
Vol.:(0123456789)

Evolutionary Ecology
https://doi.org/10.1007/s10682-023-10238-4

1 3

ORIGINAL PAPER

Effects of predator associative learning and innate aversion 
on mimicry complexes

Oliver T. Heerwig1 · Sofia M. R. Jain‑Schlaepfer2 · Thomas N. Sherratt2 · 
David W. Kikuchi1,3

Received: 20 July 2022 / Accepted: 14 March 2023 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2023

Abstract
Undefended or weakly defended prey species can evolve to resemble better-defended prey 
(models) in a potentially parasitic relationship called Batesian mimicry. However, some 
highly defended prey have lethal defenses that might prevent predators from learning to 
avoid them, which raises questions as to how and why warning signals evolve in these spe-
cies. One solution is that the warning signals of lethal species have evolved to resemble 
those of less defended species, where avoidance learning is possible. To examine the gen-
eral feasibility of this hypothesis, we modeled associative learning by predators foraging 
on prey species that were either weakly or highly defended. The highly defended prey had 
a fixed probability of killing an attacking predator. We found that the weakly defended 
species was more likely to be a parasitic Batesian mimic when its defenses were weaker. 
Weakly defended prey were more parasitic when the weakly defended prey was relatively 
common, and when highly defended prey were less likely to be lethal. Generally, mimicry 
was more mutualistic (i.e. Müllerian) as the highly defended prey increased in lethality. 
However, for a relatively lethal mimetic mutant that resembled a weakly defended species 
to invade a non-mimetic population of highly defended prey, lethality needed to be high, as 
benefits of mimicry did not accrue at low frequency. Moreover, when we created predators 
that had innate aversions to dangerous prey, weakly defended mimics were parasitic upon 
highly defended prey. Innate aversions also evolved in an individual based-simulation. 
When our analyses of prey lethality and innate aversions are taken together, it is likely that 
highly defended prey are most often models in Batesian mimicry systems.
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Introduction

Mimicry is widespread among animals. Two forms are Batesian mimicry and Mülle-
rian mimicry (Ruxton et al. 2018). In Batesian mimicry, undefended or weakly defended 
prey species dupe predators into avoiding them by resembling prey species with stronger 
defenses (Bates 1862). In Müllerian mimicry, two or more defended prey species share 
a warning signal, reducing the number of each that is attacked before predators learn 
to avoid them (Müller 1879; Sherratt 2008). Batesian mimicry has been hypothesized 
to increase attack risk for the model, making the relationship parasitic (Speed 1993; 
Gavrilets and Hastings 1998; Franks et al. 2009). Müllerian mimicry is often regarded 
as mutualistic (Bronstein 2015; Aubier et al. 2017; Anderson and De Jager 2019). Even 
if one accepts these simple definitions (as we do in this study), not all mimetic rela-
tionships fall into the category that one might naively suspect (Speed 1993; Speed and 
Turner 1999; for detailed discussion, see Anderson and De Jager 2019).

Often, if one prey is weakly defended and the other highly defended, it can be difficult 
to determine whether their relationship is Batesian or Müllerian (e.g. Winters et al. 2018). 
In such cases, the response of predators to mixes of weakly and highly defended species is 
a critical determinant of the relationship (Rowland et al. 2007, 2010). Intriguingly, it has 
been proposed that when prey defenses are so strong that they are lethal, predators cannot 
learn to avoid them (Dunn 1954; Brattstrom 1955). Thus, counterintuitively, lethal prey 
may actually experience selection to resemble more weakly defended species (Mertens 
1956; Hecht and Marien 1956; Emsley 1966; Wickler 1968). This scenario—sometimes 
called “Mertensian mimicry” or “Emsleyan mimcry” (Wickler 1968)—has received lit-
tle empirical or theoretical investigation. It was originally inspired by coral snakes (Dunn 
1954; Brattstrom 1955; Mertens 1956; Hecht and Marien 1956; Wickler 1968), but differ-
ential predator avoidance of lethal prey is found in other groups such as toxic newts (Kuchta 
2005), which have been reported to cause the deaths of predators (Mobley and Stidham 
2000). The mimetic relationship resulting from this unusual scenario of convergence could 
either be Müllerian or Batesian, in the sense that it may be mutualistic or parasitic (with the 
lethal mimics increasing attacks on the weakly defended models).

