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Enhancement of chromatic contrast increases

predation risk for striped butterflies

Nina Stobbe™ and H. Martin Schaefer
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Many prey species have evolved defensive colour patterns to avoid attacks. One type of camouflage,
disruptive coloration, relies on contrasting patterns that hinder predators’ ability to recognize an object.
While high contrasts are used to facilitate detection in many visual communication systems, they are
thought to provide misleading information about prey appearance in disruptive patterns. A fundamental
tenet in disruptive coloration theory is the principle of ‘maximum disruptive contrast’, i.e. disruptive
patterns are more effective when higher contrasts are involved. We tested this principle in highly
contrasting stripes that have often been described as disruptive patterns. Varying the strength of chro-
matic contrast between stripes and adjacent pattern elements in artificial butterflies, we found a strong
negative correlation between survival probability and chromatic contrast strength. We conclude that too
high a contrast leads to increased conspicuousness rather than to effective camouflage. However, artificial
butterflies that sported contrasts similar to those of the model species Limenitis camilla survived equally
well as background-matching butterflies without these stripes. Contrasting stripes do thus not necessarily
increase predation rates. This result may provide new insights into the design and characteristics of a range
of colour patterns such as sexual, mimetic and aposematic signals.
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1. INTRODUCTION

Animals are thought to have developed various adapta-
tions to avoid the attacks of predators (Ruxton et al.
2004; Caro 2005). Many species protect themselves
by means of camouflage, thus hindering predators’
ability to either detect or recognize the prey. A well-
known form of camouflage is background matching where
animals disguise themselves by strongly resembling
their background. However, disruptive coloration relies
on contrasting patterns that impede recognition of animals
as potential prey objects. Although researchers have made
progress in demonstrating the effectiveness of disruptive
coloration (Merilaita 1998; Cuthill ez al. 2005; Merilaita &
Lind 2005; Schaefer & Stobbe 2006; Stevens & Cuthill
2006; Stevens er al. 2006; Fraser er al. 2007), many aspects
of how disruptive patterns deceive the visual and cognitive
abilities of predators remain as yet unclear (Sherratt ez al.
2005; Endler 2006).

Disruptive patterns consist of a combination of highly
contrasting elements. In general, signal theory predicts
that the more a visual signal contrasts to its background
or to other parts of the body, the more conspicuous it is.
However, contrasting elements may draw predators’
attention away from the true outline of an animal,
thus providing misleading information about prey
appearance. In the influential work by Thayer (1909)
and Cott (1940), it has been suggested that the highest
contrasts yield the strongest disruptive effect (termed
‘maximum disruptive contrast’). Although field experi-
ments on disruptive coloration by Cuthill ez al. (2005)
indicated that highly contrasting patterns indeed led to
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more effective camouflage than low-contrasting patterns,
other predation experiments showed that artificial prey
items suffered from a higher predation risk when pattern
elements contrasted to the background than when pattern
elements matched the background (Stevens ez al. 2006).
The latter result indicates that very high contrasts may
lead to enhanced conspicuousness, thereby eliminating
the protective effect of disruptive patterns. The central
tenet of maximum disruptive contrast thus remains
contentious, although it is clearly critical to understanding
how disruptive coloration operates.

Visual contrast can be caused by differences in both
achromatic and chromatic characteristics of adjacent
pattern elements. Studies on foraging behaviour suggest
that various animals use both achromatic and chromatic
cues to detect prey and other food sources (e.g. Giurfa ez al.
1997; Kelber 2005). Studies on predator—prey relationships
indicate that prey species as diverse as reptiles, birds and
insects are often more camouflaged with respect to
chromatic cues than to achromatic cues (Hastad er al.
2005; Théry et al. 2005; Stuart-Fox er al. 2006). Field
experiments on disruptive coloration of artificial moths also
suggest that colour contrasts may play a crucial role in
achieving protection (Schaefer & Stobbe 2006). However,
the definite relevance of chromatic cues for the effectiveness
of disruptive coloration is yet to be investigated (Endler
2006; Stevens et al. 2006).

