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Many prey use multicomponent deceptive signals to fool predators into mistaking them for inedible objects, toxic prey, or danger-
ous animals. However, recent experiments have suggested that multicomponent deceptive signals are no more effective in deter-
ring predators than single-component signals, making it difficult to understand how they have evolved. Here, we use an established 
experimental system in which naive domestic chicks are presented with models of snake-mimicking caterpillars to test the idea that 
multicomponent deceptive signals reduce the speed at which predators learn that prey are profitable. We presented chicks with a 
series of 4 trials in which they encountered a single type of caterpillar model. The type of model differed among our 4 experimental 
groups that were arranged in a 2 × 2 factorial design: models either possessed eyespots or did not and were in either the resting or 
defensive posture. Chicks’ responses to the same model prey were then retested following an extended 72-h retention period. Chicks 
rapidly attacked prey with no defensive traits and initially showed similar levels of wariness to prey with either 1 or 2 deceptive traits. 
However, chicks learned that single-trait caterpillars were profitable more quickly than 2-trait caterpillars and retained their learned 
responses better. This suggests that prey with multicomponent deceptive signals may have a selective advantage over prey with 
single-component deceptive signals when predators repeatedly encounter such prey.
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INTRODUCTION
Prey have evolved a wide variety of  antipredator defenses that 
reduce the likelihood of  them being eaten (Ruxton et  al. 2004). 
Many forms of  antipredator defense rely on deceiving predators 
into forgoing their attack: masquerading prey resemble inedible 
objects (Skelhorn et al. 2010a, 2010b; Skelhorn 2015); undefended 
Batesian mimics resemble prey with noxious secondary defenses 
(Bates 1862); palatable deimatic prey produce startling/intimidat-
ing displays that are believed to elicit fear responses in predators 
(Maldonado 1970; Vallin et  al. 2005; Langridge et  al. 2007); and 
a number of  prey species appear to mimic dangerous vertebrates 
such as snakes (Cott 1940; Bates 1862; Weismann 1882; Poulton 
1890).

Intriguingly, deception is rarely based on a single trait. Batesian 
mimics often resemble their models in terms of  color, pattern, 

and shape (Norman et al. 2001; Bain et al. 2007; Valkonen et al. 
2011; O’Hanlon 2014); deimatic displays are often composed of  
signals in multiple sensory modalities (Umbers et  al. 2015); and 
many prey species possess behavioral adaptations that appear to 
enhance the likelihood of  predators being deceived (McIver and 
Stonedahl 1993). For example, some mimetic butterflies fly in a 
manner that closely resembles the characteristic flight behavior of  
their defended models (Srygley and Ellington 1999; Srygley 2004); 
some wasp-mimicking hoverflies position their legs over their heads 
giving the impression that they possess wasp-like antennae (Penney 
et  al. 2014); and some snake-mimicking caterpillars inflate the 
anterior or posterior segments containing eyespots when attacked 
by predators, thereby increasing the degree to which they resemble 
snakes (Hossie and Sherratt 2014; see Figure 1b).

In many cases, the possession of  multiple deceptive traits is 
easily explained: they act additively or synergistically to increase 
the chance of  the deception being successful (Kappan 2001; 
Skelhorn and Rowe 2010; Iserbyt et  al. 2011; Skelhorn et  al. 
2011; Skelhorn and Ruxton 2013; Finkbeiner et  al. 2014), or Address correspondence to J. Skelhorn. E-mail: john.skelhorn@ncl.ac.uk.
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different components deter different types of  predators (Pearson 
1989) or act at different stages of  the predation process (Endler 
1991). However, explaining the evolution of  additional traits is 
challenging in cases where 1 or both traits enhance prey sur-
vival when found in isolation, but there is no additional benefit 
to possessing both traits concurrently. In particular, studies have 
found that 1)  although artificial Batesian mimics that resemble 
the color of  their models gain protection from avian predators, 
there is no additional benefit to matching both color and pat-
tern (Kazemi et  al. 2014); 2)  although the visual components 
of  the deimatic display of  peacock butterflies enhance survival 
when performed in isolation, there is no additional benefit to 
producing both the visual and the auditory components of  the 
display (Vallin et al. 2005); 3) although model snakes with trian-
gular heads or viper-like zigzag patterned bodies are protected 
from snake-eating birds, snake models with both traits gain no 
additional protection (Valkonen et  al. 2011); and 4)  although 
both the eyespots and the defensive posture of  putative snake-
mimicking caterpillars have been shown to protect caterpillar-
like models from attack by avian predators, models with both 
the defensive posture and eyespots survive no better than mod-
els with only 1 of  these traits (Hossie and Sherratt 2012, 2013; 
Skelhorn et al. 2014). It is therefore difficult to understand how 
these multicomponent deceptive signals evolve, given that once 
1 trait has evolved, additional traits seemingly provide no addi-
tional survival benefit.

