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Abstract
The nature of signal mimicry between defended prey (known as Müllerian mimicry) is
controversial. Some authors assert that it is always mutualistic and beneficial, whilst
others speculate that less well defended prey may be parasitic and degrade the protection
of their better defended co-mimics (quasi-Batesian mimicry). Using great tits (Parus
major) as predators of artificial prey, we show that mimicry between unequally defended
co-mimics is not mutualistic, and can be parasitic and quasi-Batesian. We presented a
fixed abundance of a highly defended model and a moderately defended dimorphic
(mimic and distinct non-mimetic) species, and varied the relative frequency of the two
forms of the moderately defended prey. As the mimic form increased in abundance,
per capita predation on the model–mimic pair increased. Furthermore, when mimics were
rare they gained protection from predation but imposed no co-evolutionary pressure on
models. We found that the feeding decisions of the birds were affected by their
individual toxic burdens, consistent with the idea that predators make foraging decisions
which trade-off toxicity and nutrition. This result suggests that many prey species that
are currently assumed to be in a simple mutualistic mimetic relationship with their
co-mimic species may actually be engaged in an antagonistic co-evolutionary process.
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INTRODUCTION

In defensive mimicry, prey species share a visual signal that
serves to deter predation. Such mimicry is well documented
in a variety of taxa (Sbordoni et al. 1979; Waldbauer &
Cowan 1985; Dumbacher & Fleischer 2001; Kapan 2001;
Symula et al. 2001; Sanders et al. 2006) and is conventionally
separated into two distinct categories. In Batesian mimicry
(after Bates 1862), a palatable species evolves to resemble an
unpalatable species, known as a model. Batesian mimics are
likely to degrade the protection of their models, therefore
the evolutionary dynamics are antagonistic, characterized by
co-evolutionary arms races, with strong mimetic resemblances and divergence of mimetic signals (Nur 1970). In
Müllerian mimicry (after Müller 1878, 1879), unpalatable
species have a common warning signal which protects them
from predation by allowing the costs of predator education
to be shared. Müllerian co-mimics are considered mutualistic and are often expected to be monomorphic (Turner
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1977), though this is not always observed (Mallet 1999,
2010).
Although these two forms of mimicry are widely
accepted, it has long been recognized that there is a
palatability spectrum in mimetic prey populations, so that
some species are more inedible than others (Wallace 1882;
Brower et al. 1968, 1972; Sargent 1995). MullerÕs original
theory of mutually beneficial mimicry was poorly equipped
to deal with this fact, as he explicitly modelled mimicry
between equally defended prey (Müller 1879). The question
of whether unequally defended mimetic prey are always
mutualistic is controversial and remains an open empirical
question (Marshall 1908; Dixey 1909; Benson 1977; Turner
et al. 1984; Speed 1993a; Joron & Mallet 1998; Mallet 1999;
Sherratt et al. 2004; Rowland et al. 2007; Honma et al. 2008).
Perhaps the first documented suggestion that less well
defended species may be (parasitic) Batesian-like mimics,
rather than (mutualistic) Müllerian mimics was made by
Marshall (1908). Marshall argued that species of predator
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vary in their tolerance of prey toxins, therefore some would
feed on toxic prey, especially those with low toxin levels.
In addition, he argued that predators were often sufficiently
hungry that they would deliberately choose to eat some
unpalatable butterflies. Modern treatments represent this
argument as a trade-off between toxicity and nutrition
(Speed 1993a; Speed et al. 2000; Kokko et al. 2003; Sherratt
2008). Less well defended prey that act in a Batesian manner
have been termed quasi-Batesian mimics. The existence of
such mimics could explain the observed polymorphisms in
species that are assumed to show Müllerian mimicry (Speed
1993b).
MarshallÕs idea has subsequently been re-invented in
theoretical models a number of times (see Nicholson 1927;
Huheey 1976; Owen & Owen 1984; Speed 1993b, 1999a;
Kokko et al. 2003; Sherratt et al. 2004; Balogh et al. 2008;
Mikaberidze & Haque 2009). In these models, a central
assumption is that per encounter attack probabilities are
higher on moderately defended than highly defended prey;
when there is mimicry between such prey, the per encounter
attack probability lies somewhere between these values.
In most theoretical models of quasi-Batesian mimicry, less
well defended prey may in some circumstances benefit their
better defended co-mimics, particularly if the less well
defended co-mimic is sufficiently abundant that it decreases
the per capita encounter rate on the better defended comimic, such that any increases in per encounter attack risk
are offset (Speed 1993b, 1999a). Even if the attack
probability per encounter is increased by the abundance of
the moderately defended mimic, the per capita probability
that any individual is encountered will decline and offsets
this – provided that the mimicÕs abundance is sufficiently
large (see Speed 1993b, 1999a,b; Kokko et al. 2003; Sherratt
et al. 2004; Rowland et al. 2007).
To date the empirical basis of quasi-Batesian mimicry is
equivocal. One field experiment shows good support (Speed
et al. 2000), whereas laboratory investigations provide varied

