest compartment K31, 34 species of fruit-feeding butter-

traits by testing for correlations between damage parameters and

flies were included to capture as much diversity in terms of phylog-

species traits (flight speed and activity, importance of crypsis as a

eny and putative defensive tactics, as possible. In Lowercamp and

defence tactic), using data taken from 34 species of fruit-feeding

Mikana, we focused on three butterfly species: Euphaedra medon

butterflies in a tropical forest in Uganda. These species differ in

(L.), E. alacris Hecq and Charaxes fulvescens Aurivillius in order to ob-

body size, activity levels and anti-predator traits. We assume that

tain large sample sizes for selected species. We focused on medium-

they largely share the same community of potential predators be-

to large-bodied species that are less likely damaged by handling. All

cause they occur in the same habitat, even though they may, for

included species hold their wings closed over their back while at rest

example, use different forest strata (Molleman, Kop, Brakefield,

and are thus expected to show symmetrical wing damage if they

DeVries, & Zwaan, 2006). We examined the overall distribution of

were attacked while at rest, although the Adoliadini and Cymothoe

wing damage in fore- and hindwings and tested for correlations be-

species hold their wings open during sun basking and can open their

tween damage parameters within individual butterflies. We then

wings during feeding (FM pers. sobs.).

evaluated the potential for species traits to affect damage patterns
by assessing among-species variation in the presence, extent, location and symmetry of wing surface loss, the number of tears in wings

2.2 | Scoring damage

and the extent of wing scale loss. We explored correlations across
species using a restricted maximum likelihood (REML) approach that

Focal species were carefully removed from baited traps by hand.

accounts for both phylogenetic non-independence of species and

To avoid pseudo-replication, butterflies were marked with a unique

measurement error (Ives, Midford, & Garland, 2007) when possible.

number before release. Most individuals were captured only once

We included wing length (a proxy of body size and the wing area

(the proportion of captures that were recaptured is given in Table

exposed to predators), as a predictor of wing damage parameters.

B3 and the frequency of recaptures in Table B4 of Appendix S2).

We also used the residuals of wing damage over wing length in an

We visually estimated the proportion of wing surface missing on

alternative analysis, because other species traits may be confounded

each wing as well as the percentage of scale loss of all wings taken

with body size (e.g. larger butterflies tend to fly faster). We tested

together. Any entire number could be noted, albeit obviously a dif-

the following hypotheses: (a) faster flying species have less wing sur-

ference of 1% would not be interpretable. We compared estimates

face loss overall (because faster species are more likely to escape

of wing surface loss with detailed drawings of the wing surfaces

pursuing predators), (b) species that rely more on crypsis for defence

of 538 of the included specimens and corrected systematic biases

have a lower frequency of symmetrical damage compared with

accordingly (e.g. overestimation of minor damage, underestima-

those that rely more on other anti-predator traits (because they are

tion of severe damage: Appendix S2). We also counted the number

less frequently spotted while resting with wings closed), and (c) in

of tears (ripped wings without surface loss) in the wings (Figure 1).

species in which males are more active than females, males have less

To gauge the realized repeatability of estimates of butterfly wing

symmetrical surface loss than conspecific females (because males

damage in this study, we took data from individual butterflies

are more often attacked while their wings are open).

that were captured and recaptured at most 1 day apart (estimates
often made by different observers) and determined the correla-

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study system and timing

tion between the two estimates of wing damage. Since the butterflies could have incurred new wing damage during this 1 day, it
is likely that we slightly underestimate repeatability. Across 1,100
instances of individuals that were captured on two consecutive
days, the correlation coefficient of wing surface loss was 0.74