One potential explanation for the above observations is that the 
survival benefit of  a secondary defensive or mimetic trait is smaller 
than the survival benefit of  a primary trait, and so it is harder to 
reject the null hypothesis of  no difference even if  there was one 
(a type II error). Alternatively (or in addition), earlier studies such 
as those listed above may have failed to capture the full extent to 
which defensive traits influence prey survival. In particular, experi-
ments have primarily monitored the effects of  defensive traits on 
predators’ initial decisions to attack novel prey. Laboratory studies 
have monitored predators’ responses to a single prey item (Vallin 

et al. 2005; Skelhorn et al. 2014) or a small number of  prey items 
(Kazemi et  al. 2014), and field studies typically monitor prey sur-
vival over a relatively short time period (often ≤3  days: Valkonen 
et al. 2011; Hossie and Sherratt 2012, 2013). This gives predators 
little or no opportunity to encounter multiple prey items and learn 
about their profitability. Consequently, we do not know whether or 
how specific deceptive traits combine to influence either the rate at 
which predators learn that prey are profitable or the length of  time 
for which this information is retained.

Failure to consider how predators react after repeated interac-
tions with prey is a potentially important oversight. In more honest 
signaling contexts, such as when toxic prey advertise their defenses 
to predators, different signal components have been shown to 
interact to enhance the speed at which predators learn that prey 
are unprofitable (Rowe 1999; Lindstrom et  al. 2001; Franks and 
Sherratt 2007; Siddall and Marples 2007). Intuitively, one might 
predict the converse when signaling is dishonest, namely that pos-
sessing multiple deceptive traits would reduce the speed at which 
predators learn that prey are undefended and shorten the duration 
that this information is retained. If  true, then the deceptive traits 
discussed above could, after all, have an additive effect on survival 
in cases where predators repeatedly encounter deceptive prey. This 
would help to explain how multiple deceptive traits have evolved 
in the same species. It is thus vital we understand how the multiple 
components of  deceptive signals interact to influence the cognitive 
processes of  predators if  we are to explain how such signals have 
evolved and are maintained.

Here, we address this challenge using an established experimen-
tal system in which naive domestic chicks are presented with cat-
erpillar-like model prey (Skelhorn et al. 2014; Hossie et al. 2015). 
Using a 2 × 2 factorial design in which model caterpillars either 
possess eyespots or do not and are in either the resting or defensive 
posture, we determine the effects of  eyespots, inflated anterior body 
segments, and their interaction on: 1) predators’ initial wariness to 
attack prey, 2) the rate at which predators learn that prey are profit-
able, and 3) how predators retain this information over time.

(a) (b)

Figure 1
(a) Examples of  the artificial prey types used in this experiment: a resting posture caterpillar with eyespots (right) and a defensive posture caterpillar with 
eyespots (left). (b) Final instar Canadian tiger swallowtail (Papilio canadensis) caterpillar in its defensive posture (models were loosely based on this species). 
Images by T.J.H.
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METHODS
Subjects and housing

Forty-eight newly hatched female domestic chicks (Gallus gal-
lus domesticus) of  the “Novo Brown” strain were purchased from a 
commercial hatchery in Lancashire, UK. They were transported 
to the laboratory by car, where they were housed in 3-floor pens 
measuring 120 cm × 70 cm. The floor of  the pens was covered 
with wood chips and each pen contained a food hopper, a water 
hopper, and a plastic shelter. Birds were subject to a 14:10 h light 
cycle under florescent lighting, and the temperature of  the labora-
tory was maintained at 24–27 °C using 2 room heaters. Water was 
provided ad libitum, as were chick starter crumbs, except during 
training and experimenting when brief  periods of  food (but not 
water) deprivation were necessary to ensure chicks were motivated 
to forage. All chicks were marked with nontoxic “child-friendly” 
colored marker pens to allow individuals to be identified: this did 
not have any adverse effect on chick behavior. Chicks were weighed 
and visually inspected by JS daily: all chicks gained weight as the 
experiment progressed. At the end of  the experiments, the chicks 
were donated to free-range small holdings. The experiments were 
conducted under local ethical approval from Newcastle University 
(ERC Project ID No. 340)  and complied with both UK Home 
Office regulations and the Association for the Study of  Animal 
Behavior’s Guidelines for the Treatment of  Animals in Research 
and Teaching.