results including mutualistic relationships (Rowland et al.
2007) or inconsistent effects of unequal unpalatability levels
on mimicry (only sometimes parasitic depending for
instance on alternative prey or the strength of signals:
Lindström et al. 2006; Ihalainen et al. 2007, 2008). Two
important unanswered questions are: (1) can quasi-Batesian
mimicry be demonstrated under controlled laboratory
conditions? and (2) what kinds of ecological scenarios, if
any, will tend to make mimicry between defended prey
parasitic in nature?
To answer these questions, we examined the foraging
behaviour of naı̈ve wild-caught captive great tits (Parus
major) which served as visually hunting predators. The
predators met three ÔspeciesÕ of artificial prey: a cryptic
edible prey and two aposematic species. One of the
aposematic species was highly defended, of constant
abundance and monomorphic; this served as a model
species. The other aposematic species was moderately
defended and also has constant total abundance, but this
species had two visual forms, one of which was a mimic of
the highly defended model, whilst the other form was
distinctive and non-mimetic (Rowland et al. 2010 demonstrate that the signals are equally visible and salient, and are
not generalized by great tits). Therefore, the total abundance
of members of the moderately defended species remained
constant but the relative frequencies of the mimic and nonmimic form varied between zero and one by increments of
0.25 (see Table 1). This setup was designed to represent an
ancestral non-mimetic form of a species competing with an
alternative, mimetic form. After the learning trials, we
assessed whether the physiological state of the predators
determined their feeding responses in a manner consistent
with state-dependent explanations of quasi-Batesian mimicry. To establish whether mimicry was parasitic or
mutualistic, we had to demonstrate that predators recognized the different levels of defence within our prey, and
that they could not discriminate models from mimics prior

Table 1 Experimental setup. An alternative edible prey was cryptic (a cross) was presented in all treatments, which matched the crosses on

the aviary background where prey was presented
Perfect mimic
density 0%

Perfect mimic
density 25%

Perfect mimic
density 50%

Perfect mimic
density 75%

Perfect mimic
density 100%

Signal Type

Signal Type

Signal Type

Signal Type

Signal Type

Cryptic
60
Model
60
Perfect mimic 0
Distinct mimic 60

Cryptic
Model
Perfect mimic
Distinct mimic

60
60
15
45

Cryptic
Model
Perfect mimic
Distinct mimic

60
60
30
30

Cryptic
Model
Perfect mimic
Distinct mimic

60
60
45
15

Cryptic
60
Model
60
Perfect mimic 60
Distinct mimic 0

For half of the birds models were always a black square signal and were highly unpalatable, for the other half models were circles and highly
unpalatable. Mimics were either squares or circles, depending on the model signal and were moderately defended. Distinct non-mimic forms
of the moderately defended species were the opposite signal to model, hence if model was square, distinct non-mimic was circle, and vice versa.
Numbers in the columns correspond to the number of each prey type presented at the start of a trial.
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to attack. We have structured our Results section to reflect
this.
MATERIAL AND METHODS