This study was conducted near the Makerere University Biological

on average, wing tears 0.53 and scale loss 0.98. We note that

Field Station in Kibale National Park, Western Uganda. Butterflies

stronger correlation, that is reproducibility, did not correspond

were captured in fruit-baited traps in two areas with selectively

to stronger statistical signal in the later tests of our hypotheses

logged sub-montane tropical forest (Lowercamp and K31) and a

(Table 1). We calculated the degree to which wing surface loss

forest regeneration site (Mikana). We used 22 trap locations in

was biased towards forewings as the damage to forewings minus

Lowercamp (Molleman et al., 2006), 40 trap locations in the un-

that in hindwings, divided by the total wing surface loss; such that

derstorey of forest compartment K31 and six trap locations in the

this variable had positive values when wing surface loss was bi-

Mikana area. In K31, traps were baited once a week from January

ased towards forewings and negative values when biased towards
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F I G U R E 1 Representative examples of wing damage types; (a) non-symmetrical wing surface loss (~5% of left hindwing) in the shape
of bird's beak (Gnophodes chelys female), (b) irregularly shaped non-symmetrical wing surface loss (~20% of right hindwing and 3% of
right forewing Kallimoides rumia female), (c) symmetrical and non-symmetrical wing surface loss in hindwings (~10% of left hindwing, 3%
of right hindwing Euphaedra eusemoides), (d) symmetrical fore- and hindwing surface loss and non-symmetrical hindwing surface loss (E.
alacris female), (e) tears in fore- and hindwings (E. alacris female) and (f) severe scale loss (~50%) and slight (~5%) surface loss to all wings (E.
edwardsi). We did not handle butterflies as in plate c during this study
hindwings. For each pair of wings, we scored whether any of the

ranks were then averaged (Appendix S2, Table B1). These opinions

surface missing was symmetrical (i.e. the surface loss on left and

took into account both ventral and dorsal surfaces. We acknowledge

right wings represented a mirror image of each other). Even when

that these estimates were based on human perception, which might

some of the wing surface loss had a symmetrical shape across wing

differ from that of actual predators of butterflies (e.g. Church et

pairs, the extent of wing surface loss of wings in a wing pair often

al., 1998; Walton & Stevens, 2018), and averaging from incomplete

differed between the two wings, because there was additional

rankings may cause slight distortions.

non-symmetrical wing surface loss.

For most species, flight speed was measured in a 3-m-long

We attempted to avoid damage due to handling by focusing

tunnel. A house at the field station was darkened except for one

on species of large body size (forewing length over 2.8 cm.) and by

exterior door that was left open, and the doorframe was covered

working with local field assistants with several years of experience

with white mesh, providing a light target to butterflies. Butterflies

in handling butterflies. Fingerprints on butterfly wings are readily

were taken from baited traps in the morning during a 4-month pe-

recognizable and were ignored when scoring butterflies. We noted

riod, provided water and mashed banana and used during the af-

if a specimen was damaged during handling and excluded any subse-

ternoon between 13:00 and 16:00 of the same day for flight speed

quent recaptures of these individuals from the analyses.

measurements. Therefore, the ambient temperature was roughly
the same for all trials, ranging between 20.5 and 25°C. Butterflies

2.3 | Quantifying species traits

were individually released 1 m from the floor and 4 m from the
open door, oriented towards the open door. Butterfly flight away
from a human experimenter is likely escape behaviour; thus, we

For each species and sex, we determined averages and standard er-

presume that butterflies were displaying escape flight tactics and

rors (SE) of trait values. These were then used as predictors of sex-

were ostensibly maximizing their speed. The time they took to

specific species averages of wing damage parameters. Forewing

reach the mesh covering the open door was recorded, and flights

measurements were made using callipers at the study site for the

that were not straight towards the target door were excluded from

34 species, represented by 12,271 live individuals that were not

analyses.

included in the study of damage (separate dataset). Sexual size di-

As a measure of sexual differences in foraging activity, we calcu-

morphism was calculated as the log of the ratio of male to female

lated the proportion of males and females captured in baited traps

wing length (log (wing length male/wing length female)). Based on

during 12.5 years of butterfly monitoring (trap ratio) using a separate

Taylor expansion, we approximated the standard error (SE) of sexual

dataset: Molleman et al. (2006), Valtonen et al. (2013) and unpublished

size dimorphism as √(log(1 + (measurement error of males/mean for

data. This included the study areas described above as well as four

males)2 + log(1 + (measurement error of females/mean for females)2))).