Artificial prey

We followed Hossie and Sherratt’s (2013) method of  producing 
countershaded (dark dorsal and light ventral sides) pastry caterpil-
lars, based loosely on the appearance of  the late instars of  Papilio 
canadensis and Papilio glaucus caterpillars. We used the same pastry 
recipes as Hossie and Sherratt (40 mL of  lard, 118 mL of  flour, 
and either 3 drops of  Leaf  Green food dye in 20 mL of  water to 
produce light green pastry or 6 drops of  the same dye in 15 mL 
of  water to produce dark green pastry). Indeed, to facilitate com-
parability all the dyes, paints and plaster of  Paris moulds used by 
Hossie and Sherratt (2013) were shipped to the UK from Canada 
and used in these experiments. Our previous experiments have 
shown that chicks find pastry caterpillars highly palatable, and tend 
to consume them immediately on attack (Skelhorn et al. 2014).

We produced 4 types of  artificial caterpillars: 1)  no eyespots-
resting posture; 2) no eyespots-defensive posture; 3) eyespots-rest-
ing posture; and 4) eyespots-defensive posture (see Figure 1a). To 
create countershaded caterpillars in a resting posture, we pressed 
together dark and light pastry cylinders (4-cm long with a diame-
ter of  ≈0.5 cm) to produce caterpillars 4-cm long with a diameter 
of  ≈0.7 cm. Caterpillars made in this way were then pressed into 
plaster moulds with anterior thickening to create caterpillars with 
a defensive posture. Thus, caterpillars with a defensive posture 
had the same volume and color as caterpillars in a resting posture 
but were just 3 cm in length. Caterpillars with eyespots were pro-
duced by painting 2 yellow circles (≈0.45 cm diameter) dorsolater-
ally on the prey 0.4 cm apart. Since resting- and defensive-posture 
caterpillars were different lengths (4 and 3 cm, respectively), we 
painted eyespots ≈0.7 cm from the anterior tip of  resting-pos-
ture caterpillars and ≈0.5 cm from the anterior tip of  defensive-
posture caterpillars. A  black circle (≈0.3 cm diameter) was then 
painted inside each of  the yellow circles, and finally, a small white 
spot of  paint (≈0.1 cm diameter) was added to the center of  the 
black circles.

Training

On day 1 posthatch, chicks were left to acclimatize to the labora-
tory. The following day, 36 experimental chicks were trained to 
eat chick starter crumbs from the white paper–covered floor of  an 
experimental arena. Two identical arenas were used, each consist-
ing of  a cage measuring 120 cm × 50 cm × 50 cm, with a section 
measuring 20 cm × 50 cm × 50 cm partitioned off using wire mesh 
to create a separate “buddy arena.” In all training and experimen-
tal trials, 2 chicks were placed in the buddy arena to reduce any 
potential distress from placing experimental chicks alone in the 
arena. These buddy chicks were selected from a stock of  12 individ-
uals and were changed every 3 trials. These chicks were not given 
access to artificial prey at any point during the experiment.

Chicks received 6 training trials at regular intervals: 3 on day 2 
posthatch and 3 on day 3.  In all trials, chick starter crumbs were 
scattered over the floor of  the experimental arena, and chicks were 
then placed in the arena for approximately 2 min. In the first 2 
training trials, chicks were placed in the arena in groups of  3; in 
the following 2 trials, chicks were placed in the arena in groups of  
2; and in the final 2 trials, chicks were placed in the arena indi-
vidually. In the final trial, a sycamore (Acer pseudoplatanus) branch 
(≈50 cm long) complete with leaves was placed in the center of  the 
arena. This was to familiarize chicks with branches in order that 
they did not show a neophobic response when presented with a 
branch in the subsequent test trials (see below). Chicks were food 
deprived for 30 min before each of  the training trials on day 2 to 
ensure they were motivated to forage. During all training trials, the 
2 arenas were used simultaneously. However, during the test trials, 
only 1 subject performed the experiment at any one time, in order 
to ensure that measurements were taken accurately. By the end of  
the training trials, all chicks had pecked the branch and were eating 
crumbs in the experimental arena.

