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An elegant study by Kazemi et al. (2014, Current Biology, 24, 965e969) found that blue tits, Cyanistes
caeruleus, that had been trained to distinguish between rewarding and nonrewarding prey subsequently
avoided novel prey that had the same colour (but not the same shape or pattern) as the nonrewarding
prey. Their work suggested that certain high-salience discriminatory traits can overshadow other
informative traits, allowing imperfect mimics to establish. Here we began by replicating their ambitious
experiment by evaluating the behaviour of 320 human subjects foraging on computer-generated prey.
However, to fully understand how overshadowing might facilitate the establishment of incipient mimics,
we signiﬁcantly extended their protocol to a full factorial design involving mimics with colour, pattern
and/or shape in common with their former models. As Kazemi et al. reported, participants placed more
weight on colour similarity than on shape similarity when rejecting prey. Two-trait mimics with the
same colour and pattern or the same colour and shape as their former models were avoided as frequently
as perfect mimics, while colour-only mimics were avoided more frequently than shape-only mimics.
Nevertheless, novel prey with no traits in common with nonrewarding models were avoided at high
rates, possibly in part due to their dissimilarity to familiar rewarding prey. The implications of these
ﬁndings for mimicry evolution are discussed.
© 2015 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Researchers have long debated how a palatable species can
evolve to resemble an unpalatable species (‘Batesian mimicry’,
Bates, 1862) when it involves changes in so many different
appearance dimensions (Kikuchi & Pfennig, 2013). In the two-step
model of mimicry evolution it is assumed that a mutation with a
large effect on the phenotype ﬁrst produces an approximate
resemblance of the prey to the model, which may then be gradually
improved by selection for resemblance-enhancing mutations of
smaller phenotypic effect (Nicholson, 1927; Poulton, 1912; Turner,
1984). However, this argument implicitly assumes that predators
would tend to overlook important discriminative traits in the
incipient mimic and it is not entirely obvious why predators would
do this (Gamberale-Stille, Balogh, Tullberg, & Leimar, 2012). Indeed
in many well-known mimicry complexes the extent of mimicry is
often far from perfect (see Kikuchi & Pfennig, 2013, for a recent
review) and yet often predators do not appear to exploit these
differences.
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Predators ultimately determine the success of any defensive
trait and so to fully understand how antipredator adaptations
evolve and are maintained, we must evaluate how predators
respond to rudimentary versions of these defences (Chittka &
Osorio, 2007). In particular, if predators learn to discriminate between proﬁtable and unproﬁtable prey by identifying the distinctive features of the two object types, then imperfect mimicry might
be initially selected for and subsequently maintained if predators
learn to associate prey defences with certain salient discriminative
features and effectively overlook others, a phenomenon known as
‘overshadowing’ (Mackintosh, 1976; Shettleworth, 2010). Building
on earlier studies on the degree of mimetic protection gained by
new partial mimics (Ford, 1971; Schmidt, 1958, 1960; Terhune,
1977), there has recently been a surge of interest in understanding how objects are categorized and what traits are attended to
when predators make their discriminative decisions (Aronsson &
Gamberale-Stille, 2008, 2012; Bain, Rashed, Cowper, Gilbert, &
Sherratt, 2007; Balogh, Gamberale-Stille, Tullberg, & Leimar, 2010).
One of the most ambitious and systematic studies to date on this
topic was recently conducted by Kazemi, Gamberale-Stille, Tullberg, and Leimar (2014), who trained wild-caught blue tits, Cyanistes caeruleus, to discriminate between rewarding prey (symbol-
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bearing laminated cards over wells containing pieces of mealworm) and nonrewarding prey (symbol-bearing cards over empty
wells). The symbols over rewarding and nonrewarding wells
differed from one another in their colour, pattern and shape, and
the blue tits learned to feed almost exclusively on the rewarding
wells over four separate trials. Naturally, this high level of
discrimination could have been achieved by using any given combination of colour, pattern and/or shape in the symbols. To evaluate
what traits were being used in the discrimination process, the authors then presented the same birds with an identical collection of
rewarding prey, along with nonrewarding prey that only had one
trait (colour, pattern or shape) in common with the earlier models
that the birds had learned to avoid (the former models were also
used as a control). These nonrewarding prey were essentially
Müllerian mimics, but following Kazemi et al. (2014), we hereafter
simply refer to them as ‘mimics’. The results of this test showed that
rather than learning to avoid only prey with all three attributes, the
birds generalized their avoidance to nonrewarding prey that had
colour in common with the former models, to such an extent that
they were not attacked any more frequently than the perfect controls. Collectively, this work suggests that high-salience discriminatory traits (in this case colour) can overshadow other informative
traits, allowing incipient mimics a signiﬁcant survival advantage
even if they share only one trait with the model.
The work of Kazemi et al. (2014) was impressive (see review in
Cuthill, 2014), even more so because the authors used three
different combinations of model and mimic phenotypes (model
variants AeC, see Fig. 1) to test whether their conclusions were
robust to variation in the nature of the speciﬁc colours, shapes and
patterns used in discrimination. However, as with all experiments
aimed at delivering general insights, it is of interest to know
whether similar results would also be generated by other species,
including our own. The ﬁrst aim of our study was therefore to
repeat the ambitious experiments of Kazemi et al. (2014), this time
using humans, which share with natural predators a ﬁnite capacity
to process information (e.g. see Beatty, Beirinckx, & Sherratt, 2004).
However, there was an additional aim, namely to extend the authors' experiment to a full factorial design. Note that Kazemi and
colleagues presented perfect ‘mimics’ and prey that had only one
trait in common with the former models (colour, shape or pattern),
yielding four different treatments in total per model variant (AeC).
To broaden the scope and relevance of the approach to mimicry
evolution, here we implemented the complete design, which
allowed us to evaluate the success of prey types that had two traits
in common (colour and pattern, colour and shape, or pattern and
shape), as well as prey with nothing in common with the former
models, that is, eight treatments in total (¼23).
A ‘nothing in common’ treatment is particularly informative for
two reasons. First, it enables us to compare the success of nonmimics and incipient mimics with one, two or three traits in
common, which is clearly an informative comparison when
attempting to elucidate evolutionary pathways (Kazemi et al. were
only able to compare the success of a perfect mimic with a onetrait mimic). More importantly, under the Kazemi et al. design,
the nonrewarding prey presented in the generalization trials not
only generally shared one feature with the former nonrewarding
prey, but it also shared two features in common with the
rewarding prey. Given that the same phenotypes of rewarding
prey were presented throughout both stages of the experiment, it
is quite possible that at least some of the birds learned to identify
the unique features of rewarding prey, rather than unrewarding
prey. In this case, any new variant phenotype might have been
avoided not because it looked like the unrewarding prey, but
because it looked less like the rewarding prey that the subjects
had learned to exploit. In other words, it is possible that some