A number of recent studies supported the protective
function of contrasting colour patterns if they are situated at
the body margins, effectively breaking up the outline of
objects (reviewed by Stevens er al. 2006). Contrasting
patterns on the body outline are thus presumably a key
phenomenon of disruptive coloration, providing more
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effective camouflage than the same patterns inside an object
(Cuthill ez al. 2005). Contrasting stripes running across the
body have been interpreted as a form of disruptive coloration
in a variety of animals (e.g. Brattstrom 1955; Oxford &
Gillespie 1998; Messenger 2001). Stripes might prevent
prey recognition by either segmenting the body into
several apparently unconnected parts or fooling predators’
visual edge detection mechanism when stripes touch the
body outline (Osorio & Srinivasan 1991). Among the most
commonly cited examples are wing patterns with strongly
contrasting stripes in butterflies (Higgins & Riley 1970;
Edmunds 1974; Brakefield er al. 1992; Fric er al. 2004).
However, owing to the paucity of experimental support for
these assumptions, a recent review concludes that
evidence for stripes serving as disruptive coloration is
weak (Stevens 2007).

To test whether contrasting stripes can provide a
protective effect, we used a well-established method to
evaluate avian predation rates on artificial butterflies in a
deciduous forest (see Cuthill er al. 2005; Schaefer &
Stobbe 2006). In our experiments, we used the wing
pattern of Limenitis camilla, bearing a bright stripe running
across the brown wings. By creating butterflies that
differed only in the chromatic but not in the achromatic
contrast of their potentially disruptive white stripes to the
background as well as to the adjacent brown coloration
of the wings, we tested the fundamental premise of
maximum disruptive contrast. This assumption predicts
that enhanced colour contrast of disruptive patterns leads
to increased survival benefits of artificial butterflies.
Furthermore, we tested whether predation rates differ
depending on which parts of the wings contrast to the
background and which parts blend into it.

2. MATERIAL AND METHODS

(a) Models

We used the white admiral (L. camilla) as a model species.
Limenitis camilla (Lepidoptera: Nymphalidae) is a common
diurnal butterfly in central Europe, which sunbathes with
outspread wings on small forest paths and oak trees (Lederer
1960; Steiner 2004). Most Palaearctic Limenitis have been
considered to be disruptively coloured (Higgins & Riley
1970; Edmunds 1974; Brakefield ez al. 1992), and predation
experiments with jays revealed no apparent distastefulness of
several Limenatis species (Platt er al. 1971). Limenitis camilla is
monomorphic; all individuals wear a broad white stripe on
fore- and hindwings.

Artificial butterflies were printed with a Xerox Phaser
8200DX printer (1200 dpi) on different kinds of paper, but in
each case on the same day to avoid differences in colour
quality due to changes in the printer toner. The models
matched L. camilla in size (wingspan 50 mm) and pattern. As
in the sole experiment on the potentially disruptive effect of
wing stripes (Silberglied ez al. 1980), we additionally created a
butterfly whose bright stripes were covered by the brown
coloration of the rest of the wing. Obliterating the stripes
resulted in a uniform brown model with no obvious
resemblance to an indigenous unpalatable species, making a
mimetic relationship to other butterflies unlikely. To evaluate
whether the entirely brown models are protected by back-
ground matching, we compared the survival probabilities of
the entirely brown model against that of an artificial moth
demonstrated to be cryptic which we used in previous
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experiments (Schaefer & Stobbe 2006). The latter model
resembled the prime example of background matching, the
white form of the peppered moth (Biston betularia), in colour
contrasts against white birch trunks. The moth models
showed lower predation rates on birch trees than on other
backgrounds (oak bark and moss) and had a significantly
better survival probability than the models that contrasted
strongly to the background of birch trees. Predation
experiments were carried out in 2006 and 2007 in the same
forest patch, and we found no differences in predation
pressure between years. We assumed in this comparison that
the artificial moth and the butterfly model did not differ
strongly in post-detection attractiveness to predators.