Learning trials

On day 4, the 36 experimental chicks were randomly assigned to 
1 of  the 4 experimental groups (n  =  9 per group). Birds in all 4 
groups were subject to a series of  4 trials: 2 on day 4 and 2 on day 
5. In each trial, chicks were food deprived for 30 min before being 
placed in the experimental arena individually. Here, each chick 
encountered a sycamore branch (≈50 cm in length) supporting a 
single pastry caterpillar. Caterpillars were presented on a branch to 
increase comparability with previous studies (Hossie and Sherratt 
2012, 2013) and to ensure chicks did not stand on prey (which could 
potentially have caused prey to become misshapen). The branch 
was located in the center of  the arena: one end was 25 cm from the 
buddy arena and the other 25 cm from the rear wall. Chicks were 
placed in a central position immediately in front of  the rear wall of  
the experimental arena. The pastry caterpillars were attached to 
the branches using pins pushed into the branches in random posi-
tions. The tops of  the pins were cut off leaving approximately 3 mm 
protruding from the branches, onto which pastry caterpillars were 
impaled.

Each chick received the same type of  caterpillar in all 4 trials. 
However, the type of  caterpillar that birds encountered differed 
among our 4 experimental groups: 1 group received caterpillars 
with no eyespots in a resting posture; 1 group received caterpillars 
with no eyespots in a defensive posture; 1 group received caterpil-
lars with eyespots in a resting posture; and 1 group received cater-
pillars with eyespots in the defensive posture. Birds remained in the 
arena until they attacked the caterpillar (maximum time = 600 s). 
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The latency to first inspect the caterpillar (an unambiguous behav-
ior in which chicks tilt their head dramatically to one side and view 
the caterpillar monocularly), the latency to attack the caterpillar 
(here, we use the latency to first peck the pastry caterpillar, but note 
that all birds subsequently ate them), and the presence/absence of  
approach–retreat behavior (repeatedly approaching and retreating 
from the caterpillar) were recorded. These measures were chosen 
because they were unambiguous and have been used in previous 
studies investigating the antipredator efficacy of  both eyespots and 
the defensive posture (Skelhorn et al. 2014; Hossie et al. 2015).

Retention trial

On day 8 of  life (≈72 h after the final learning trial), all experi-
mental chicks received a single retention trial. This was identical to 
the learning trials, and its purpose was to establish whether birds’ 
behaved in the same way toward caterpillars after a short inter-
val (i.e., 72 h) in which they did not encounter any further model 
caterpillars.

Statistical analysis

All analyses were conducted in R version 2.13.2. Given the 
repeated measures design, variation in the latency of  chicks to first 
inspect and first attack artificial caterpillars over the 5 repeated tri-
als were analyzed by fitting a general linear mixed effects model 
using the lme function of  the nlme package. Here, individual chick 
was treated as a random factor, whereas caterpillar posture (rest-
ing/defensive), eyespot (present/absent), trial (1–5), and their inter-
actions were treated as fixed factors. Trial was treated as categorical 
rather than a covariate predictor due to the evident nonlinear rela-
tionship of  trial to latency (a phenomenon confirmed by the sig-
nificantly improved fit of  the higher parameter categorical model 
using log-likelihood ratio tests). We ascertained whether the ran-
dom effect of  the individual should be accounted for by an inter-
cept only term or an intercept with a separate adjustment for each 
trial, using a log-likelihood ratio test. Likewise, we identified the 
appropriate covariance assumption by comparing the fit of  mod-
els with autoregressive, compound symmetry, general correlation, 
and no within-group correlation structures using log-likelihood 
ratio tests. Given the prevalence of  interactions, post hoc multiple 
comparisons were restricted to comparing the latency of  chicks to 
inspect (or attack) specific caterpillar phenotypes across different 
trials (necessarily assuming an intercept only random effect). These 
tests were based on Tukey Honest Significant Difference and con-
ducted using the glht function of  the multcomp package. Model 
criticism (evaluating normality and homogeneity of  error) was per-
formed by inspecting the residual plots of  fitted models, which indi-
cated a need for square root transformations prior to analysis.