subjects might have succeeded in identifying the attributes of
rewarding prey and simply carried this information through to the
next stage of the experiment.
METHODS
Our design closely followed that of Kazemi et al., this time using
human volunteers as surrogate predators (see Fig. 1). No human
subject participated more than once. In a pilot study following only
the Kazemi et al. treatment conditions (eight replicates of three
model variants (AeC) and four generalization tests (perfect, colour,
pattern, shape); i.e. 96 human volunteers), we observed an unexpected response with model variant B, in which the stripes on the
nonrewarding model subsequently appeared to be generalized
(and hence avoided) particularly strongly in the generalization test.
To explore this further, we included an additional model variant (D)
in our full factorial design involving a striped yellow square as the
nonrewarding prey (this extended complete design involved 10
replicates of four model variants and eight different generalization
tests based on all possible permutations of modelemimic similarity; i.e. 320 human volunteers).
Images of the various forms of prey were extracted directly from
Kazemi et al.'s pdf and saved as a jpegs for display in our computer
program. No attempt was made to calibrate the targets' luminance
or colour for human vision, as we were interested in the responses
of humans to images similar to those used by the authors. The
images of the nothing in common prey (those with no colour,
pattern or shape in common with the nonrewarding model) were
not part of Kazemi et al.'s experiment and so these images were our
own design (see last column of Fig. 1). All of our human subjects
were ﬁrst presented with a short video explaining the nature of the
experiment (neither the purpose, nor the speciﬁc prey types were
introduced in this presentation). They were then presented with
artiﬁcial prey and invited to forage.
The computer program presenting the artiﬁcial prey was
developed in Microsoft® Visual Basic 6 and involved taking subjects
through a series of discrimination learning trials and a series of
generalization trials. In each discrimination learning trial (1e4), 16
artiﬁcial prey were presented in a 4  4 grid, eight of them nonrewarding prey (all identical in appearance) and eight of them
rewarding prey (eight different phenotypes), with nonrewarding
and rewarding prey distributed at random across the grid (see
Supplementary Fig. S1). To enhance motivation, subjects clicking
their mouse on a rewarding prey item heard a pleasant cash register sound, their points tally was increased by 1 and the prey item
was replaced by a green tick. Conversely, subjects clicking a nonrewarding prey item heard an unpleasant electric shock sound,
their points were decreased by 1 and the prey item was replaced by
a red cross. Following the general approach of Kazemi et al., subjects continued clicking on prey until all eight rewarding prey were
attacked or 20 s had elapsed, whichever came ﬁrst. At the end of a
given trial, the remaining prey were rendered unavailable and
subjects were allowed to move to the next screen. After four such
discriminative learning trials, the program then seamlessly
switched into the generalization test, presenting one each of the
same eight rewarding prey types and two (or four) each of four (or
two) different nonrewarding prey that differed from the former
nonrewarding models in none, one, two or all three traits (colour,
pattern and/or shape). Four screens (trials 5e8) containing the
same mixtures of phenotypes were presented in this generalization
test, with passage to the next screen governed by the same rules as
above. At the end of our study, participants were evaluated for
colour blindness using Ishihara plates (numbers 5 (plate 6), 15
(plate 8), 45 (plate 13), 42 (plate 23)). Three subjects were assessed
to be colour blind on the basis of this test, and their data were
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Figure 1. Schematic of the discrimination and generalization stages of the experiment, including a depiction of the symbols used. One of four model variants (AeD) was presented to human subjects, where they learned to avoid the
model. Subjects were then presented with the same rewarding prey phenotypes but with nonrewarding phenotypes that shared either none, one (colour, pattern or shape), two (colour and pattern, colour and shape, pattern and shape)
or all three (‘perfect mimics’) appearance characteristics with the former models. Each human subject was presented with only one model variant and one generalization test. The shaded area represents the original design of Kazemi
et al., with the experiment now extended to cover an additional model variant (D) and phenotypes with none and two appearance dimensions in common.
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discarded. In these cases additional subjects were recruited until a
balanced design was achieved.