other nearby sites varying from nearly pristine forest to regenerat-

Three experts in butterfly natural history (Perpetra Akite, Torben

ing sites, and including canopy traps that were monitored from 2000

B. Larsen and Freerk Molleman) ranked the species they were famil-

to 2006 (partly in Molleman et al., 2006). The trap ratio was not cal-

iar with according to the importance of crypsis as an anti-predator

culated for species that are difficult to sex in the field. Notably, the

trait relative to other defences on a scale of zero to one, and these

sexes may differ in their responses to trap height and their tendency

0.18 (0.41)

Crypsis

0.16 (−0.54, 0.81)

0.27 (0.16)

Speed

Crypsis

−1.00 (−1.00, 1.00)

WL SSD

−1.00 (−1.00, 1.00)

1.00 (−1.00, 1.00)

−0.06 (0.60)

−0.24 (−0.92, 0.63)

0.53 (−0.11, 0.93)

−1.00 (−1.00, 1.00)

1.00 (−1.00, 1.00)

−1.00 (−1.00, 1.00)

−0.17 (0.31)

0.36 (0.04)
*1.00 (0.71, 1.00)

−0.28 (−1.00, 1.00)

1.00 (−1.00, 1.00)

0.78 (−0.15, 1.00)

−0.20 (0.45)

0.42 (−0.14, 0.79)

0.20 (−0.20, 0.54)

−0.06 (0.79)

−0.79 (−1.00, −0.31)

0.07 (−0.43, 0.53)

−0.53 (0.001)

−0.14 (−0.48, 0.26)

Scale loss

0.15 (−0.85, 1.00)

*−0.83 (−1.00, −0.49)

Tears Loc

0.26 (−0.42, 0.79)

0.40 (−0.07, 0.80)

0.28 (0.11)

−0.51 (−0.86, 0.07)

*0.72 (0.43, 0.93)

Tears

−0.08 (−0.57, 0.45)

0.08 (−0.41, 0.55)

0.40 (0.04)

−0.17 (−0.92, 0.76)

0.19 (−0.49, 0.80)

0.01 (0.97)

0.12 (−0.37, 0.56)

0.17 (−0.21, 0.51)

Prop FW SuLo

−0.41 (−0.94, 0.36)

0.56 (−0.12, 0.99)

0.20 (0.25)

0.36 (−0.48, 0.95)

0.32 (−0.31, 0.85)

0.41 (0.04)

−0.44 (−0.77, 0.02)

0.21 (−0.14, 0.52)

Prop HW SuLo

0.62 (−0.17, 0.90)

*0.75 (0.41, 0.94)

0.22 (0.20)

−0.25 (−0.80, 0.43)

0.41 (−0.02, 0.76)

−0.32 (0.13)

0.23 (−0.26, 0.66)

−0.04 (−0.40, 0.35)

Pr sym FW SuLo

0.44 (−0.14, 0.81)

0.54 (0.06, 0.85)

−0.09 (0.97)

−0.39 (−0.96, 0.54)

−0.65 (−1.00, −0.14)

0.17 (0.48)

−0.41 (−0.74, 0.05)

−0.13 (−0.47, 0.23)

Pr sym HW SuLo

Note: For wing length and flight speed, we use a restricted maximum likelihood approach, taking into account phylogenetic non-independence and measurement error and report 95% CI. For crypsis,
p-values from phylogenetic independent contrasts are provided. Correlations that are significant at the p < .05 level are in bold, with an * when the relationship was still significant after Bonferroni–Holm
correction. Su Lo = percentage wing surface loss, Loc = the bias of wing damage to hind wings, Tears = the number of tears in wings, FW = forewing, HW = hindwing, Pr. = the proportion of individuals
with wing surface loss, Pr. sym = the proportion of individuals that have any wing surface loss that is symmetrical (from those individuals that do show wing surface loss in the particular wing pair), trap
ratio is the ratio of males and females in traps. WL SSD = sexual size dimorphism of wing length. Results using residuals of wing damage over wing length are given in Appendix S2, Table B3.

1.00 (−0.66, 1.00)

Trap ratio

Sex diff.

