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There is a recent surge of evidence supporting disruptive coloration, in
which patterns break up the animal’s outline through false edges or bound-
aries, increasing survival in animals by reducing predator detection and/or
preventing recognition. Although research has demonstrated that false edges
are successful for reducing predation of prey, research into the role of inter-
nal false boundaries (i.e. stripes and bands) in reducing predation remains
warranted. Many animals have stripes and bands that may function disrup-
tively. Here, we test the possible disruptive function of wing band patterning
in a butterfly, Anartia fatima, using artificial paper and plasticine models in
Panama. We manipulated the band so that one model type had the band
shifted to the wing margin (nondisruptive treatment) and another model
had a discontinuous band located on the wing margin (discontinuous edge
treatment). We kept the natural wing pattern to represent the false bound-
ary treatment. Across all treatment groups, we standardized the area of col-
our and used avian visual models to confirm a match between manipulated
and natural wing colours. False boundary models had higher survival than
either the discontinuous edge model or the nondisruptive model. There was
no survival difference between the discontinuous edge model and the
nondisruptive model. Our results demonstrate the importance of wing bands
in reducing predation on butterflies and show that markings set in from the
wing margin can reduce predation more effectively than marginal bands
and discontinuous marginal patterns. This study demonstrates an adaptive
benefit of having stripes and bands.
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oration utilizes contrasting markings that create false

Introduction edges and/or boundaries, therefore hindering the detec-

Predators can exert strong selective pressure on prey to
go undetected and not become a meal. These pressures
have led to many adaptations for concealment, includ-
ing motion dazzle, masquerading and crypsis (Stevens
& Merilaita, 2009a). Cryptic coloration prevents the
detection of an object and can be achieved in many
ways, ranging from distractive markings to background
matching and disruptive coloration (Cott, 1940; Stevens
& Merilaita, 2011). Although background matching
involves colour patterns that match the spectral and
spatial properties of the background, disruptive col-
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tion and recognition of an object’s true shape (Thayer,
1909; Cott, 1940; Stevens & Merilaita, 2009b).
Although biologists since the early 1900s have stated
the importance of disruptive coloration in fostering
camouflage and survival, many components of the
mechanisms of disruptive coloration are not well
understood (Ruxton et al., 2004; Stevens & Merilaita,
2009b).

Until recently, biologists accepted Thayer’s (1909)
and Cott’s (1940) definitions of disruptive coloration
despite empirical data. Fortunately, the last decade has
seen several theoretical reviews clarifying the definition
of disruptive coloration, along with a surge in empirical
work testing its function and mechanisms (Cuthill ef al.,
2005; Endler, 2006; Stevens et al., 2006; Stevens, 2007;
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Stobbe & Schaefer, 2008; Dimitrova et al., 2009; Ste-
vens & Merilaita, 2009a,b). We now have a better
understanding of how contrasting markings on poten-
tial prey affect predation. Marginally located contrasting
markings that engender false edges may be optimal for
decreasing predator detection as shown in studies utiliz-
ing artificial prey items or with human observers view-
ing artificial prey items on computer screens (Cuthill
et al., 2005; Stevens et al., 2006, Webster et al., 2013).
In fact, because several studies using nonanimal models
(e.g. triangular paper models with mealworm baits)
demonstrated how important conspicuous marginal pat-
terns were, some revised definitions of disruptive col-
oration state that contrasting patterns must be
marginally located (Stevens ef al., 2006). However, sev-
eral reviews have stated the importance of understand-
ing how contrasting patterns that lie within the surface
(i.e. centrally as opposed to the periphery) of the ani-
mal, such as stripes and bands, may function to reduce
recognition and detection of an object (Hanlon et al.,
2009; Stevens & Merilaita, 2009a,b).

Stripes and bands (markings parallel and perpendicu-
lar, respectively, to the length of the body part on
which they are located) can decrease predation in
many ways, such as aposematism, motion dazzle, back-
ground matching and disruptive coloration (Ruxton
et al., 2004; Stobbe & Schaefer, 2008; Hanlon et al.,
2009; Stevens & Merilaita, 2009b). Many nonapose-
matic, sexually monomorphic animals across diverse
taxa exhibit conspicuous stripes and bands that cannot
be explained functionally as motion dazzle or back-
ground matching. Although motion dazzle coloration
requires conspicuous stripes, bands or markings, it also
requires movement, which together with the markings
makes perception of speed and direction of movement
difficult for a viewer to follow, and is especially effec-
tive when the animal is moving through vegetation
(Stevens et al.,, 2011). There are many cases of animals
that exhibit stripes and bands that do not appear to
match the background, possibly making them vulnera-
ble to predation when not in motion (Fig. 1; see Cott,

1940 and Stevens & Merilaita, 2011). Therefore, it is
likely that stripes and bands that are located centrally
on flat surfaces (e.g. wing) with minimal marginal con-
tact function disruptively by creating false boundaries
that render the object unrecognizable to predators as
hypothesized by Cott (1940) and later more fully devel-
oped by Stevens & Merilaita (2009b).