In addition to lethal prey evolving to mimic less lethal prey, another reason why pred-
ators might avoid lethal prey is innate aversions. This sidesteps the problem of associa-
tive learning. Predators have evolved innate aversions to common warning colors that 
signal unpalatability (Coppinger 1970; Schuler and Hesse 1985; Exnerová et al. 2007). 
Indeed, the coral snake colour patterns that inspired the ideas of Mertens (1956) elicited 
innate fear responses among naïve Neotropical birds when applied to wooden dowels 
(Smith 1975, 1977). Here, we used a simple model based on the modification of earlier 
models to address how (1) prey lethality and (2) innate aversions affect the evolution of 
mimetic relationships between highly and weakly defended prey.

Methods

Theoretical approach

As a departure point for exploring predator behavior, we use Speed’s (1993) model of 
a predator that exhibits Pavlovian learning. The Pavlovian algorithm assumes that the 
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predator’s tendency to attack prey with a specific phenotype increases if it is more palat-
able than the predator expects, and decreases if the prey is less palatable than the preda-
tor expects. We chose this model for its tractability and its foundation in psychological 
research (Rescorla and Wagner 1972). Other approaches based on identifying the opti-
mal combination of exploration and exploitation are possible (Sherratt 2011; Kikuchi 
and Sherratt 2015; Aubier et  al. 2017), but rapidly expand in complexity when many 
prey phenotypes are involved. Indeed, many of the solutions to exploration–exploita-
tion models are so complex it is inevitable that predators would use a rule of thumb to 
resolve them (Sherratt 2016). The Rescorla-Wagner model has not only been identified 
as a reasonable approximation of associative learning but performs relatively well as a 
heuristic (Trimmer et al. 2012). As the main focus of our study is the response of preda-
tors to lethal prey, and the potential evolution of innate aversion, Speed’s approach cap-
tures the necessary features we wish to include.

In Speed’s (1993) model, a predator encounters a sequence of prey items from a range 
of different species. Each prey species j has palatability �j , where 0 < �j < 1, ranging from 
completely unpalatable ( �j = 0 ) to completely palatable ( �j = 1 ). Each prey species also 
has an appearance index i. When i is shared between two species, mimicry occurs. Initially, 
prey of appearance i are attacked by the predator with probability Pi = xi , where xi repre-
sents the initial probability of attacking prey with appearance i. The model describes only 
the process of Pavlovian learning as the predator encounters prey with particular values of 
palatability �j . The �j value gives the extreme limit (i.e., closest to 0 or 1) towards which 
sampling prey of appearance i will move the predator probability of attack Pi.

In our default simulations, we consider all xi = 0.5 , so initially, there is a 50% chance to 
reject or attack a completely unfamiliar prey type. After attacking, Pi is updated according 
to the palatability of the prey item.

where �i controls the speed of learning and is calculated as:

Consequently, attacks on prey that are less/more palatable than the predator’s current 
estimate Pi cause a decrease/increase in Pi since �j gives the most extreme probability of 
attack that experience with a prey item will cause a predator to exhibit ( ΔPi is 0 when 
�j = Pi ). More extreme values of �j lead to faster rates of learning �j . When two prey species 
share an appearance i, both of their values of �j contribute to predator learning. For exam-
ple, if one has �j = 0.4 and another has �j = 0.1, the predator’s probability of attacking prey 
Pi will tend to be bounded between those two values over time.

The model also incorporates predator forgetting. We assume that at each time step, 
a predator encounters a prey. If the predator does not attack the prey, all Pi are updated 
towards their initial attack rate xi due to forgetting. If the prey is attacked, learning about 
that prey appearance i occurs, and Pi for that prey is updated according to (1) and (2), while 
forgetting occurs for all other prey appearances. Thus, without reinforcement, learned 
behavior reverts towards the initial attack rate. To calculate ΔPi due to forgetting, we use 
the following equation, where �f  is the rate of forgetting:

(1)ΔPi = �j
(
�j − Pi

)

(2)�j = 0.5 +
|||
�j − 0.5

|||

(3)ΔPi = �f
(
xi − Pi

)
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We use these equations to model a species of predator foraging on two prey species 
with different levels of palatability. One species is highly unpalatable (H) and the other is 
weakly unpalatable (W). Because our primary interest is analyzing the conditions under 
which an exceptionally dangerous prey species can be selected to mimic a less defended 
prey species, we allow H to have two appearances. One, which is completely distinct from 
W, is Hd (d for distinct). The other, which exactly resembles W, is Hm (m for mimic).