0.43 (−0.16, 0.85)

Wing
length

Females

−0.16 (−0.68, 0.46)

−0.71 (−0.96, −0.30)

Speed

−0.14 (0.37)

*0.61 (0.26, 0.84)

0.44 (−0.01, 0.82)

SuLo Loc

Wing
length

Males

Surface loss

Correlation coefficients for wing damage variables putatively inflicted by predators and species traits across species of fruit-feeding butterflies in a forest in Uganda

|

TA B L E 1

720
Journal of Animal Ecology
MOLLEMAN et al.

Journal of Animal Ecology

MOLLEMAN et al.

|

721

to remain trapped after entering a trap (Alexander & DeVries, 2012);

We then calculated means and SE of damage parameters per spe-

therefore, we excluded species known to show marked sexual differ-

cies and sex. For continuous variables, we used mixed models with in-

ences in flight altitude from the analyses, reducing the sample size

dividual identity as a random effect and species–sex combinations as

for this analysis to 31 species. It is also possible that within butterfly

factors. By using individual identity as a random effect, we were able

species, males and females differ in their seasonal foraging activity, as

to retain information contained in multiple captures, but individuals

previously shown in a Mexican dry forest (Torres, Osorio-Beristain,

that were captured more often could not bias the species average.

Mariano, & Legal, 2009). Nevertheless, this effect is likely offset by the

Similar models for binary data (presence/absence of wing surface loss,

long duration of our study (1–6 years) and may not be as pronounced

presence/absence of symmetrical wing surface loss) did not converge.

given the moderate seasonality of the butterfly community at our

Therefore, we calculated for each individual for each of these param-

study site (Valtonen et al., 2013). We further assume that sex ratios in

eters the proportions of observations of ‘presence’. We then averaged

traps represent differences in foraging activity rather than differences

these continuous proportions within species*sex. The SE of the result-

in actual abundance such as might be caused by differential larval or

ing proportions was then calculated as ((proportion*(1 − proportion))/

adult survival. Indeed, a mark–recapture study showed sexual differ-

sqrt of N individuals). When a proportion was 0 or 1, we calculated SE

ences in foraging activity of African fruit-feeding butterflies (Fermon

as 0.25/sqrt of N individuals, the highest possible SE.

et al., 2003), and we have observed similar differences in the relative

We conducted phylogenetic comparative analyses to study cor-

recapture rates of males and females of some species in the pres-

relations between wing damage parameters and species traits, as

ent study community (Molleman, Zwaan, Brakefield, & Carey, 2007,

well as between intraspecific sex differences in wing damage pa-

Appendix S2) which are most plausibly due to differences in foraging

rameters, foraging activity and body size. When SE was available

activity. The SE of the sex ratio was calculated as ((ratio*(1 − ratio))/

for both damage parameters and species traits, we considered SE

sqrt of N (individuals)), unless a proportion was 0 or 1, in which case

using a REML framework based on theory developed by Ives et al.

we calculated SE as 0.25/sqrt of N individuals, the highest possible SE.

(2007) implemented in R (Davis, Javoiš, Kaasik, Õunap, & Tammaru,
2016; Holm et al., 2016; R Core Team, 2014). This approach effec-

2.4 | Reconstructing the phylogeny of the
study community

tively gave more weight to species for which we had a higher sample
size. This was particularly important in our study because the extent of damage varied greatly among individuals, and sample sizes
varied greatly among species. Since no measurement error could

To construct a phylogenetic tree and estimate divergence times, we

be calculated for crypsis, we used phylogenetic independent con-

used published (Aduse-Poku, Brakefield, Wahlberg, & Brattström,

trasts (Felsenstein, 1985) implemented in the r package ape (Paradis

2017; Aduse-Poku et al., 2015; Aduse-Poku, Vingerhoedt, & Wahlberg,

& Strimmer, 2004) when addressing the effects of this variable. To

2009; Kodandaramaiah et al., 2010; Kodandaramaiah & Wahlberg,

account for any effects of body size on damage parameters, we cal-

2007; Monteiro & Pierce, 2001; Van Velzen, Bakker, & Loon, 2007; Van

culated the residuals (and their measurement errors) of damage over

Velzen, Wahlberg, Sosef, & Bakker, 2013) and original DNA sequences

wing length in a phylogenetic context for each species and sex, and

for nearly all fruit-feeding butterfly species in the study community (96

also correlated these residuals with species traits. To account for

species) with the help of calibration points (see Appendix S1 for more

multiple testing, we applied the Bonferroni–Holm correction to each

details). Including more species at the tree-building stage enabled us

butterfly trait with p-critical .05.

to produce a better-resolved phylogeny in the first instance, but the
resulting tree was pruned to represent only the 34 butterfly species in
this study (Figure 1 in Appendix S1).