Current research indicates that both marginally
located contrasting markings and internally located
contrasting ones can serve a protective function
because predators perceive them as independent objects
that divide the whole object into visually unconnected
portions (Osorio & Srinivasan, 1991; Merilaita, 1998;
Cuthill ef al., 2005; Merilaita & Lind, 2005; Schaefer &
Stobbe, 2006; Fraser et al, 2007; Stobbe & Schaefer,
2008; Stevens et al., 2009; Webster et al., 2013). Ste-
vens et al. (2009) demonstrated maximum survival
benefits for artificial prey that have high internal (cen-
tre of wing) contrast and low marginal contrast com-
pared to artificial prey that have homogenous contrast,
and artificial prey with low internal contrast and high
marginal contrast. However, there are very few tests of
the functional differences between marginally and
internally located markings using naturally coloured
animals (Stevens & Merilaita, 2009b). Here, we test
whether false boundaries produced by a butterfly wing
band increase or reduce survival more than if the indi-
vidual had a broken marginal band creating a false
edge, or a continuous band located marginally. A con-
tinuous band on the margin of the animal removes the
false boundary effect and instead should emphasize the
outline of the animal and render it more detectable
(Endler, 1984; Ruxton et al., 2004).

We used Anartia fatima (Fabricius) (Nymphalidae),
the banded peacock butterfly, to test the hypothesis
that false boundaries produced by centrally located con-
trasting bands increase an individual’s chance of sur-
vival. Anartia fatima has a conspicuous yellowish to
cream-coloured band set against a dark brown back-
ground on both the dorsal and ventral surfaces of the
hind and forewings (Fig. 2). This colour pattern serves

Fig. 1 Examples of putative false
boundary disruptive coloration across
taxa (Cott, 1940). From top left
clockwise: Giant Anteater
(Myrmecophaga tridactyla), Common
Snipe (Gallinago gallinago), Common
Field Grasshopper (Chorthippus
brunneus), White Admiral (Limenitis
arthemis arthemis), two-striped Grass
Frog (Hylarana taipehensis). Images
courtesy of Wikimedia.
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well as a model to test the prediction of producing false
boundaries, because A. fatima is very common in tropi-
cal disturbed areas and edge habitats that provide
heterogeneous backgrounds of dark- and light-coloured
vegetation (Silberglied ef al., 1979). Furthermore, A.
fatima has not been shown to be a Batesian mimic of
unpalatable butterflies and it is a common prey item
for a gamut of visually guided insectivorous predators
including passerine birds (Passeriformes) and whiptail
lizards (Ameiva spp.) (Boyden, 1976; Silberglied et al.,
1979, 1980; Bowers et al., 1987). We predict that indi-
viduals of A. fatima with a naturally located band will
be predated less often than individuals in which the
band is moved to the wing periphery. Furthermore, we
predict that A. fatima individuals in which the band is
broken and moved to the periphery will have predation
rates comparable to those of naturally banded individu-
als. This study tests the importance of band patterning
on predation rates of an animal in a natural setting.

Materials and methods

Model construction

We collected male A. fatima butterflies near Gamboa,
Panama, in March—April 2013 using aerial nets. These
animals were used in November-December 2013 to
develop artificial models following the methods of Fink-
beiner et al. (2012). Bowers et al. (1987) demonstrated
that A. fatima has the greatest predation rates when
perched with the wings closed. Therefore, the models
were constructed using scanned images (Brother MFC-
J4510DW Scanner, Brother Industries) of ventral wing
surfaces of A. fatima individuals with the wings closed
(Fig. 2). This wing position also accurately represents a
butterfly at rest, which is when the ventral band is visi-
ble to predators.

To test the possible disruptive function of the yellow-
ish wing band, three model types were used, and
within each model type the pattern was the same.