In addition to being highly unpalatable, H can be lethal. The probability of predator 
death on attacking H is represented by 0 < 𝛽 < 1. We assume that when a predator dies, 
a new predator enters the system. This could represent a population of territorial birds, 
where the number of territories is fixed so there is always a reservoir of “floaters” without 
territories that we do not consider in the population (Fedy and Stutchbury 2004; Sergio 
et al. 2009). Implicitly, we also assume that prey disperse between predator territories, as 
the entire prey population is eligible for attack. Naive predators enter the system with all 
attack probabilities Pi = xi , so they must learn anew about the palatability of any prey they 
encounter. In keeping with other assumptions from Speed (1993), we assume that predators 
encounter one prey per time step, and that if a prey item is attacked, it is always killed. We 
assume lethality of prey defenses is maintained by an alternative function, e.g. prey capture 
(Hossie et al. 2013).

Analysis of lethality on mimetic relationships

To quantify the relationship between H and W as Batesian or Müllerian as the lethality � var-
ied, we compared the attack rates on H and W in two different scenarios. In the first scenario, 
only prey with Hd and W and appearances occurred—in other words, there was no mimicry. 
In the second scenario, only prey with Hm and W appearances occurred. This represents a 
situation where a mimicry complex has evolved between H and W. Predators were not shared 
between these two different scenarios. Comparing the attack rates on H and W in each scenario 
lets us measure whether the relationship between H and W is parasitic or mutualistic across a 
range of values for lethality (�) . Initially, we averaged the output of 500 replicates of 100 time 
steps, where at each time step the predator encountered one prey (if the predator died, it was 
replaced with one whose attack probabilities were equal to xi). Following Speed (1993), we let 
�f = 0.02 . We first assumed an equal probability of encountering highly or weakly defended 
prey (sampled with replacement). We also experimented by varying the relative abundance of 
highly and weakly defended prey so that they were present in either a 1:4 ratio or a 4:1 ratio 
(Supplementary Figs. 2–3). We further examined the effect of letting �f = 0.1 (Supplementary 
Fig. 4), and an additional case where half of the prey were alternative prey that had no effect 
on predator behavior other than increasing the amount of forgetting between encounters with 
highly and weakly defended prey (Supplementary Fig. 5). In this latter case, the palatability of 
the alternative prey was irrelevant. These experiments with relative abundance, �f  , and alter-
native prey did not qualitatively change how lethality of the highly defended prey affected 
whether mimicry was Batesian or Müllerian (compare Supplementary Figs. 2–5 with Sup-
plementary Fig. 1). Therefore, unless otherwise specified, all results we present are for 500 
replicates with 100 time steps where highly and weakly defended prey were encountered at 
equal abundance, �f = 0.02 , and the frequency of alternative prey was 0.

Changes between mutualism and parasitism between H and W are critical to how their 
mimetic relationship is classified. To better understand why prey lethality impacted mutual-
ism versus parasitism, we evaluated the amount of time that predators spent learning about 
their prey, as opposed to foraging at an asymptotic rate governed by �j and �f  . To find the 
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asymptotic rate at which an experienced predator would sample prey of a given appearance, 
i.e. if it had encountered many prey without dying, we set lethality equal to 0 and discarded 
the first 50 prey items a predator encountered in any run of the experiment. Examination of 
the output showed that this was more than sufficient for predators to become “educated.” We 
found the middle 95% of values for Pi that these educated predators exhibited. We defined this 
range as the asymptotic rate of attack. We then evaluated the impact of higher levels of lethal-
ity how much time a predator spent learning about prey of each appearance. We did this by 
calculating the proportion of prey encounters for which a predator’s Pi values were outside the 
asymptotic range for attacking prey of that phenotype.

We needed to know under what circumstances it was possible for a mutation that causes 
mimicry to spread within prey populations. We analyzed invasion of mimetic alleles in the 
highly and weakly defended prey when mimicry did not initially occur between the two spe-
cies. We did this by estimating the attack rate on a very rare Hm or Wm mutant (relative to the 
Hd or Wd nonmimetic phenotype, where Wd is a distinct, non-mimetic phenotype of W). We 
performed corresponding analyses of attack rates on a very rare Hd or Wm mutant (these analy-
ses were performed separately, so only one species exhibited variation at a time). Additionally, 
assuming Hm or Wm could spread, we needed to test whether the whole population of H or W 
would evolve mimicry. This required analyzing the attack rate on the mutant versus the non-
mimetic phenotype at a wide range of frequencies to ensure it would spread to fixation.