3 | R E S U LT S

2.5 | Statistical analysis

3.1 | Overall damage distribution and withinindividual correlations

We first explored how different types of wing damage co-occur

We scored damage for 16,901 individual butterflies belonging to

within individuals across all species (e.g. to what extent is wing sur-

34 species, with 23 species represented by more than 100 records

face loss in one wing of an individual correlated with wing surface loss

(Dryad data Molleman et al., 2019). Many individuals had no dam-

in the other?) by implementing bivariate linear mixed-effect models

age, and few individuals had severe damage (Figure B1 in Appendix

using the 'rmcorr' function in R (Bakdash & Marusich, 2017). Since

S2). In 82% of individuals, some wing surface was recorded as

differences in averages among species and the sexes can obfuscate

missing, and in 35%, at least one wing was recorded as torn. As

within-individual correlations across all species (Bakdash & Marusich,

extremes, one butterfly had as much as 80% of the surface of a

2017), we used species*sex as 'individuals' in the analyses using data

single wing missing, and another was missing 40% of its total wing

from 11,774 individual butterflies. Since some individuals were cap-

surface. Averaged over the species averages, 51% of females had

tured multiple times, we used only one randomly selected observa-

forewing surface loss and 80% hindwing surface loss, while among

tion per individual to ensure that all individuals were sampled equally.

males, 46% had forewing surface loss and 74% hindwing surface
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the right forewing was likely to miss some surface too, but that
this was not the case for hindwings. This is consistent with symmetrical wing surface loss being more common in forewings than
in hindwings: when wings are held together, both wings are likely
damaged in an attack. A similar trend was found for wing tears
(r = .20, p < .001 for forewings and r = .01, p = .160 for hindwings).
This bias was especially strong in the Limentidini, Mycalesini,
Melanitini and the one Kallimini, but absent or even slightly reversed in Adoliadini (see Figure 2 and Table B3 for species-specific
information).

3.2 | Correlations between damage parameters and
species traits
Differences among species in damage parameters were extensive
(Appendix S2, Figure 2, Table B3). Considering phylogeny and, when
possible, measurement error, we found correlations among species
traits and damage parameters (Table 1 and Table B2 in Appendix
S2). Most correlations were found in males, for which sample sizes
tended to be larger, while females generally had similar correlation
coefficients than males, with the notable exception of the correlation between wing surface loss and flight speed (Table 1).
There were three correlations between damage parameters and
wing length (Table 1). Individuals of butterfly species with longer
wings had wing surface loss that was more biased towards forewings (REML significant in males with r = .61; Table 1). Longer wings
were also associated with more wing tears (significant for males with
r = .72) that were more biased towards hindwings (significant for
males with r = −.83 and females with r = −.79).
F I G U R E 2 Proportion of individuals with and without
(symmetrical/non-symmetrical) wing surface loss, presenting only
species for which at least 30 females were scored. To illustrate
that more closely related species tend to have more similar
damage parameters, species are sorted by phylogenetic affiliation.
All species had more frequent surface loss in hindwings than in
forewings, and symmetrical damage was usually more common
in forewings. These proportions varied more among species than
within species among the sexes

Among males, faster flying species had less wing surface loss
(r = −.71), but no such trend appeared among females (Table 1,
Figure 3). This relationship was significant when tested individually
(an a priori prediction), but not when the Bonferroni–Holm correction was applied to account for multiple testing. Faster flying species also had less wing surface loss after wing length was taken into
account (Appendix S2, Table B2). The effect of flight speed appears
to be substantial: the males of species that fly twice as fast have
about 30% less wing surface loss on average (Figure 3, see confidence interval of slope in Table 1). This effect appears to be mainly

loss (Figure 2). Given the high number of individuals (df = 11,772),

due to a lower proportion of individuals with hindwing surface loss

within-individual correlations between different types of damage

in faster flying butterflies (Table 1). Body size and wing shape are

or between damage to different wings tended to be significant.