1

Statistical Analysis

RESULTS
After ﬁtting the full factorial (including interaction) model to the
discriminative learning component of our experiments, and
comparing reduced candidate models using AIC, a main effects
model with trial number and model variant, along with a subjectbased adjustment for trial was considered the most parsimonious. Trial as a main effect explained signiﬁcant variation in the
proportion of the ﬁrst eight prey attacked that were rewarding
(LRT: c23 ¼ 322.56, P < 0.001), as did the model variant
(LRT:c23 ¼ 2034.9, P < 0.001), but there was no compelling evidence
for a trial number*model variant interaction (LRT: c29 ¼ 6.105,
P ¼ 0.729). The high signiﬁcance of the trial effect clearly indicates
that learning was occurring (Fig. 2). Experimental group D clearly
drove the model variant main effect, in that it was the only treatment level to differ signiﬁcantly in Tukey HSD pairwise contrasts
with other levels (A versus D: z ¼ 2.638, P ¼ 0.041 ; C versus D:
z ¼ 3.244, P ¼ 0.0064). Here the unproﬁtable model was a black
striped yellow square, and it was avoided at a high rate even from
the ﬁrst trial (see Fig. 2).
Stepwise ﬁtting of different models to elucidate variation in the
attack rate of rewarding prey (i.e. the avoidance of nonrewarding
prey) in the ﬁrst screen of the generalization test (trial 5) culminated in an overarching model with multiple interactions involving
the presence/absence of shared colour of the novel prey with the
former nonrewarding model, shared pattern, shared shape and
model variant. The four-way interaction was nonsigniﬁcant in the
complete ﬁtted model and hence dropped; two three-way interactions were signiﬁcant and so lower-level, two-way