The manipulation of the models was carried out using
PHoToSHOP v. 8. To evaluate the general relevance of our
results, we additionally produced models with a reversed
pattern, i.e. white artificial butterflies with brown stripes and,
for an experiment with a paired design, entirely white models.

(b) Colour measurements

To assess colour objectively, we measured the reflectance
spectra of 10 artificial butterflies of each type, 10 oak bark
samples as the natural background against which artificial
butterflies were displayed and took 10 measurements of two
L. camilla specimens. Colour measurements were carried out
using an Ocean Optics USB2000 spectrometer and a Top
Sensor System Deuterium—Halogen DH-2000 (both Ocean
Optics) as a standardized light source. Reflectance was
measured as the proportion of a standard white reference
tile (diffuse PTFE, WS-2). Measurements were taken using a
coaxial fibre cable (QR400-7, Ocean Optics) that was
mounted inside a black plastic tube to exclude ambient
light. The angle of illumination and reflection was fixed
at 45°. The ambient light was measured 2 m above ground
with a cosine-corrected probe, which measured the
incoming light over an angle of 180°. Before measuring
the ambient light, the spectrometer was calibrated with
a calibration lamp of known energy output (Ocean Optics
LS-1-CAL).

To analyse contrasts between butterflies and background,
we first modelled the probability of photon catches according
to the model of Vorobyev & Osorio (1998) and Vorobyev ez al.
(2001) using the spectral sensitivities of blue tits (Cyanistes
caeruleus; Hart et al. 2000) and the prevailing ambient light.
We used the cone sensitivities of blue tits because they were
the most common insectivorous birds in the study plot. Based
on the photon catches of the four cones used for colour vision,
we calculated chromatic contrasts (AS), while achromatic
contrasts (AL) were calculated based on the photon catch of
the avian double cone following Siddiqi ez al. (2004). The
units for AS and AL are jnds (just noticeable differences),
where 1 jnd is at the discrimination threshold for birds. This
threshold is set by noise originating in the cones and validated
by comparison with behavioural detection thresholds (Maier &
Bowmaker 1993). Values less than 1 jnd indicate that two
colours are indistinguishable and values greater than 1 jnd
indicate increasing contrasts (Cazetta et al. 2008). To assess
whether butterfly models vary in their contrasts to the
background, we tested for differences in contrasts based upon
cone catches using one-way ANOVA and post hoc Scheffé tests.

We tested the concept of maximum disruptive contrast
providing maximal camouflage for chromatic contrasts. The
achromatic contrasts between the stripes and the remaining
wing coloration or the background did not differ between the
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Figure 1. Reflectance spectra of the stripes of all the five models and L. camuilla specimen. Shown are the mean values and
standard errors (each #=10). The design of other model types is also illustrated; the reflectance spectra of the reversed model are

identical to that of model 4.

models (all mean values lay between 34.5 and 44.1 jnds; both
ANOVA: F, 49<2.52, p>0.05). This is explicable because oil
droplets in the double cone that presumably function in
achromatic tasks absorb light below 430 nm (Hart 2001).

We printed butterfly models on different kinds of paper
(producer: Soennecken, Streit, elite) that varied in reflec-
tance. The stripes remained unprinted and thus only varied
owing to variation in the reflectance of the paper type
and not owing to the printer toner. For a bird’s eye, not all
models had white stripes (note the peak in reflectance at
values approx. 430 nm for models 3-5 in figure 1). Since the
stripes were always brighter than brown hues, we refer to
the stripes as being ‘bright’ in the following. The brown parts
of the wings of all models showed equal chromatic and
achromatic contrasts to the background of oak bark (both
ANOVA: F4’49 < 108, P> 005)