expected to affect flight speed (e.g. Srygley, 1990). In our data, wing

However, the correlation coefficients (r) varied widely among com-

length was not significantly correlated with flight speed for males

binations of damage parameters. Scale loss was weakly correlated

(REML: r = −.15, 95% CI −0.59, 0.33), but larger females were shown

with wing surface loss (r = .20, p < .001; Appendix S2, Figure B1)

to fly faster (r = .73, 95% CI 0.37, 0.92). Wing shape (length/width)

and with the number of wing tears (r = .12, p < .001). The average

was not correlated with flight speed in either sex (males r = .23, 95%

correlation between the extent of wing surface loss and the num-

CI −0.29, 0.67; females r = .06, 95% CI −0.65, 0.69), taking into ac-

ber of wing tears within individuals was also weak (r = .11, p < .001).

count the effect of body size by considering residuals of flight speed

In contrast, the percentage of surface loss was correlated more

over wing length. When wing length was accounted for, higher flight

strongly between the two forewings (r = .41, p < .001). However,

speed was also associated with significantly fewer tears in wings

this was not the case for hindwings (r = .02, p = .013). This implies

of males (r = −.72, Appendix S2, Table B2). Less wing surface loss

that if the left forewing of an individual was missing some surface,

in the hindwings of faster flying species supports our hypothesis
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F I G U R E 3 Raw correlations between flight speed and wing damage parameters that are putatively caused by predators across 34
butterfly species in a forest in Uganda. Solid lines indicate significant relationships; dashed lines are non-significant. Clades are patterncoded, and relative sample size for each species trait is represented by the respective width and height of markers (within a graph). Trend
lines are derived from analyses using a restricted maximum likelihood (REML) framework that takes into account phylogenetic nonindependence and measurement error (statistical results in Table 1)
that faster flying butterflies more often escape pursuing predators

a larger difference in the proportion of symmetrical wing surface

without wing surface loss or are less frequently attacked in flight.

loss for both fore- (r = .75) and hindwing (r = .54) pairs (Figure 5). No

Species that were thought to rely more on crypsis as an an-

correlations with sexual size dimorphism were detected (Table 1).

ti-predator trait had neither more nor less wing surface loss than
those that were thought to rely more on other defences (Figure 4;
males p = .41, females p = .16). In contrast to our hypothesis that in-

4 | D I S CU S S I O N

dividuals that rely more on crypsis would be attacked less frequently
while at rest and thus have a lower frequency of symmetrical wing

Here we present the first multi-species phylogenetically informed

surface loss, more cryptic species did not show a lower frequency of

comparative analysis of bodily damage in wild animals, testing hy-

symmetrical wing surface loss (PIC: males, forewings p = .13, hind-

potheses regarding correlations between prey species traits and

wings p = .48; females, forewings p = .20, hindwings p = .97; Table 1).

damage patterns. We found extensive variation among butterfly

Curiously, in species that rely more on crypsis, a higher proportion

species in the extent and symmetry of wing surface loss, as well as

of individual males had hindwing surface loss (r = .41, p = .04), while

degree of bias towards hindwings, while within-species sex differ-

in females forewings were more often missing some surface area

ences in damage were modest. Males of faster flying butterflies had

(r = .40, p = .04). Crypsis was also associated with more wing tears

less wing surface loss overall (relative to males of slower species);

overall (significant in females with r = .36 and p = .04) and more bias

crypsis did not have a major effect on the degree of wing surface loss

in wing tears towards hindwings (significant in males with r = .53

or the proportion of wing surface loss that is symmetrical; and within

and p = .001; Table 1). Correlations between damage parameters

species, lower foraging activity levels were associated with a higher

and crypsis were barely affected by accounting for wing length

proportion of symmetrical wing surface loss.