To explore conditions that might favor invasion of a mimetic morph, we varied the rela-
tive frequency of Hm or Wm in the population of H and W (versus Hd or Wd) from 0.01 to 99. 
For this analysis, we considered scenario where all Hd, Hm, and W (or Wd, Wm, and H) were 
exposed to the same predators. To obtain precise estimates of differences in attack rates, we 
arbitrarily ran the model for 100,000 time steps, and assumed that this allowed predators to 
encounter all prey in the community. We performed this analysis at increasing values of lethal-
ity until Hm or Wm could invade. To calculate the relative fitness of Hm and Wm, the per capita 
attack rate on Hm or Wm on encounter was divided by the per capita attack rate on Hd or Wd 
on encounter. Values above 1 indicate that Hm or Wm would spread, whereas values below 1 
indicate that Hm or Wm would decrease in frequency. We examined situations where H and W 
had equal relative abundance, where H outnumbered W 4:1, and where W outnumbered H 4:1.

Finally, we explored different assumptions about innate attack rates on prey of different 
appearances. We examined different a priori assumptions about the initial probability of attack 
xi by setting it to lower values and repeating analyses of parasitism and mutualism. We also 
allowed values of xi to evolve in a simulation (see Supplementary Methods for details).

Results

We compared the relative attack rates on different types of prey as lethality var-
ied. We found that the mimetic relationship between the highly defended prey H and 
weakly defended prey W was either mutualistic, or parasitic with W benefitting from H 
(Fig. 1A; Figures S1–S5). The relationship transitioned from parasitism to mutualism as 
the lethality of H ( � ) increased (Fig. 1A). In Fig. 1A, this is depicted where the rate of 
attack on H involved in mimicry (red line) falls below the rate of attack of non-mimetic 
H (brown line). The mutualistic relationship arose because as H became more likely 
to kill their predators, the naive predators that entered the population initially attacked 
at the rate of xi = 0.5. Highly defended prey increasingly benefitted from the deterrent 
effects of W, which trained the predators to attack at a lower rate without killing them. 
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We illustrate this effect in Fig. 1B, which shows that predators spent a greater propor-
tion of their lifespans learning about prey phenotypes when � was higher (because they 
died more often), rather than attacking at rates consistent with educated foragers. The 
transition from parasitism to mutualism was robust across different levels of unpalat-
ability �W , although as �W decreased, the area where W were parasitic vanished, leaving 
only a mutualistic relationship (Figure S1). Additionally, when H were much rarer than 
W, the relationship was always mutualistic (e.g. Figure S3).

Our invasion analysis revealed that the conditions for a rare mutant Hm to spread 
required a high value of � (Fig. 2A). The value of � required was higher than might be 
expected from examining Fig. 1, where attack rates on a non-mimetic population of H 
are compared with a completely mimetic population. This discrepancy arose because 
in the invasion analysis shown in Fig. 2A, the rare mutant Hm sacrifices the protection 
provided by the remainder of the highly defended population Hd, and obtains protection 
only from W. A sensitivity analysis revealed that as �W increased ( �H held constant), 
the threshold value of � for Hm to invade increased. Recall that the effect of raising � 
was similar to that of increasing the rate at which predators forgot about H. When � was 
low and �W was fairly high, H was usually better protected by itself than in a mimicry 
complex (Fig. 1A). We found no evidence of selection against the mimetic Hm mutant as 
its frequency increased, so if it could invade, it would spread to fixation in H (Fig. 2A). 
Invasion thresholds were decreased by a lower relative abundance of H (Figures S6A, 
S7A).

Our corresponding invasion analysis of a mimetic mutant in W revealed a broader range 
of conditions where invasion and fixation could occur than in H (Figs. 2B, S6B, S7B). When 
both species were equally abundant or H outnumbered W, invasion of Wm was favored at lower 
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Fig. 1  Effect of lethality on predator attack rates on encounter with each type of prey and predator learning. 
The yellow squares/long dashed line (W) and brown triangles/short-dashed line (Hh) represent prey species 
co-occurring in the same environment, but without mimicry. The red circles/solid line represent the shared 
appearance of two species in a mimicry complex. The densities of the two species are equal in both situa-
tions. A Whenever the red line is below both brown and yellow lines, mimicry is mutualistic. When the red 
line is between the two other lines, the species described by the top line is a parasitic mimic of the species 
described by the bottom line (here, only the weakly defended prey is ever parasitic). Note that predation on 
W increases with lethality even without mimicry because predators that die after attacking Hh must learn 
about both prey anew from x

Hh
= x

W
= 0.5 . B The amount of time a predator spends learning about each 

type of prey (as a proportion of the predator’s lifespan) increases with prey lethality, because the predator 
population turns over more quickly and its initial attack rate is set to xi. In both panels, �

W
= 0.3 , �

H
= 0.1 , 

and 100 highly and weakly defended prey are encountered in scenarios with and without mimicry. Bars are 
95% binomial confidence intervals
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values of lethality � than was invasion of Hm (Figs. 2B, S6B). Only when W outnumbered H 
were there conditions where invasion of Wm was not favored (Figure S7B).