Wavelength (nm)

Wavelength (nm)

Pattern geometry was altered for two of the three
model types to produce a discontinuous edge model
and a nondisruptive model (Fig. 3); the natural wing
model was unaltered to represent our hypothesized
example of false boundary disruptive coloration. The
nondisruptive alteration reduced the effect of disruption
by relocating the band to the wing margin, enhancing
the animal’s outline (see Endler, 1984 and Ruxton
et al., 2004). The discontinuous edge alteration had a
segmented band on the wing margin, which mimics
marginal disruptive coloration due to high-contrast
marginal markings (see Endler, 1984; Ruxton et al.,
2004; Cuthill ef al., 2005). All alterations were executed
in Photoshop CS5, and total yellow area was the same
for each treatment as measured using ImageJ. High-res-
olution models were printed onto Whatman filter paper
with a Brother MFC-J4510DW (Brother Industries)
printer and then cut and inserted into the ‘body’, a 2.5-
cm-long piece of black, nontoxic plasticine clay, which
remains malleable in the field and thereby allows
assessment of beak marks from avian predators (Fink-
beiner et al., 2012; Merrill et al., 2012).
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Fig. 3 Survival curves of the three model types. The only
difference among the three model types is band continuity and
placement. False boundary was significantly different from the
other two model types. Discontinuous edge and nondisruptive did
not differ significantly from one another. *P = 0.05,**P < 0.001.
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Model colour measurements

To confirm that the model coloration was visually
indistinguishable from A. fatima coloration, we ran
avian visual models. We measured the ventral reflec-
tance of three colours (yellow band, brown wing and
red band) of five natural male A. fatima and of three of
each printed model type using an Ocean Optics
USB2000 spectroradiometer and an Ocean Optics
Xenon pulse as a standardized light source. Wing colour
reflectance was measured as the proportion of a white
reference standard (WS-1-SL, Ocean Optics Dunedin,
FL, USA) using a coaxial fibre cable (QR400-7, Ocean
Optics). We evaluated avian visual models using the
PAVO program within R (Maia et al., 2013) to confirm
that the artificial models accurately represented the col-
oration of A. fatima wings, as seen through the eyes of
both ultraviolet- and violet-sensitive birds (Vorobyev
et al., 1998; Osorio & Vorobyev, 2005). There are two
different visual systems for birds in which the shortest
wavelength sensitivity differs. Most songbirds, parrots
and some shorebirds have UV-sensitive vision, whereas
most other birds have violet vision (Hart, 2001). We
modelled both visual types due to the likelihood that
birds of both types were likely to attack the models
(DeVries, 1987). We applied von Kries transformation
to account for receptor adaptation and used the default
parameters for Weber’s fraction (0.05), illumination
(D65 irradiance spectrum for standard daylight), back-
ground and cone ratios of N1 =1, N2 =2, N3 =2,
N4 =4 (Hart, 2001; Maia et al., 2013). We calculated
both achromatic and chromatic Just Noticeable Differ-
ences (JNDs) for each of the three comparisons: yellow
model vs. yellow natural, brown model vs. brown natu-
ral and red model vs. red natural. JNDs are a value that
represents the ability of a visual system to perceive two
colours differently with a JND value of less than one
being indistinguishable in ideal conditions and a JND
value of less than three being indistinguishable under
natural conditions (Siddiqi ef al., 2004). All comparisons
had JNDs of less than 2 for achromatic comparisons
and less than 3 for chromatic comparisons. Therefore,
we assumed that the model coloration would be per-
ceived as similar coloration of live A. fatima. Further-
more, the spectral reflectance for each model fit within
the natural colour variation of A. fatima, see Fig. 2.

Survival experiments

We tested the survival of our model types in disturbed
forest  near Gamboa, Panama (09°07.778'N,

chooses a particular type of vegetation to rest. Models
were set out in blocks of three that included one of
each type. Within each block, models were randomly
arranged 1 to 3 m apart and the blocks were placed
100 m apart to reduce the risk of the same bird attack-
ing models in more than one block (Hurlbert, 1984;
Finkbeiner ef al., 2012). On each of three different days
in January 2014, we placed 297 models, 99 of each
type, for a total of 891 models. These experiments took
place during the dry season for two reasons: because
predation rates on insects increase then, perhaps due to
decreased abundance of insect prey in general, and to
avoid rain damage to the models (Kricher, 1999). Each
model was checked daily for 3 days for beak, teeth and
mandible marks (see Finkbeiner ef al., 2012). Attacked
models were removed from the experiment and not
replaced, to avoid inflating mortality rates among treat-
ments (Cuthill et al., 2005; Finkbeiner et al., 2012; Mer-
rill et al, 2012). We counted only beak marks (i.e.
triangular indentations) as predation and censored
models that went missing (Hurlbert, 1984) as well as
presumed attacks by mammals (i.e. teeth marks and
gashes) and insects (i.e. small holes), as these most
likely were not visually guided and therefore not an
accurate test of pattern type (Finkbeiner ef al, 2012).
Differences in survival probabilities after 72 h were
analysed using Cox proportional-hazards regression
(‘survival’ package) in R (R Development Core Team
2011). Missing models were incorporated into the Cox
proportional-hazards regression as censored. We also
calculated effect sizes with odds ratios (OR), where a
value of 1.00 indicates that two treatments have identi-
cal survival probabilities.