(Appendix S2, Table B2). Species that were thought to rely more on

Our data suggest that damaging attacks on butterflies occur

crypsis for defence tended to fly more slowly for their size (PIC on

most often when they are in flight. The weak correlation between

residuals of flight speed over wing length: males r = −.58, p = .005;

scale loss and wing surface loss indicates that while scales may

females r = −.35, p = .1). Nevertheless, we found a correlation be-

be gradually lost with age (Kemp, 2001), wing surface loss is more

tween wing surface loss and flight speed, but not between wing sur-

sporadic, suggesting that wing surface loss is mainly caused by

face loss and crypsis.

failed predator attacks. Symmetrical wing surface loss is most

In species in which females showed less foraging activity than

likely due to instances when butterflies are attacked with their

males (as indicated by the sex ratio in traps), females had similar

wings closed, as is the case when they are at rest (Shapiro, 1974).

wing surface loss overall but more tears in their wings than con-

Across all species included in this study, most of the observed wing

specific males, relative to species with less marked differences in

surface loss was non-symmetrical and thus was most likely in-

foraging activity levels between the sexes (Table 1). As predicted,

curred when wings were open, as is the case during flight. In most

species with a larger sex difference in foraging activity also showed

species, symmetrical damage was more prevalent in forewings,
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F I G U R E 4 Phylogenetic independent contrasts between the estimated importance of crypsis and damage parameters across 34 butterfly
species in a forest in Uganda. Significant relationships are depicted with continuous trend lines (statistical results are given in Table 1)
suggesting that attacks on resting butterflies are directed mostly

type recorded in the present study, with the possible exception of

towards forewings. That wing surface loss on one side predicted

mantises.

wing surface loss on the other only for forewings can also be

In species in which females appeared to forage less than males,

explained by attacks on forewings that are held together. Since

the proportion of symmetrical wing surface loss was higher in fe-

geckos predominantly cause symmetrical surface loss in hindwings

males, suggesting that less active butterflies are more frequently

(Halali et al., 2019), the observed bias in such surface loss towards

attacked while at rest. However, it is questionable to what extent

forewings may indicate that predators with a higher vantage point

foraging activity is measured by traps catches represents over-

than lizards may be more frequent attackers of resting butterflies

all activity which also includes mate finding behaviour and ovipo-

in this system. Furthermore, overall wing damage was more com-

sition behaviour (Westerman et al., 2019). One may argue that

mon in hindwings, which could be explained by damage inflicted by

foraging provides the fuel for flight and thus that more foraging be-

predators pursuing butterflies in flight. Thus, both bias of symmet-

haviour is correlated with more flight, but this remains to be tested.

rical wing surface loss to forewings and bias of non-symmetrical

Furthermore, data on species' activity budgets are required to test

wing surface loss to hindwings point towards birds as important

whether a lower activity level is correlated with a higher proportion

butterfly predators in this system. Invertebrates are unlikely to be

of symmetrical wing surface loss across species as well. Assuming

significant predators of the large butterflies this study relies on

that butterflies fly only a minority of the time, these results may pro-

(Sang & Teder, 2011) and are unlikely to cause wing damage of the

vide further evidence that increased movement is associated with
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F I G U R E 5 Raw correlations between sex differences in foraging activity and sex differences in damage parameters across 34 butterfly
species in a forest in Uganda. Solid lines indicate significant relationships. Trend lines are derived from analyses using a restricted maximum
likelihood (REML) framework that takes into account phylogenetic non-independence and measurement error (statistical results in Table
1). Clades are pattern-coded, and relative sample size is represented by the respective width and height of markers (within graphs). As the
metric of sexual difference, we used the log of the mean values in males divided by that mean in females (log (m/f))
increased attack risk (Ioannou & Krause, 2009). However, it is also

and wing surface loss provides the first evidence that investment

possible that butterflies take flight when they have been detected by

in high flight speed can be an effective alternative to investment in,

predators and thus incur non-symmetrical wing surface loss in flight

for example, chemical defence in butterflies, a trade-off suggested

after being detected at rest.

by Srygley (1990).