Predators and housing

Eighty-one wild great tits (P. major) were caught at feeding
stations at Konnevesi Research Station, Finland, and served
as predators. The experiment was conducted between
October and December 2009, with permission number
KSU-2007-L-687 ⁄ 254 from the Central Finland Regional
Environmental Center and Animal Experiment Board ⁄ State
Provincial Office of Southern Finland, number ESLH-200709311 ⁄ Ym-23. Two birds died for reasons unrelated to the
experiment; three birds failed to fulfil one or more stages of
the training programme and were released; and four birds
were deemed unfit to participate and were rehabilitated
without any involvement in the experiment (or any other
experiments) before being released.
Each bird was housed separately in indoor plywood
cages, with a daily light period of 11.5 h and ad libitum
supply of tallow, sunflower seed and water, except for the
days of training and trials when the birds were deprived for
c. 1 h to promote food-searching motivation. Following
testing, birds were ringed for identification and released at
the trapping site.
Artificial prey

The artificial prey items used in the experiment were small
pieces (c. 0.1 g) of almond glued (UHU non-toxic glue)
between two 8 mm · 8 mm pieces of white paper. Onto
the paper was printed a black signal (cross, circle or square;
see Table 1). Unpalatable prey (circles and squares) were
made either highly or moderately unpalatable by soaking the
almonds in a chloroquine phosphate solution for 1 h (2 g of
chloroquine dissolved in 30 mL of water or 0.25 g of
chloroquine dissolved in 30 mL of water). Cryptic edible
(cross) prey contained untreated almond.

Training

Opening prey items
All birds were trained in their home cages to open the
artificial prey and eat the almond inside in four stages
(following the procedure detailed by Ihalainen et al. 2007).
Each bird was required to eat all prey items at each stage
before moving to the next stage.
Foraging in the aviaries
Next, the birds were trained to find prey items on artificial
cross backgrounds on the aviary floor (in the small aviary),
 2010 Blackwell Publishing Ltd/CNRS

Letter

and to use the perches in the small aviary (following the
procedure detailed by Ihalainen et al. 2007). We also
familiarized the birds with the large aviary by placing birds
to overnight and feed inside the aviary. The artificial
background was replaced by transparent plastic covered
with peanuts and sunflower seeds.
Aviaries

The experiments were conducted in three aviaries (one large:
57.7 m2 · 3.5 m height, used for the learning phase; and
two small: 13.5 m2 · 2.4 m height, used for the statedependent foraging trial). The large aviaryÕs floor was
covered by a background of white A3 size paper sheets
(297 mm · 420 mm), glued together and covered with
adhesive plastic to form a grid of 15 rows and 22 columns.
Between rows were wooden dividers (c. 6 cm wide boards)
to facilitate prey handling and movement of the birds.
Printed onto each A3 sheet were 70 crosses and 10 fake
cryptic prey items (8 mm · 8 mm pieces of cardboard with
printed crosses glued on the top) glued in random positions
on each sheet. The fake prey items made the background
three-dimensional, which aided camouflage of the cryptic
prey. In the large aviary, there were eight perches positioned
along three of the four walls and interspersed in the arena at
a height of 0.5 m to allow prey handling.
The small aviary floors were covered with A3 sized paper
sheets with crosses printed onto them and with fakes. The
small aviarysÕ background consisted of eight rows of 10
paper sheets. Each of the smaller aviaries had two perches.
Only one prey item was placed onto each A3 sheet, to aid
the observer (HMR) in identifying the attacked items. Birds
were observed through a one-way mirrored window. Fresh
water was always available in the aviaries.
Learning experiment