Results

After three days in the field, 8.5% (76 of 891) of the
models had been attacked by birds, 8.4% (75 of 891)
were missing (one area with 27 models was clear-cut),
and 1.6% (14/891) were attacked by nonavian preda-
tors (e.g. rodents, ants). Attack rate on the nondisrup-
tive models was 12.4%, whereas it was 9.7% for the
discontinuous edge models and 3.3% for the false
boundary models. Missing and non-avian-attacked
models comprised 11.4% of all false boundary models,
11.1% of the discontinuous edge models and 7.4% of
the nondisruptive models (Table 1).

Table 1 Number of models attacked by birds, and combined
missing and nonavian attacks for each model type.

079°41.854'W). Models were tied with black thread to Model N Avian attack ~ Missing and nonavian attacks
vegetation 0.2 m to 2 m above the ground, matching .
. . . False Boundaries 297 10 (3.4%) 34 (11.4%)
natural perch sites of A. fatima. The vegetation upon - )
hich th del d 1 db h f Discontinuous Edge 297 29 (9.8%) 33 (11.1%)
whic the models rested were eaves and branches o Nondisruptive 297 37 (12.5%) 22 (7.4%)
rainforest plants. Although we did not specifically con- Total 891 76 (8.5%) 89 (10.0%)
trol for background, there is no evidence that A. fatima
© 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. doi: 10.1111/jeb.12681
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Survivorship curves differed significantly with model
type (Cox regression, F=2.173, P=0.029) but not
with date of placement (Cox regression, F = 0.895,
P =0.371). Pairwise comparisons revealed that the false
boundary models survived significantly longer than
either the discontinuous edge or nondisruptive models
(Wald =598, d.f.=2, P=0.0500 OR=0.321 and
Wald = 14.57, d.f. =2, P <0.001, OR = 0.245 respec-
tively). Nondisruptive and discontinuous edge models
did not differ in survival (Wald =4.29, d.t. =2,
P=0.111, OR =0.762). The proportion of missing
models did not differ across the three model types (Cox
regression, F = 0.186, P = 0.852).

Discussion

The higher survival of false boundary models than both
discontinuous edge and nondisruptive models confirms
that the centrally located band of A. fatima tunctions to
reduce predation. These findings are in line with
another study that tested the disruptive function of
bands in the Eurasian White Admiral (Limenitis camilla;
Stobbe & Schaefer, 2008). However, we did not find
support for a difference in survival between the discon-
tinuous edge models and the nondisruptive models.
These findings are contrary to previous research
demonstrating that false edges increase survival more
than false boundaries (Cuthill ef al., 2005; Stevens
et al., 2006), but follow the findings of Stevens et al.
(2009), in which individuals with high internal contrast
had high survival. Unlike the study by Stevens et al.
(2009), which was an excellent test of the psy-
chophysics of disruptive coloration in novel, unnatural
prey items, our aim was to test, in the natural habitat,
whether internally banded animals survived better than
animals with a marginal band or marginal markings
(Cuthill et al,, 2005; Stevens et al., 2006, 2009). It is
possible that the regularly repeating stripes of the dis-
continuous edge treatment might have increased detec-
tion and prevented any marginal disruptive effect.
Follow-up research is needed to blend the methods of
Cuthill et al. (2005) and Stevens et al. (2009) with this
studies” methods to determine how randomly patterned
blotches on natural animals in their habitats affect sur-
vival. Lastly, it is also possible that birds were attacking
the non-natural wing patterns because they were nov-
el. Previous research has shown that avian predators
which have learned to avoid aposematic prey will
attack butterflies with novel wing patterns (Langham,
2004). It is unlikely that the attack rates in this study
were due to birds attacking novel patterns because
research has shown that birds exhibit neophobia when
known palatable prey are available (Marples et al.,
1998; Marples & Kelly, 1999), and therefore, it is more
plausible that birds would be less likely to attack the
novel models (i.e. discontinuous edge and nondisrup-
tive) than the natural pattern models. Of course,
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further studies using all novel wing patterns will clarify
the role of novelty in avian predation of disruptively
patterned animals.