0.95
Avoidance of the model

All analyses were performed in R 3.1.0 (R Core Team, 2013).
Following Kazemi et al., we analysed the proportion of the ﬁrst
eight prey attacked per trial that were rewarding in the discrimination stage of the experiment using the mixed model ‘glmer’
function of the package lme4, assuming binomial error variance. In
ﬁtting the above model, the model variant (AeD depending on
analysis) and trial number (1e4) were treated as ﬁxed effects, while
the individual human subject was treated as a random factor. We
used Akaike's Information Criteria (AIC) to identify the most
parsimonious ﬁtted model, evaluating whether ﬁtting an interaction between ﬁxed effects was justiﬁed, and whether the random
effect should be modelled as an intercept-only effect, or require a
trial-dependent adjustment. Given the binomial error we had
assumed, we evaluated the signiﬁcance of predictors through an
analysis of deviance (log likelihood ratio tests, LRT). Post hoc tests
were conducted using the ‘glht’ function of the multcomp package.
For comparability with Kazemi et al., we initially analysed the
generalization stage of the experiment based on the proportion of
the ﬁrst four attacks on rewarding prey in the ﬁrst generalization
trial alone (trial 5). With only one response per human subject, we
ﬁtted a standard generalized linear model to these response data
using the ‘glm’ function, again assuming binomial error variance.
All relevant ﬁxed factors and their interactions were initially
included in the ﬁtted model (model variants and the presence/
absence of shared colour, shared pattern, shared shape), which was
subsequently simpliﬁed using AIC to identify the most parsimonious model. As above, the signiﬁcance of predictors was evaluated
through log likelihood ratio tests. To evaluate the longer-term
response of subjects, we also analysed the ﬁrst four attacks in the
last generalization trial alone (trial 8).
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Figure 2. Learning to discriminate rewarding from nonrewarding (model) phenotypes.
The graph shows the mean proportion of all prey attacked per trial (generally 8) that
were rewarding for each of the model variants (AeD). Error bars represent ±SE. In each
model variant group, the rewarding and nonrewarding prey differed from each other
in three separate stimulus components (colour, pattern and shape).

interactions were retained for marginality. The roles of colour and
pattern could be isolated as main effects, but the presence/absence
of all features explained signiﬁcant variation in avoidance rates as
part of at least one interaction (Table 1). There was also an effect of
model variant, but only as part of interactions. Collectively, it is
clear that the nature of the feature(s) shared with the former
nonrewarding prey inﬂuenced the degree of protection afforded to
these novel prey, with colour and pattern being particularly inﬂuential. Reanalysis of the same data, this time based on the proportion of the ﬁrst eight (as opposed to ﬁrst four) prey items
attacked that were rewarding in the ﬁrst generalization trial, gave
qualitatively similar results (although here the model variant also

Table 1
An analysis of deviance of the reduced model examining avoidance rates of nonrewarding prey by human subjects in the ﬁrst generalization test (trial 5)a
df
Null
Variant
Pattern
Shape
Colour
Variantpattern
Variantshape
Patternshape
Variantcolour
Patterncolour
Shapecolour
Variantpatternshape
Patternshapecolour

3
1
1
1
3
3
1
3
1
1
3
1

Deviance

Resid. df

Resid. dev.