The bright stripes varied in their chromatic contrast to the
background and to the brown parts of the wings (both
ANOVA: F449>17.1, p<0.001). Even though some of our
models show spectra that are unlikely to occur in nature, the
chromatic contrast values of all models fall well within
the range of naturally occurring prey items (Schaefer er al.
2007). The contrast values between the background and
the stripes of models 1 and 2 were lowest, while model 5
had the highest values (model 1: 15.4 jnds (mean) +0.9
(s.e.), model 2: 18.1 jnds +1.0, model 3: 27.7 jnds +0.9,
model 4: 29.1 jnds +0.7, model 5: 36.4 jnds +0.5; post
hoc Scheffé test: models 1 and 2 <models 3 and 4 with all
$>0.001, model 5>models 1-4 with all p<0.001; see also
figure 1). Models 1 and 2 with low-contrast values were very
similar to each other and showed no differences in chromatic
contrasts (both post hoc Scheffé test p>0.05). Both models 3
and 4 had intermediate values of similar contrasts as they
were printed on the same kind of paper but in different years
(both post hoc Scheffé test p>0.05).

Chromatic contrast values of the stripes to the brown parts
of the wings showed a similar pattern, except that model 3 did
not differ from models 1 and 2 (post hoc Scheffé test: models
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1 and 2 <model 4 with all p<0.001, model 5>models 1-4
with all p<0.001, model 1=model 2=model 3 with all
p>0.05). Model 3 was printed with a toner different from
that used for model 4, so that the brown parts were very
similar but not exactly the same.

The comparison of the stripes of artificial models with the
stripes of L. camilla specimen revealed that the stripes of
models 1 and 2 showed the highest similarity to the stripes of
that species (with chromatic contrast values between 3 and 7
jnds), whereas the stripes of models 3-5 showed significantly
higher contrast values between 21 and 31 jnds.

(¢) Survival experiments

We tested the survival probabilities of all models, including
the model with the reversed pattern, in a mixed deciduous
forest of 39 ha (Mooswald, Freiburg, Germany; 48° N, 8° E).
For this purpose, each artificial butterfly was provided with a
piece of brown Plasticine underneath the paper wings, which
matched the brown parts of the wings and resembled the
body of a butterfly. Plasticine bodies were approximately
2.5 cm long and projected underneath the wings approxi-
mately 1 cm. They were used instead of mealworms because
these were often consumed by insects. The models were
positioned on the trunks of oak trees (Quercus rubra) at a
height of approximately 1.5 m, and trees were at least 5 m
apart from each other. The survival of the artificial butterflies
was checked after 24, 48, 72 and 96 hours. If birds attacked
the butterflies, beak marks could be detected in the Plasticine
bodies of the prey items (see also Brodie 1993). If insects
attacked the models, feeding marks were much smaller and
did not show the typical shape of a beak mark. Thirteen trials
were run once a week from June to August 2006 and in June
2007. One of the models was tested in 2006 (‘model 4°) as
well as in 2007 (‘model 3’). We found no effect of the year
on the survival probability (Wald=0.001, p»p=0.98).
Differences in the survival probabilities after 96 hours were
analysed using Cox regressions.
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(d) Paired experiments

Models sporting coloured stripes that differed from naturally
occurring white stripes might have gained survival benefits
owing to effects associated with unknown wing colours
rather than owing to disruptive coloration. To test for such
an effect, we compared the survival rates of the model with a
reversed pattern (bright models with brown stripes) with
those of entirely white models. We predicted that both
butterflies should survive equally well if birds responded with
neophobia. By contrast, the reversed model should survive
better than the white butterfly if survival probabilities are a
function of visual appearances. Both models were printed on
the same paper as models 3 and 4. Differing from the other
experiments, the models were glued on stones and equipped
with a dead mealworm underneath the paper wings. The
models were positioned in pairs (one reversed, one entirely
white) with a separation of no more than 1 m in the Botanical
Gardens of the University of Freiburg. The survival of the
models was checked hourly. As soon as one of the models in a
pair had been preyed upon, both models were removed.
Observed predators were black redstarts (Phoenicurus
ochruros) and house sparrows (Passer domesticus).

3. RESULTS

To evaluate the camouflage effects of our models, we first
tested whether the resemblance to the background of oak
bark protected the entirely brown models against visual
hunting predators. The comparison of survival rates of
brown models with that of a background-matching model
of B. betularia revealed that there were no differences in
predation rates (Wald=0.21, p=0.65, =90 and 47,
respectively). We therefore considered the brown model as
background matching and used it as a reference against
which we tested the effects of contrasting stripes.