The signal of the model was a black square or a circle (see
Table 1). Our design was counterbalanced, so that half of
the birds were presented with square models and the
remainder received circles as models. When the model took
the form of a black square, the mimic form of the
moderately defended species also had that appearance,
whereas the non-mimetic form used the visually distinctive
circle. There is good evidence that the birds do not
generalize between the square and circle symbols (Rowland
et al. 2010). In all treatments, there were always 180 prey
presented (60 edible prey with a cross pattern, 60 of the
highly defended model species and 60 of the moderately
defended species, split between a mimic and a distinct nonmimic form).
We released each bird into the large aviary, and recorded
the number and type of prey attacked (pecked) and ÔkilledÕ.
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A prey item was recorded as killed when the bird opened the
paper shell and took a bite or ate the almond contained
within the shell. The position of each prey type was
determined by randomly generated maps produced prior to
each test, such that no two birds experienced the same
configuration. Visually indistinguishable prey were denoted
as either models or mimics on the map for the observer to
track. Each bird was required to ÔkillÕ 50 prey items before
we ended the trial, at which point the remaining prey items
were collected, the aviary was swept, vacuum-cleaned and
reset for the next bird.
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P = 0.89; distinct non-mimic form, F1,42 = 0.018, P =
0.894), and hence we pooled the data for the analyses.
The data generally satisfied the requirements of parametric
statistics and did not require transformation. We applied
a Greenhouse-Geisser correction for sphericity where
required. In the case where data could not be normalized
for a one-sample t-test, we also conducted and report
the results of a nonparametric Wilcoxon one-sample test.
We analysed the data using repeated measures and univariate
GLM in SPSS v.16.0 (SPSS, Inc., Chicago, IL, USA).
RESULTS

State-dependent foraging trial

On the two consecutive days following the main learning
trial the birds participated in a state-dependent foraging trial
that was run in the small aviary. Here, we aimed to
investigate whether recent experience with chloroquine
affected the birdsÕ decision making in relation to the
mimetic prey. Chloroquine has been shown to have postingestional effects (Skelhorn & Rowe 2007), and at very high
doses appears to be emetic to birds (Alcock 1970). Prior to
each test, the toxin burden of each subject was manipulated
by pre-feeding with two mealworms that were injected with
either 0.02 mL of water or 0.02 mL of 1% chloroquinine
phosphate solution (following Skelhorn & Rowe 2007). The
mealworms had no associated colour or taste cues by which
water or chloroquinine could be detected upon attack, and
birds showed no hesitation in eating all the mealworms
offered prior to the start of each trial. Only one bird refused
to eat either water-injected or chloroquine-injected mealworms; this individual did not participate in the statedependent trial further, and was released. Our design was
counterbalanced, so that half of the birds received water
mealworms first, whilst the remainder received chloroquineinjected mealworms first.
State-dependent foraging trials were performed in the
small aviaries. The number of prey presented and the
number that the birds were required to attack were reduced.
Prey were presented in the same ratio as the learning trials
(i.e. 20 cryptic and 20 model prey items plus 20 mimic prey
in the appropriate distribution of mimic and distinct forms).
All prey items were palatable.

We consider the results as answers to five questions about
the edibility of the prey and the effects of signal mimicry on
survival.
Is there a spectrum of acceptability in the prey?

We first needed to demonstrate that the predators treated
the prey of different edibility levels differently. We examined
the condition in which 60 models exist with 60 distinct
non-mimic forms and 60 edible prey (crosses) to see if prey
types that we intended to have different edibility were
attacked at different rates. Edible crosses were attacked
more than moderately defended distinctive non-mimics,
which in turn were attacked more than the highly defended
model prey (edible, mean number attacked = 26.25,
SE = 2.125; moderately defended distinctive non-mimics = 14.50, SE = 1.288; and highly defended models = 9.25, SE = 1.37). The edible cryptic prey items were
therefore attacked at a higher rate than the defended forms,
even though they were less conspicuous. To verify this
interpretation, we conducted a repeated measures ANOVA
(with Greenhouse-Geisser correction) which reported a
highly significant effect of edibility on mean attack rates of
the three prey (F1.363,14.993 = 18.81, P < 0.0001). Pairwise
Bonferroni corrected comparisons showed that per capita
attack levels were higher in the edible prey than the model
species (P = 0.001) and moderately defended distinct nonmimic form (P = 0.012). Attack rates were also lower on
models than on the distinct non-mimic form (P = 0.022).
Do model and the mimic form share a mortality rate?