We did not find any correlations between crypsis and the pro-

Absence of a correlation between flight speed and wing surface

portion of symmetrical wing surface loss or the overall wing surface

loss in females (in contrast to males) suggests that flight speed is less

loss, and thus no support for our hypothesis that cryptic species

important as an anti-predator trait for females. In most species in our

would have a lower frequency of symmetrical damage because they

study, females appear to forage less than males (Figure 5). Moreover,

are less frequently spotted while resting with wings closed. Instead,

females may rely more on defences other than flight speed, such

crypsis was significantly associated with other damage parameters

as mimicry (Ohsaki, 1995; Wallace, 1889). Therefore, it may be that

that are probably less often the result of failed predator attacks,

females are not attacked as often in flight as males, and as a result,

such as the frequency and position of wing tears. This suggests that

flight speed may affect damage patterns to a lesser extent in fe-

crypsis does not confer a lower likelihood of being attacked while at

males than in males. Notably, flight performance is also selected for

rest, perhaps because of differences in activity patterns among spe-

in other contexts, such as mate acquisition (Wickman, 1992), empha-

cies or because less cryptic species have alternative defences that

sizing that differences in selection on traits between sexes, such as

are similarly effective. For example, in our data, species that relied

on flight speed, are not only exerted by predators.

less on crypsis tended to fly faster.

Species-specific adult longevity can affect the observed extent

Males of faster flying butterfly species had on average less wing

of damage, and longevity may be correlated with other species traits,

surface loss. This was significant when tested in isolation (an a priori

potentially leading to confounded predictors. For example, individ-

prediction), but not when Bonferroni–Holm correction was applied

uals of faster flying species that are also shorter-lived (Molleman,

to account for testing multiple correlations between flight speed and

Ding, Boggs, Carey, & Arlet, 2009a; Molleman et al., 2008; Molleman,

other damage parameters for which we had no a priori predictions.

Ding, Wang, & Carey, 2009b; Tufto et al., 2012) would have fewer

Among males, faster flying species had on average about 30% less

days to accumulate damage. However, such differences in longev-

wing surface loss than species that fly half as fast. This was the case

ity are unlikely to affect the location or symmetry of wing surface

despite larger butterflies flying faster on average and larger butter-

loss. Furthermore, distribution of damage in a population depends

flies having more wing surface loss on average. The lesser extent

on the relative rates of different attack outcomes—escape without

of wing surface loss in faster butterflies suggests that faster flying

damage, escape with damage or death (Lima & Dill, 1990; Wourms

butterflies are either more successful at evading predators without

& Wasserman, 1985)—which could differ systematically among spe-

being damaged or are attacked less often. It is not likely that faster

cies, sexes and behavioural contexts. While it is not likely that faster

flight more often leads to death as the outcome of a predator attack.

flying species have a lower chance of surviving predator attacks, the

To our knowledge, the detected correlation between flight speed

situation is less clear for crypsis, because crypsis may not provide
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any advantage once an individual has been detected. Inevitably, any

Our comparative study of damage reveals novel information about

inference about predation based on damage is less straightforward

predator–prey interactions that are not easily studied directly, such

than direct observations of predation events. Nevertheless, we

as the effects of foraging activity, crypsis and flight speed on pred-

found interpretable species and sex differences in the extent, loca-

ator attack rates and outcomes in the wild. Specifically, our results

tion and symmetry of wing damage.

provide evidence that damaging attacks tend to occur more often

The observed distribution of damage in a population also de-

on active rather than resting prey and that fast flight is an effective

pends on the effects of damage on survival: when damage reduces

anti-predator trait, with a doubling of escape speed corresponding

life expectancy, lower frequencies of damaged individuals will be

to about 30% less wing surface loss. Furthermore, foraging activity

encountered. Laboratory experiments demonstrate decreases in life

levels appear to be more important than crypsis in determining the

expectancy when legs of insects are amputated (Carey et al., 2009

frequency of attacks on butterflies. These results suggest that but-

and references therein), and such effects may be amplified in the

terflies are more often attacked during flight rather than at rest and

wild where animals have to forage, compete and avoid predators

that flying rapidly is effective for escaping pursuing predators.

(Bulstrode, King, & Roper, 1986; Stirling, 1969). The effect of damage on an individual's life span necessarily depends on the location
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