P(>jcj)

0.102
9.044
0.912
66.395
2.197
8.813
1.580
0.338
21.500
31.070
21.071
10.870

319
316
315
314
313
310
307
306
303
302
301
298
297

451.59
451.48
442.44
441.53
375.13
372.94
364.12
362.54
362.21
340.71
309.64
288.56
277.70

0.992
0.003**
0.34
3.691e-16***
0.532
0.032*
0.209
0.953
3.539e-06***
2.489e-08***
0.0001***
0.001***

a
Four-way interactions were removed (along with two three-way interactions),
with factors (model variant (AeD), shared pattern (0/1), shared shape (0/1), shared
colour (0/1)) added sequentially to evaluate whether their inclusion explained a
signiﬁcant proportion of the residual variability in the proportion of the ﬁrst four
prey attacked that were rewarding. All entered factors were signiﬁcant (*P < 0.05;
**P < 0.01; ***P < 0.001) either as main effects or as part of an interaction, or both. A
reordered hierarchical model made little difference to qualitative conclusions.
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became signiﬁcant as a main effect, as did the pattern)shape
interaction). As might be expected, the avoidance rates of the
nonrewarding mimics was much higher by the time human subjects reached their ﬁnal generalization test (see Supplementary
Fig. S2), but even here the colour, shape and pattern similarity
inﬂuenced the overall avoidance rates of the ﬁrst four prey attacked
in this ﬁnal (8th) trial (see Supplementary Table S1).
Given the complexity of the interactions, we can complement
the above analysis by ﬁtting a simpler model recognizing the eight
categorical appearance combinations (perfect, colour and pattern
(CP), colour and shape (CS), pattern and shape (PS), colour, shape,
pattern, none) separately rather than in factorial form. Here, the
number and type of shared features again explained signiﬁcant
variability in the proportion of the nonrewarding mimics avoided
(LRT: c27 ¼ 140.28, P < 0.001). The model variant was not signiﬁcant
as a main effect (LRT: c23 ¼ 0.114, P ¼ 0.9901) but was highly signiﬁcant as part of an interaction with the number and type of
shared features (LRT: c221 ¼ 42.92, P ¼ 0.003) (see Fig. 3). The
presence of this interaction complicates the comparison of attack
rates across the different treatment levels. However, identifying
homogeneous subsets from Tukey HSD tests after ﬁtting a model
with model variant and the type of shared features as main effects
alone provides some guidance (Fig. 3). Perfect, colour and shape
(CS), colour and pattern (CP) mimics all achieved high levels of
protection that did not differ signiﬁcantly from one another (all
P > 0.05), indicating that these imperfect mimics achieve similar
levels of protection to perfect mimics. The rate of avoidance of
mimics with pattern and shape (but not colour) in common with
the former nonrewarding model depended on the model variant
tested. For example, while the plain square pattern and shape (PS)
mimics of plain yellow squares were frequently avoided (model
variant C), the dotted triangle pattern and shape mimics of dotted
cyan triangles (model variant A) were not.
Like Kazemi et al., we found that colour-only mimics were
avoided much more frequently than shape-only mimics in all four
model variants, indicating that colour was generalized more readily
than shape. However, even highly avoided colour-only mimics did
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Figure 3. The initial extent (calculated from the ﬁrst four prey attacked on the ﬁrst
generalization trial) of avoidance of nonrewarding ‘mimics’ that had all traits (perfect
mimics), two traits (colour and pattern, CP; colour and shape, CS; pattern and shape,
PS), one trait (colour, pattern or shape) or no traits (none) in common with the nonrewarding models that the human subjects had previously learned to avoid. The
separate lines represent the different model variant groups that were separately
compared (AeD). Lowercase letters across the top indicate statistically homogenous
subsets identiﬁed after ﬁtting a main effects-only model (no interaction). Error bars
represent ±SE.
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not receive as much protection as perfect mimics in the generalization phase. In addition, the avoidance of pattern-only mimics in
particular depended on the speciﬁc model variant presented: striped mimics were frequently avoided when the original model was
a striped magenta circle (model variant B), but plain mimics were