Statistical analyses

We determined the absolute numbers of prey killed by each
bird, and calculated the per capita mortality of each prey type
by dividing the total number of each type of prey killed
during the trial by the number presented. Signal type (square
or circle) did not have significant effects on the mortality of
the model (F1,52 = 0.024, P = 0.877) or either form of the
moderately defended species (mimic form, F1,40 = 0.012,

We next excluded the possibility that birds may have used
some cue (UV, odour, etc.) to discriminate between models
and mimics. We evaluated the per capita mortality levels of
model and the mimic form using repeated measures ANOVA,
with prey type as a within-subjects factor and mimic
frequency as a between-subjects factor (excluding the case
of mimic frequency of zero). We found no effect of prey
type on per capita mortality rates (F1,36 = 1.77, P = 0.19),
 2010 Blackwell Publishing Ltd/CNRS
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nor did prey type interact with the frequency of the mimic
form (F3,36 = 2.04, P = 0.126), hence there is no evidence
that the birds could discriminate models and mimics before
attacking them.
How does the frequency of the mimic affect per capita
attack rate on model and the mimic?

Given that the model and its mimic have attack rates that
are not significantly different, we calculated the overall
mortality of models plus mimics for this analysis (i.e. sum of
model and mimic attacked ⁄ total abundance of model and
mimic). To examine the effect of mimicry on attack rates,
we used a one-way ANOVA on the per capita mortality rate for
the model and its mimic. Where the mimic did not exist, we
used per capita rate for the model alone.
Mimic frequency (relative to the whole of the moderately
defended species) had a highly significant effect on per
capita attack rates on the co-mimetic prey (model and
mimic; F4,52 = 5.208, P = 0.001). Figure 1 shows that
attack rates were higher when the mimic form was common
in the moderately defended species. Thus, mimicry did not
reduce attack probability on the model–mimic pair, but
rather tended to increase it. Planned contrasts, comparing
mortality rates in the condition of mimic absent (frequency = 0) to the remaining mimic frequencies, showed
that mean mortality was significantly higher when the mimic
was most common (i.e. 60 or 45 mimics; P = 0.025,
P = 0.012 respectively), but not when the mimic was rarer
(i.e. 30 or 15 mimics; P = 0.227, P = 0.221 respectively).
The same conclusions would be drawn if we analysed
modelÕs mortality separately – see Supporting information,
part 1).

Mean total mortality of models + mimics
(+/– 1 SE)

0.30

0.25

0.20

0.15

0.10

0.05

0.00
0

15

30
Mimic density

45

60

Figure 1 Per capita attack rates on model and its mimic for a range

of mimic densities (error bars, 1 SE).
 2010 Blackwell Publishing Ltd/CNRS

The increased attack rates on the models and mimics
could be explainable by incomplete avoidance learning by
the birds. To assess this, we conducted two further sets of
analyses (see Supporting information, part 2). Birds killed
significantly fewer models by the end of the learning trial,
and the number of models ÔkilledÕ in the last 10 prey (41–50)
did not differ to the penultimate 10 prey (31–40). Therefore,
we can discount the possibility that high mortality was due
to incomplete predator learning.
Do mimetic prey have higher survival rates than
non-mimetic forms?