The presence or absence of  approach–retreat behavior per trial 
was a binary (0/1) response variable. Given the binomial error 
distribution, we fitted a generalized linear mixed effects model 
using the glmer function of  the lme4 package with a logit link 
function. Once again, the individual chick was included as a ran-
dom factor in our analysis, whereas posture, eyespot, trial, and 
their interactions were treated as fixed factors. The decision to 
treat trial as a categorical variable was again supported by log-
likelihood ratio tests, although this in turn necessitated consid-
ering that each chick provides only an intercept term (a robust 
assumption given that a random slope was not justified when trial 
is treated as continuous). Model simplification was conducted 
through log-likelihood ratio tests, whereas the covariance matrix 
was assumed unstructured.

RESULTS
Inspection time

The most parsimonious model was identified as a full-factorial 
Anova with no within-group correlation structure and individual 
accounted for through both a random intercept and an individual-
specific adjustment for trial. In this best-fitting model, the responses 
of  chicks to caterpillars varied significantly with the presence/
absence of  eyespots, the caterpillar posture, and with trial, while 
many interactions were also highly significant (Table 1). The main 
effects and interactions show that the average time chicks took to 
inspect the artificial caterpillars not only varied with the caterpillar 
phenotype and trial but that the change in the response of  chicks 
over trials depended on the caterpillar phenotype. Caterpillars 
in defensive posture and with eyespots elicited the longest ini-
tial inspection times and the slowest attenuation in response over 
time (Figure  2, top panel). Conversely, caterpillars in resting pos-
ture and without eyespots were inspected rapidly throughout all 5 
trials. Post hoc multiple comparisons revealed that the inspection 
times for caterpillars in defensive posture with eyespots differed 
significantly between the first trial and the third and fourth trials 
(each P < 0.05), whereas the inspection times on the first and fifth 
trial (i.e., the retention trial) did not differ significantly (P = 0.397). 
Likewise, post hoc multiple comparisons on the responses of  chicks 
to the remaining 3 phenotypes indicated that the inspection time 
was always significantly higher on the first trial than all the other 
trials (all P < 0.05), but there were no other significant differences.

Latency to attack

As might be expected, a chick’s latency to inspect a model caterpil-
lar and its latency to attack were not independent end points (over-
all product moment correlation of  an individual’s latencies across 
all trials and experimental treatments r  =  0.876, degrees of  free-
dom [df] = 178, P < 0.001). Once again a full-factorial Anova with 
no within-group correlation structure and a random intercept with 
adjustment for trial was identified as the most parsimonious model 
to explain variation in attack latencies. As above, the responses of  
chicks to caterpillars varied significantly with the presence/absence 
of  eyespots, posture, and trial, whereas many interactions were also 
highly significant (Table  2). Caterpillars in defensive posture with 
eyespots again elicited the longest times to attack and showed the 
slowest attenuation (Figure  2, middle panel). Likewise, caterpil-
lars in resting posture and without eyespots were attacked rapidly 

Table 1
Hypothesis tests following the fit of  a linear mixed effects 
model to explain variation in the root transformed inspection 
time

Inspection latency
Numerator  
df

Denominator  
df F value P

(Intercept) 1 128 140.05 <0.0001
Posture 1 32 108.39 <0.0001
Eyespot 1 32 82.91 <0.0001
Time 4 128 56.15 <0.0001
Posture × eyespot 1 32 78.95 <0.0001
Posture × time 4 128 0.57 0.6857
Eyespot × time 4 128 2.46 0.0489
Posture × eyespot × time 4 128 11.75 <0.0001

The most parsimonious model (shown) assumed no within-group correlation 
structure and a random intercept and trial adjustment for each individual 
tested.
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throughout all 5 trials. Post hoc multiple comparisons revealed 
precisely the same patterns as noted above for inspection latency. 
Thus, the time to attack all phenotypes, except the defensive pos-
ture with eyespot phenotype, was significantly higher on the first 
trial than all the other trials (all P < 0.05), but no other differences 

were significant. The attack latencies for caterpillars in defensive 
posture with eyespots differed significantly between the first trial 
and the third and fourth trials (each P < 0.05), whereas the attack 
latencies in the first and fifth trial (i.e., the retention trial) did not 
differ significantly (P = 0.412).