The first model we used (model 4) showed bright
stripes of intermediate contrast running across the
artificial wings. This model was as well protected as the
brown model without stripes (Wald=2.686, p=0.1, both
n=90) and the background-matching model of 2005
(Wald=2.661, p=0.1, =90 and 47, respectively). The
reversal of the pattern did not lead to a different survival
probability. White models with brown stripes suffered
from the same predation risk as brown models with white
stripes printed on the same paper (Wald=0.12, p=0.73,
both #=90).

In a paired test aimed to distinguish the effects of
camouflage from that of unnatural wing coloration, we
found that birds attacked entirely bright models more
often than bright models with brown stripes (paired z-test,
t=3.32, p<0.01, n=13).

Brown models that differed in the chromatic contrast of
the bright stripes against the remaining wing colour and
against the background also differed in survival probabili-
ties. Low levels of chromatic contrast (‘model 1’ and
‘model 2%) led to increased survival resulting in values
equivalent to the survival probabilities of the cryptic model
(both Wald<0.73, »p>0.39, all #=90) and an even
lower predation risk than the model with stripes of
intermediate contrast (both Wald>4, »<0.05, all
n=90). Increased chromatic contrast of the white stripes
(‘model 5°) resulted in high predation rates. Model 5
suffered from a higher predation rate than the entirely
brown model and models 1 and 2 (both Wald>5.25,
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$<0.02, all z=90). Consequently, and in contrast to the
prediction of maximum disruptive contrast, we found a
strong negative correlation between the survival prob-
ability and the chromatic contrast strength of the stripes to
both the background and the brown parts of the wings
(both r*>>0.97, p<0.01; figure 2).

4. DISCUSSION

Our study is the first to show a negative relationship
between the magnitude of chromatic contrast and the
survival probability of disruptively coloured artificial
butterflies. At the same time, however, our results
document that contrasting stripes do not necessarily result
in lower survival probabilities than those of monochrome
brown butterflies. Because striped butterflies sporting
stripes with low or intermediate contrasts survived equally
well as monochrome butterflies and as a background-
matching moth used in previous experiments, we
conclude that contrasting stripes can, in spite of their
conspicuousness, have a protective effect comparable with
that of background-matching patterns.

In contrast to the predictions of maximum disruptive
contrast, our experiments with models having different
chromatic contrasts of the stripes demonstrate that chromatic
contrast strength is negatively correlated with survival
probability. Enhanced chromatic contrasts of stripes increase
conspicuousness and thereby decrease survival probabilities
rather than providing effective camouflage. This finding is
concordant with the results of Stevens ez al. (2006), which
showed that heightened achromatic contrasts of marginal
patterns do not increase the disruptive effect. Increased
contrast strength seems to lead to improved camouflage only
if all pattern elements match the background (Cuthill ez al.
2005). Thus, we propose that the term maximum disruptive
contrast is misleading as contrast above a critical threshold
can only be maximized at the cost of increased conspicuous-
ness. However, the generality of this conjecture should
be tested with a range of different contrasts and patterns in
future studies.

Conspicuousness can be achieved through differences
in chromatic and achromatic characteristics of patterns.
Because achromatic cues are used in tasks such as textural
and edge discrimination (Osorio et al. 1999; Jones &
Osorio 2004), they have attracted much attention. Several
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studies provided evidence for achromatic cues being used
in foraging (e.g. Giurfa ez al. 1997; Spaethe er al. 2001),
particularly in the detection of small or distant objects.
However, because the intensity of illumination can vary
drastically, achromatic contrasts are thought to be less
important in object identification (Kelber ez al. 2003), and
some insects and birds base their foraging decisions
primarily on chromatic contrasts (Kelber 2005; Schaefer
et al. 2006). Colour vision is therefore likely to be
important for object detection or classification. Since we
kept the achromatic contrast of stripes constant, our
experiments show that chromatic contrasts determine the
survival rates of our models and that chromatic cues alone
are able to fool predators’ perception.