We next considered whether the mimic form was always
superior in its survival to the distinct non-mimic form of the
moderately defended species. We calculated the ratio of per
capita mortality of the mimic form ⁄ per capita mortality of the
distinct non-mimic form for each bird for each frequency of
the mimic. Values lower than one indicate that the mimic
has lower mortality than the distinct non-mimic (and vice
versa). The ratio was calculated whenever two forms of the
moderately defended prey coexisted (i.e. mimic frequencies
of 0.25, 0.5, 0.75). For the condition mimic frequency = 0,
we took the value of per capita mortality for model to
represent the mortality value of a vanishingly rare mimetic
mutant in a population of ancestral distinctive non-mimics.
In this case, the mimicÕs attack rate converges on that of the
model.
The data could not be normalized by transformation.
We conducted both a parametric one-sample t-test (as this
test is reasonably robust to deviations from normality; Zar
1999) and nonparametric Wilcoxon one-sample tests (see
Supporting information, part 3). The mimic tended to be
attacked less than the distinct non-mimic form, except in
the case that the mimic was very common (Fig. 2; onesample t-tests of the null hypothesis of a mean value of one).
Mimic [PM(0), P = <0.001; PM(0.25), P = 0.519; PM(0.5),
P = 0.006; PM(0.75), P = 0.095; Wilcoxon results equivalent]. Note that the margins of error are relatively small for
the two conditions in which we estimated survival rate based
on attacks on relatively large numbers of prey (mimic = 0.5;
and 0, in which case its mortality rate is estimated from the
relatively abundant model).
In the cases where the numbers of one form of the
moderately defended species were small (i.e. mimic frequency 0.25 or the distinctive non-mimic 0.25), the
variances were larger, because each attack makes a greater
increment to per capita mortality rates in small populations
than in large ones. It is not surprising then that these results
are non-significant. Variance in levels of selection is an
important evolutionary point which we consider in more
detail in the Discussion. Finally, we found that a monomorphic population of mimics has no survival advantage
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0

25

50

75

Figure 2 Mean of ratio of mortalities of perfect ⁄ distinct non-

mimic form for a range of mimic frequencies. Note: for perfect
mimic = 0, we take the model mortality rate, thereby estimating
survival of a vanishingly rare, novel mutant form.

over a monomorphic population of distinctive non-mimics
(t20 = 0.989, P = 0.33), indicating that mimicry loses its
advantages completely as it becomes very common in the
population.
Is there evidence that physiological state of the predators
affects the mimetic relationships?

0.40

(a)

Mean mortality of models (+/– 1 SE)

Mean mortality of models (+/– 1 SE)

Several authors have hypothesized that the nutritional state
of a predator can account for the occurrence of quasi-

0.30

0.20

0.10

0.00

prey during state-dependent foraging trial
when birds were pre-fed mealworms containing either chloroquinine or water: (a) day
1 pre-fed chloroquine; (b) day 1 pre-fed
water; (c) day 2 pre-fed water (birds given
chloroquine on day 1); (d) day 2 pre-fed
cholorquine (birds given water on day 1).

Mean mortality of model day 2 (+/– 1 SE)

0

Figure 3 Per capita attack rates on the model

Batesian mimicry (Speed 1993a; Kokko et al. 2003; Sherratt
2003; Sherratt et al. 2004). In fact there is evidence to
support the idea that predators make foraging decisions
which trade-off toxicity and nutrition (Barnett et al. 2007;
Skelhorn & Rowe 2007). We therefore performed two
further tests after the learning trials in which the predators
encountered prey in the same ratios as their learning trials.
All prey items in these tests were palatable. Prior to each
test, the toxin burden of each bird was manipulated by prefeeding with two mealworms that were injected with either
0.02 mL of water or 0.02 mL of 1% chloroquinine
phosphate solution (following methods detailed in Skelhorn
& Rowe 2007).
In the first trial, if the birds were given chloroquine, attack
rates were higher when the mimic was common than when it
was rare or absent. Planned simple contrasts, comparing
mortality rates in the condition of mimic (frequency = 0) to
the remaining mimic frequencies, showed that mean mortality was significantly higher when the mimic was most
common (i.e. 60 mimics; P = 0.019), but not when the
mimic was rarer (i.e. 45 mimics; P = 0.052; 30 mimics;
P = 0.097; or 15 mimics; P = 0.771; see Fig. 3a). When the
birds were given water mealworms instead of chloroquine
mealworms on day 1, mimic frequency did not have a
significant effect on per capita attack rates on the model prey
(Fig. 3b; all planned contrasts P > 0.05).
On the second day, when birds were administered the
opposite treatment to day 1, mimic frequency did not have a
significant effect on per capita attack rates on the model
prey for either chloroquine or water (Fig. 3c,d;

0.40

15
30
45
Mimic density

(c)

0.30

0.20

0.10

0.00
0

15
30
45
Mimic density

0.40

(b)

0.30

0.20

0.10

0.00

60

60

Mean mortality of model day 2 (+/– 1 SE)