Approach–retreat behavior

The most parsimonious model for the incidence of  approach–retreat 
behavior involved posture, eyespot, time, posture × eyespot, and 
posture × time (the remaining pairwise interaction and the 3-way 
interaction were dropped). Log-likelihood ratio tests comparing this 
most parsimonious model with the reduced model lacking the fac-
tor entirely or specific interaction confirmed the overall importance 
of  posture (likelihood ratio chi squared = 54.54, df = 6, P < 0.001), 
eyespot (likelihood ratio chi squared = 49.38, df = 2, P < 0.001), and 
time (likelihood ratio chi squared  =  58.10, df  =  8, P  <  0.001), as 
well as the specific pairwise interactions (posture × eyespot: likelihood 
ratio chi squared = 49.38, df = 2, P < 0.001; posture × time likeli-
hood ratio chi squared = 58.10, df = 8, P < 0.001). Overall, the cat-
erpillars in defensive posture with eyespots elicited a high frequency 
of  approach–retreat behavior, which continued throughout the trials. 
Resting caterpillars with eyespots evoked a similar initial reaction, but 
this response waned over time. Post hoc testing for differences in the 
tendency of  chicks to engage in approach–retreat behavior across tri-
als revealed a significant fall in approach–retreat tendency from trial 
1 to 2 in eyespotted caterpillars in resting posture (P  =  0.033), but 
there were no other significant differences (Figure 2, bottom panel).

DISCUSSION
Our results clearly demonstrate that caterpillars with either eyespots 
or a defensive posture initially elicit levels of  predator wariness sim-
ilar to that of  caterpillars with both traits, whereas caterpillars that 
have no such traits are rapidly inspected and attacked. Importantly, 
however, we found that predator wariness was not fixed and decayed 
much more markedly over time for 1-trait mimics than 2-trait mimics. 
Moreover, although chicks presented with single-trait mimics retained 
their learned responses following an extended period (i.e., 72 h) with-
out encountering the prey items, chicks’ wariness of  2-trait mimics 
was effectively reset. In short, there is a clear benefit to possessing 
multicomponent deceptive signals: they reduce the speed at which 
predators learn that prey are profitable and shorten the duration that 
this information is retained compared with single-component signals. 
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Figure 2
The mean (±1 SE) times in seconds for chicks to inspect (top panel) and 
attack (middle panel) the 4 types of  artificial caterpillar (defensive posture 
with eyespots, defensive posture without eyespots, resting posture with 
eyespots, and resting posture without eyespots) over the 5 separate trials 
(trials 1–4 were the learning trials that took place on days 4 and 5 of  the 
chicks’ lives; trial 5 was the retention trial that took place on day 8 of  their 
lives), and the proportion of  chicks (±1 SE) showing approach–retreat 
behavior (bottom panel) toward the 4 types of  artificial caterpillars over the 
5 separate trials. SE = standard error.

Table 2
Hypothesis tests following the fit of  a linear mixed effects 
model to explain variation in the root transformed latency to 
attack

Attack latency
Numerator  
df

Denominator  
df F value P

(Intercept) 1 128 3514.033 <0.0001
Posture 1 32 134.373 <0.0001
Eyespot 1 32 104.536 <0.0001
Time 4 128 70.322 <0.0001
Posture × eyespot 1 32 4.463 0.0425
Posture × time 4 128 1.885 0.1170
Eyespot × time 4 128 3.211 0.0150
Posture × eyespot × time 4 128 10.172 <0.0001

The most parsimonious model (shown) assumed no within-group correlation 
structure and a random intercept and trial adjustment for each individual 
tested.
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This suggests that prey with multicomponent deceptive signals may 
have a selective advantage over prey with single-component deceptive 
signals in situations where predators repeatedly encounter such prey. 
This observation helps to explain why prey do not always rely on a 
single deceptive trait to fool their predators and illustrates that preda-
tion experiments run over relatively short periods of  time may under-
estimate the protective value of  multicomponent deceptive signals.