Most research on disruptive coloration has focused
on peripheral markings instead of central markings;
however, Silberglied et al. (1980) and Stobbe & Schae-
fer (2008) both tested the potential role of bands in
butterfly disruptive coloration. Utilizing the same spe-
cies as this study, A. fatima, Silberglied et al. (1980)
found that individuals with the band survived as well
as cryptic A. fatima individuals that had the band
blacked out, most likely rendering the individual more
cryptic (Endler, 1984). However, their study involved
blacking out the dorsal band, not the ventral one, so
they were testing butterflies in flight, not at rest. Stobbe
& Schaefer (2008) tested the survival of artificial butter-
flies (Limenitis camilla (Linnaeus), the Eurasian white
admiral) dependent upon the chromatic contrast of the
ventral band. They found that artificial butterflies with
a naturally coloured band survived as well as butterflies
without a band (a cryptic control), but butterflies that
had their bands altered to have higher internal chro-
matic contrast were attacked more, demonstrating that
disruptive coloration utilizing false boundaries is depen-
dent upon the coloration of the band and background
(Stobbe & Schaefer, 2008). However, their study did
not test location or geometry of bands. Therefore, our
study builds on previous research and demonstrates the
importance of band location.

In this study, we demonstrate that internal bands on
male Anartia fatima butterfly wings reduce predation
rates compared to external bands or discontinuous mar-
ginal patterns. These findings are consistent with the
original hypotheses of Thayer (1909) and Cott (1940)
and are not necessarily incongruent with recent work
on pattern geometry effects on disruptive coloration.
Cuthill et al. (2005) and Stevens et al. (2006) both
found that triangular paper models with marginal pat-
terns were attacked less often by avian predators than
internal patterns were. However, in this current study,
we tested the role of a band that does intersect the
leading edge (costal margin) of the wing and therefore
may have a stronger disruptive effect. Interestingly, the
discontinuous edge model, in which the markings were
located along the wing outer margin, was attacked
more often than the false boundary model, a finding
that does differ from most of the previous research,
which demonstrates that optimal disruptive patterning
is dependent upon context (e.g. species, habitat, preda-
tors; Cuthill et al., 2005; Stevens et al., 2006). However,
Stevens et al. (2009) did test the role of contrast geome-
try on prey and found that high internal contrast with
low marginal contrast had the highest survival. Our
findings here follow nicely with the work of Stevens
et al. (2009) in which high internal contrast due to a
wing band increases survival of individuals relative to
high marginal contrast.

© 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. doi: 10.1111/jeb.12681
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As in A. fatima, wings of many tropical butterflies
have a conspicuous central band, including species of
Doxocopa  (Hibner), Adelpha  (Hubmer), Siproeta
(Hiibner), Pyrrhogyra (Hibner) and Papilio (Linnaeus)
(DeVries, 1987). None of them has been shown to be
unpalatable or warningly coloured (Pinheiro, 1996),
and it is likely that their wing patterning makes them
difficult for predators to detect when they are at rest.
Several species of aposematic butterflies occur sym-
patrically with A. fatima, including Heliconius sapho
(Doubleday), Heliconius cydno (Bates), Danaus plexippus
(Linnaeus) and Danaus gilippus (Bates) (Brower, 1957;
DeVries, 1987; Pinheiro, 1996; Srygley & Ellington,
1999). Aposematic patterns are hypothesized to be
conspicuous to increase predator detection, recogni-
tion and memory, and these unpalatable butterflies
have their margins emphasized with a continuous
band (DeVries, 1987; Brakefield et al., 1992). Previous
discussion has suggested that high-contrast disruptive
coloration could be coupled with aposematism
(Tullberg et al., 2005; Stevens & Merilaita, 2009b;
Stevens et al, 2013), but these results indicate that
the interaction between false boundary disruption and
aposematic coloration is more complicated and most
likely depends on band location and habitat back-
ground. These observations reveal that many
questions remain about how the behaviour and ecol-
ogy of animals affect band location and pattern
geometry.

In summary, our experiment shows that an internal
conspicuous band on a wing surface increases survival
more than marginally located discontinuous patterns
(false edges) or a marginally located band. These data
demonstrate the importance of false boundary disrup-
tive coloration in a butterfly and indicate that further
research is needed to understand the effects of false
boundary disruptive coloration, geometry and beha-
viour in other taxa.
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