Mean ratio of mimic to distinct non-mimic mortality
(+/– 1 SE)
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0
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0.30

0.20
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0.00
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F4,26 = 1.344, P = 0.287; F4,26 = 0.958, P = 0.451). These
results show that a predatorÕs toxin burden can have
significant influence on foraging decisions, and consequently on model–mimic dynamics.
DISCUSSION

This is, to our knowledge, the first purpose-designed
laboratory study which unequivocally supports the view that,
when there is an inequality in defence levels, mimicry
between two species can be parasitic and Batesian-like (or
quasi-Batesian) and not necessarily mutualistic and Müllerian.
As the mimic form increased in frequency to high levels
(compared to the alternative distinct non-mimic form of the
moderately defended prey), per capita predation rates on the
model–mimic pair increased, indicating that mimicry was
acting in a Batesian manner. In terms of current understanding of the evolution of mimicry this is an important finding,
as quasi-Batesian mimics may be prone to signal diversification and to cause antagonistic co-evolution with their
models. Furthermore, quasi-Batesian mimics may face much
stronger selection for signal accuracy than might Müllerian
co-mimics, leading to a higher quality of mimicry itself.
Implications for the evolution of mimicry

The ÔmodelÕ species in our experiment did not benefit from
co-existence with a visually indistinguishable moderately
defended mimic, and lost protection when the mimic form
was abundant. It is notable, however, that mimicry had no
effect on the survival of the model when it was comparatively rare (25 or 50% of the ÔmimicÕ population).
Consequently, we have a combination of parasitic mimicry
(when the mimic form is very common) and what has been
called Ôeffectively neutral mimicryÕ (Turner et al. 1984), in
which there would be no co-evolutionary effect of a mimic
on its model. In this situation, the mimic gained protection
from predation, but would have imposed no co-evolutionary
force on its model.
Survival of the mimic form was generally higher than the
alternative distinctive non-mimetic form of the moderately
defended species. However, and in keeping with the view
that the moderately defended mimic form can be parasitic, the mimetic form also lost protection at high
abundance levels such that members of a monomorphic
population of mimics had no survival benefit compared to a
monomorphic population of the distinct non-mimic form.
This result demonstrates that rarity relative to non-mimetic
forms is advantageous in the mimetic form, and therefore
supports the idea that selection could favour diversification
in quasi-Batesian mimics (see Speed 1993a).
An important finding is that selection (measured as the
ratio of per capita survival rates between the mimic and
 2010 Blackwell Publishing Ltd/CNRS
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distinct non-mimic) was highly variable when either the
mimic or the distinct non-mimic form was rare (see also
Lindström et al. 2006). When there are relatively few
individuals of a given type to attack, comparatively small
levels of variance in absolute numbers of prey killed have a
large effect on the per capita levels of attack. For example,
suppose that the mean number killed is 5 prey (± 4). From a
large population of 100 individuals, the variance in per capita
attack frequency is small (based on ± 0.04 of the population). In contrast, the variance from a small population of 10
individuals is large (based on ± 0.4 of the population). This
causes an increased level of variance in our measure of
fitness when the mimic form is rare (25%, see Fig. 2).
However, when the distinct non-mimic form was rare,
variance in the ratio of survival values was extremely high
(mimic frequency 0.75, Fig. 2) and this is explained by an
additional factor, that the rarity of the prey form itself
caused raised variance in predation rates. Some predators
tended to ignore the very rare distinct non-mimic, whilst
others attacked at relatively high rates. This did not happen
to the mimic when it was rare, because it shared the same
signal as the model and so this signal was always abundant.
This is an important finding since it predicts that random
drift in frequencies of mimetic and non-mimetic forms is:
(1) likely to be very important when prey forms are rare and
(2) asymmetrical in its effects, disturbing morph frequencies
most when a non-mimetic prey form is very rare locally (see
also Mallet 2010).
Evidence for quasi-Batesian mimicry in other experiments