far less frequently avoided when the original model was a plain
yellow square (model variant C).
Perhaps the most informative aspects of the full factorial model
were the rates of avoidance of unproﬁtable prey, which had no
features in common with either the rewarding prey or the former
nonrewarding prey. These ‘nonmimics’ were avoided at surprisingly high rates (60% of individuals did not attack any of them in the
ﬁrst four prey items of the generalization test). Note that while
these nonrewarding nonmimics were entirely distinct from the
former nonrewarding prey, they were also discriminable from the
rewarding prey that the subjects had learned to attack.
DISCUSSION
Just as Kazemi et al. found, our human predators rapidly learned
to avoid nonrewarding prey and eventually concentrated almost
exclusively on the rewarding prey phenotypes. Remarkably, several
subjects attacked only rewarding prey on the ﬁrst discrimination
trial. It is possible that the high frequency of the nonrewarding
phenotype (eight of the same type) compared to the rewarding
phenotype (eight separate designs) allowed predators to recognize
even more rapidly that there was something special about this
particular phenotype and in rare cases avoid them outright. Yellow
squares with black stripes were avoided at particularly high frequency even from the ﬁrst trial, possibly because of their similarity
to familiar warning signals, in particular the yellow and black
stripes of many wasps (and road signs).
Like Kazemi et al., we found that some imperfect mimics gained
a statistically indistinguishable degree of protection compared to
perfect mimics, although in our case the imperfect mimics were
based on sharing colour and pattern or colour and shape with the
former models. The protection afforded to pattern and shape
mimics was however more variable and dependent on the model
variant tested. Many mimetic species of hoverﬂy have the yellow
and black colour and pattern of their wasp models but lack the
narrow waists, giving them a different shape. Our results therefore
help explain why such imperfect mimicry can persist despite these
differences in shape: in focusing on traits such as colour and
pattern, predators tend to overlook them. Indeed Bain et al. (2007)
found just such rules when attempting to elucidate the decisions of
pigeons tasked with discriminating between mimetic hoverﬂies
and their wasp models. Likewise, coral snake mimics may share the
same colour and shape as their models, but predators tend to
overlook the pattern ordering when deciding whether to attack or
not (Gamberale-Stille et al., 2012; Kikuchi & Pfennig, 2010).
In Kazemi et al., colour mimics alone gained equivalent protection to the perfect mimics, but as noted above, in our experiments, sharing two separate traits was necessary before similar
levels of protection were achieved. Human predators are clearly
highly motivated and strategic foragers, and it is possible that even
closer mimicry was necessary to confer high degrees of protection
with such reﬁned decision making. Nevertheless, there are limits to
the perfection required. It is well known that humans can be
regularly duped by even imperfect mimicry (e.g. see Golding,
Ennos, Sullivan, & Edmunds, 2005), while Valkonen and Mappes
(2014) proposed that viper mimicry is disadvantageous to smooth
snakes when encountering humans, who may kill them after
mistaking them for venomous species. Moreover, the primacy of
colour in overshadowing reported by Kazemi et al. was also
observed in our experiments. Thus, subjects effectively overlooked
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differences in shape or pattern in all four model experimental designs so long as the colour of the mimic (and an alternative characteristic) was the same as that of the former model. The
importance of colour as a discriminative trait is further supported
by the fact that (as Kazemi et al. likewise reported) colour-only
mimics were avoided more frequently than shape-only mimics.
Intriguingly, the high avoidance of pattern-only (striped) mimics in
model variant B was not observed by Kazemi et al., but it was also
seen in our preliminary experiment based on 92 human subjects.
Clearly, the ﬁnding that colour (when coupled with other traits)
has the capacity to overshadow other discriminative cues in both
birds and humans suggests that Kazemi et al.’s broad ﬁndings are
taxonomically robust. Currently we can only speculate why colour