Our experiments are the first to show that contrasting
stripes running across the whole body of an animal do not
necessarily increase conspicuousness, but can have a
protective effect comparable with that of background
matching. The only study to date that investigated the
protective function of disruptive stripes in butterflies did not
find any survival benefits of the striped morph compared
with that of morphs with obliterated stripes (Silberglied ez al.
1980). This result, however, does not necessarily exclude
any protective effects of contrasting stripes as the obliteration
of the stripes might have changed the appearance of the
butterflies into either cryptic or mimetic coloration
(Waldbauer & Sternburg 1983; Endler 1984). In our
study, we showed that the brown reference model is
protected by background matching. All models bearing
stripes were a priori expected to suffer from higher predation
rates than the brown background-matching model, as the
stripes are high-contrast signals that should result in
increased conspicuousness to predators (Lehrer & Bischof
1995; Giurfa et al. 1996; Ne’eman & Kevan 2001;
Stuart-Fox et al. 2003). However, our results show that,
depending on the contrast strength, stripes on the body
surface can lead to a camouflage effect comparable with that
of background-matching coloration. This finding indicates
that many other species with striped coloration may be
protected against visually hunting predators through
disruptive camouflage.

Our results indicate that stripes influence survival rates
if they contrast with the rest of the body, while contrasts
with the background are less important. This is because
reversed models with brown stripes that have low contrasts
to the background survived equally well as Limenatis
models printed on the same paper. Camouflage in
Limenitis relies on strong contrasts of the bright stripe,
both to the typical background and to the rest of the wings,
while the brown parts of the wings blend into the brown
background of bark and soil. Thus, bright stripes might
draw birds’ attention away from recognizing the butterflies
as prey objects. This result corresponds to well-known
theories about disruptive coloration stating that highly
contrasting markings crossing the body distract predators’
attention away from the real shape (Thayer 1909; Cott
1940). The novel part of our experiments is the insight
that it is not relevant which parts of the body contrast to
the background. Even if the stripes blend into the
background of oak bark and the rest contrasts strongly
to it, with the outline of the wings being clearly visible
against the background, the artificial models survive as
well as their brown counterparts with bright stripes.
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We hypothesize that stripes have a protective function
because predators perceive the stripes as independent
objects that divide the whole wing surface into several
apparently unconnected fragments. The visual mechanism
underlying such an optical separation of wings might be
similar to that of contrasting marginal patterns. Stripes
might fool the edge detection mechanisms of predators
(Osorio & Srinivasan 1991; Stevens & Cuthill 2006) as
they touch the wing outline at both the top and the bottom
of the wing. Marginal contrasting blotches can disguise the
body outline and have been demonstrated to be more
effective than ‘internal’ disruptive patterns (Cuthill ez al.
2005). The points where stripes touch the outline are,
however, relatively small compared with the proportion of
bright colour inside the wing. At present, it is not clear
whether the marginal areas of the stripes are indeed large
enough to break up the whole outline of the wing.

The reflectance spectra of L. camilla specimen resemble
the models with low chromatic contrasts and low
predation risk (models 1 and 2). Although stripes in
butterflies might be involved in and formed by sexual
selection (Kronforst er al. 2006), sexual selection is
unlikely to explain the white stripes in L. camilla, as this
species is monomorphic in shape and colour of stripes;
males readily mistake other males for females when
confronted with a dead specimen (Lederer 1960). Our
experiments with artificial models suggest that the
coloration of L. camuilla has most probably evolved as
protective coloration against visually hunting predators.

In summary, our experiments show that although the
colours of an animal need to be contrasting to achieve a
disruptive effect, the protective value of disruptive
coloration is abolished by strong contrasts owing to
enhanced conspicuousness.

We are grateful to Karin Brandt and Frank Scherag for their
help in conducting the experiments and to Graeme Ruxton,
Sami Merilaita and an anonymous reviewer for their helpful
comments on earlier versions of the manuscript. N.S. was
sponsored by a PhD grant from the Cusanuswerk and H.M..S.
by a grant from the German Science Foundation (Scha
1008/4-1).
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