The present experiment and that of Speed et al. (2000) offer
unequivocal support for quasi-Batesian mimicry. These have
in common an experimental design in which the mimic
species took two forms: one mimetic and the other
distinctive. This was intended to mimic the population
genetic scenario in which a mimic competes against an
ancestral non-mimetic form. Hence, the absolute number of
prey presented in these two experiments remained constant,
but the relative frequencies of the mimic vs. the non-mimic
form varied inversely with respect to each other.
In a related experiment, Rowland et al. (2007) simulated a
situation in which the mimetic species was monomorphic,
and increased in absolute abundance. Here, mimicry
between unequally defended prey was mutualistic, because
any increase in per encounter attack probability was more
than offset by a dilution effect, decreasing per capita
mortality rates. One conclusion is that if there is no dilution
effect (i.e. population density is not high), as in our present
experiment, then the parasitic nature of quasi-Batesian
mimicry may be seen much more readily than if changes in
mimic abundance increase the absolute number of prey
encountered.
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A number of other experiments, using great tit predators
and prey with black and white symbols, have offered less
consistent support, either for the view that mimicry between
unpalatable prey is parasitic and quasi-Batesian, or mutualistic and Müllerian, supporting the view that dynamics
between co-mimics depend on ecological conditions.
In some cases, the data from these experiments can be
re-interpreted, so that they can be directly compared with the
experiment in this paper (see Supporting information, part 4
for reconsideration of data in Lindström et al. 2006). These
other experiments provide equivocal support for quasiBatesian mimicry, and are subject to the effects of inequalities
in signal salience (Lindström et al. 2004; Ihalainen et al. 2008)
and generalization of model ⁄ mimic signals (Ihalainen et al.
2007). In the work we present here, we build on these earlier
papers by designing signals of equal salience that were not
generalized. Hence, quasi-Batesian mimicry may be easy to
find when signal stimuli are simple and distinctive, but less
easy to find in more complex signalling environments.
State-dependent explanations for quasi-Batesian mimicry

Several authors have hypothesized that the nutritional state
of a predator can explain the occurrence of quasi-Batesian
mimicry (Speed 1993a; Kokko et al. 2003; Sherratt 2003;
Sherratt et al. 2004). In fact there is some evidence to
support the idea that predators make foraging decision to
trade-off toxicity and nutrition (Barnett et al. 2007; Skelhorn
& Rowe 2007). We found that manipulation of the state of
our predators, adding chloroquine or water to their diets,
could maintain or remove benefits from mimicry in entirely
edible prey. Birds fed chloroquine before the first statedependent foraging trial treated the edible prey as if they
contained quinine, whereas those fed with prey containing
water did not. In effect, the predators used their experience
from the learning trials, and their physiological state
(chloroquine fed or water fed) to determine attack rates.
These results match the assumptions of state-dependent
foraging models, in which predators reach attack decisions
based on information about hunger and toxicity (Speed
1993a; Kokko et al. 2003; Sherratt 2003, 2008). Therefore,
state-dependent foraging behaviour likely plays an important
role in mimetic relationships.
CONCLUSIONS: THE ECOLOGY OF QUASIBATESIAN MIMICRY

Our experiment demonstrates the conditions in which
mimicry between two unequally defended prey is quasiBatesian in nature, rather than mutualistic. Birds traded off the
benefits of nutrition against the costs of prey toxicity when
determining attack rates on prey (Speed 1993a). Our results
suggest some further questions of importance. First, as Dixey,
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Marshall and others have suggested (Marshall 1908; Dixey
1909; Benson 1977), less well defended prey may operate as
(quasi-) Batesian mimics in some seasons (when food is
scarce), and Müllerian mimics in other periods (Speed 1993a;
Kokko et al. 2003; Sherratt et al. 2004). A consequence is that
there may be selection favouring strong mimetic resemblance,
and diversity in mimicry signals only in ÔBatesianÕ seasons. In
ÔMüllerianÕ seasons there may be relaxed selection on the
quality of mimicry but strong selection for mimetic monomorphisms. The combination of these alternating directions
of selection could explain why supposed Müllerian mimics
often have such strong resemblances to each other but tend to
lack Batesian-like mimetic diversity.
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