The behavior of  the chicks in our experiment may represent an 
adaptive foraging strategy common to many predators. Theoretical 
work has shown that initial wariness of  a novel prey type, and sub-
sequent decisions to sample it, can be explained by assuming that 
predators trade-off the likelihood that prey are unprofitable (e.g., 
toxic or dangerous), and the probability of  seeing the prey type in 
the future (Sherratt 2011). Chicks may have shown initial wariness 
of  all prey types that were perceived to pose any risk because, hav-
ing encountered the prey type only once, the probability of  see-
ing it again in the future was likely to be low. Subsequent decisions 
can then be explained by assuming that predators more heavily 
weighed the risk of  the prey type being defended/dangerous for 
2- than 1-trait mimics: they effectively needed more information 
before being convinced that 2-trait mimics posed little/no risk. 
Intriguingly, our findings also suggest that the retention of  infor-
mation about prey profitability may be influenced by similar trade-
offs to those that influence their decisions to sample novel prey, and 
it would be interesting to incorporate such biases in information 
retention into theoretical models of  predator decision making.

Irrespective of  the underlying mechanism, it is clear that preda-
tors’ initial reactions to novel or deceptive prey will not necessarily be 
the same as their long-term reactions: although our birds’ were ini-
tially equally wary of  1- and 2-trait mimics, they took longer to learn 
that the 2-trait mimics were profitable and forgot this more quickly. 
Intriguingly, a recent field study using similar caterpillar models found 
no difference in mortality between 1- and 2-trait mimics (Hossie and 
Sherratt 2013), indicating that free-living birds in these short-term 
experiments may behave in a manner analogous to the initial reac-
tions of  naive chicks. Several studies have also failed to find additive 
effects of  multicomponent signals in other deceptive signaling systems 
(e.g., Vallin et  al. 2005; Valkonen et  al. 2011; Kazemi et  al. 2014). 
This failure to find additive effects of  multiple signaling components 
in previous studies, in contrast to ours, can be explained in several 
possible ways, which are not mutually exclusive: 1)  earlier studies 
were too short in duration to allow individual predators to repeatedly 
encounter the deceptive prey; 2) lacked the power to detect relatively 
small effect sizes; or 3)  used inedible model prey which prevented 
predators from learning they were palatable. Alternatively, the birds 
in our experiment may have learned about the profitability of  mim-
ics quickly 4) because we did not allow them to encounter the model 
species that the mimics are thought to resemble or 5) because, unlike 
in many natural situations, there were no alternative prey available to 
them, and the number and type of  alternative prey available is known 
to influence predators foraging decisions (Skelhorn and Rowe 2009; 
Ihalainen et al. 2012; Halpin et al. 2013).

If  models are sufficiently abundant or toxic (perhaps even lethal) 
to prevent predators from learning that mimics are profitable, then 
predators’ longer-term reactions may have little effect on prey mor-
tality and will not select for multiple deceptive traits. However, if  
mimics are sufficiently common that predators repeatedly encoun-
ter deceptive prey, and/or models are relatively uncommon or even 
absent then predators’ longer-term responses may be the primary 
selective force shaping antipredator traits. Under these circum-
stances, individuals with multiple deceptive traits will have a selective 

advantage over those with just one, and this will lead to the evolu-
tion of  multicomponent deceptive signals. It is therefore clear that we 
need to measure the efficacy of  defensive traits over ecologically real-
istic timescales in order to gain a full appreciation of  the mechanisms 
through which defensive traits deter would-be predators.

In recent years, there has been a great deal of  emphasis on the 
evolution and maintenance of  imperfect mimics, and a number of  
theories have now been presented to help understand why predators 
do not see through these poor disguises (see Kikuchi and Pfennig 
2013 for review). Here, we examine the reverse, asking why mimicry 
is frequently extremely high quality, involving multiple dimensions 
of  color, pattern, behavior, and sound. Our work demonstrates that 
apparently superfluous defenses can hold hidden adaptive value that 
may only by revealed by examining outcomes over an ecologically 
appropriate timescale. Whether the time-mediated protective effects 
of  multicomponent signals observed here are widespread remains to 
be seen: if  they are, this may have wide-ranging implications for the 
interpretation of  experiments that purport to show that perfect and 
imperfect mimics are equally protected from predators.
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