tends to play this role. Colour is a highly salient trait to both
humans and birds (e.g. see Kikuchi, Malick, Webster, Whissell, &
Sherratt, 2015; Osorio, Jones, & Vorobyev, 1999) and since overshadowing occurs when attentional resources are allocated to
responding to one trait at the expense of others (Mackintosh, 1976),
one might expect that priority would be given to reacting to traits
that will allow the receiver to identify the object as quickly as
possible. Colour constancy, or the ability to identify the same hue
under different lighting conditions, is widespread among animals
(including humans), despite differences in the evolution of their
visual systems (Wolfe et al., 2009). By contrast, pattern perception
can vary with distance (Barnett & Cuthill, 2014; Campbell & Green,
1965), and perception of shape is a complex process that can be
affected by many factors (Wolfe et al., 2009). It is therefore unsurprising that shared colour should be a more important cue than
shared shape or pattern to both human and bird subjects.
Novel nonmimics (which shared no attributes either with
rewarding or the former nonrewarding prey) were avoided at high
rates, possibly because subjects had learned the characteristics of
rewarding prey and were continuing to use these rules to forage on
precisely the same phenotypes in the second stage of experiment.
That said, it is noteworthy that the nonmimics with noncircular
dot-like patterns were avoided most frequently when the nonrewarding model had two circular dots (model variant A), suggesting that the superﬁcial similarity of the ‘nonmimics’ to the
former nonrewarding models may also have played some role.
Likewise, we cannot rule out a role for neophobia. For example,
Aronsson and Gamberale-Stille (2012) found that domestic chicks
tended to avoid prey with novel traits after the ﬁrst trial, effectively
treating such prey as unproﬁtable.
Our factorial design may give a clearer indication of how mimicry might evolve in this system. We can begin by elucidating the
conditions under which the one-trait mimics would be selected for.
Unfortunately the answer is not entirely straightforward since it
depends on context. Note that one-trait nonrewarding mimics
elicited no higher avoidance rate than novel prey. By contrast, the
rewarding prey were clearly attacked at high rates (reﬂecting the
‘avoidance rate’ of nonrewarding mimics of our human predators).
Therefore, if we treat the one-trait (colour, pattern or shape)
mimics as single-step mutants of the rewarding prey (albeit now
also nonrewarding), then it is likely that these one-trait mimics
would spread in the population. By contrast, if we treat the onetrait mimics as two-step mutants of the former nonrewarding
prey, then, by lacking two traits in common, they are at a selective
disadvantage compared to the original model (or perfect mimics).
Would imperfect two-trait mimics involving colour and one
other trait continue to be avoided in the long term? Humans
eventually learned to avoid all the nonrewarding prey types at high
rates. Intriguingly, however, there remained signiﬁcant residual
variation in attack rates in the ﬁnal trial due to shared colour,
pattern and shape with the former model, so the effects of early
experiences were not rapidly forgotten over the short duration of

the experiment. To evaluate whether two-trait mimics would
continue to be avoided if they were rewarding, one would clearly
need to introduce rewarding (Batesian) mimics in the generalization phase. In addition, while having separate discrimination and
generalization phases helps to reveal the underlying mechanisms,
perhaps a more natural version of the above experiment would be
to introduce occasional ‘mutants’ without partitioning the experiment into these two phases.
Although the longer-term survival prospects of imperfect
Batesian mimics remains to be established, these experiments
conﬁrm that traits differ in their importance for discrimination
learning, in our case colour being more important than shape.
Moreover, we conﬁrm that predators (both birds and humans) can
effectively be duped by imperfect mimics if the mimics share the
key features of prey that the predators had learned to avoid in the
discrimination process. This study therefore further establishes that
the cognitive processes of predators are important to consider in
the evolution of mimicry.
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