Innate aversion towards H (Fig. 3A) or towards prey in proportion to their unpalatability 
(Fig. 3B) caused W to be parasitic on H when they were in a mimicry complex. The stronger 
the innate aversion towards H, the less often predators died, and so the greater the benefits to 
H. When innate aversions towards the mimicry complex and Hd were very strong, increasing 
lethality actually decreased attack rates on those types of prey (Fig. 3C). This is an artefact of 
the modeling framework, because values of the initial attack rate xi were less than values of �i 
for those prey types. However, it did not change the relationship between the prey species from 
parasitism to mutualism.

When we used individual-based simulation to see whether innate aversions that we selected 
above would arise, we found that lethal H reliably selected for xi values near 0 in predators that 
were exposed to them (Figure S8). When this happened, W benefitted from resemblance to H, 
but H suffered increased attacks (Figure S9).

Discussion

In this study, we addressed the problem of how predators respond to warning signals when 
prey defenses can kill a predator. Using a model of associative learning (Speed 1993), we 
examined the roles of acquired and innate preferences on the relationships between highly 
and weakly defended prey species. We found that when predators have equal (i.e. xi = 0.5) 
initial tendencies to attack both prey species, the relationship between the two prey can be 
mutualistic, i.e. Müllerian, particularly when the highly defended prey is lethal. However, 
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Fig. 2  Invasion and fixation analysis across different levels of lethality when H and W are equally abundant. 
A Only when lethality is relatively high is invasion by Hm possible, although if it can invade, it will fix. B 
Invasion and fixation of Wm is always possible across the range of lethality values examined. Fitness is cal-
culated as the relative per capita attack rate on encounter of Hm/Hh and Wm/Wh. Palatabilities are �

W
= 0.3 , 

�
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= 0.1 . 95% confidence intervals were smaller than the points, and so omitted
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a rare, mimetic mutant can invade the highly defended species are only favored at higher 
values of lethality. Furthermore, invasion of a mimetic mutant in the weakly defended spe-
cies occurs under a wider range of conditions. The only exception to this is if the weakly 
defended prey greatly outnumber the highly defended prey, a common result in analyses of 
mimicry due to the safety in numbers provided by aposematism (Ruxton et al. 2004; Sher-
ratt 2008). Thus, if mimicry evolves, it is more likely to happen with the weakly defended 
species initially evolving towards the appearance of the highly defended species except 
in more lethal cases. Predators that have evolved to innately avoid potentially lethal prey 
decrease the potential for a relationship between weakly and highly defended prey to be 
mutualistic. Instead, our work predicts that a conventional Batesian mimicry relationship 
prevails where the weakly defended prey benefits from resembling the highly defended 
prey since they are avoided from the outset of predator learning.

Coral snake mimicry complexes provided the initial impetus for discussing the relation-
ship between weakly defended prey and prey with potentially lethal defenses (Dunn 1954; 
Brattstrom 1955; Mertens 1956; Hecht and Marien 1956; Wickler 1968). At present, how-
ever, evidence suggests that the deadly coral snakes are mimicked by weakly defended or 
undefended colubrid snakes, and not the other way around. Experiments with replicas show 
that local coral snake color patterns are avoided by sympatric predators (Brodie 1993; Hin-
man et al. 1997; Pfennig et al. 2001), yet in allopatry from coral snakes, attack rates on 
mimics often increase (Pfennig et  al. 2001, 2007). Experiments have shown that some 
sympatric predator species exhibit innate aversions to coral snakes (Smith 1975, 1977), but 
not all (Beckers et al. 1996; Sherbrooke and Westphal 2006). Phylogenetic analyses find 
that coral snakes arrived in the New World before the evolution of warning signals in colu-
brid snakes (Davis Rabosky et al. 2016). These lines of evidence all support coral snakes as 
the contemporary models in Batesian mimicry complexes.

Some have used the term “Mertensian mimicry” to describe Mertens (1956) and Hecht 
and Marien’s (1956) hypothesis that lethally defended prey that evolve to mimic weakly 
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Fig. 3  The effect of different assumptions about innate aversions that predators may have to model-mimicry 
complexes, highly defended non-mimetic prey, and weakly defended non-mimetic prey. The yellow squares/
long dashed line (W) and brown triangles/short-dashed line (Hh) represent prey species co-occurring in 
the same environment, but without mimicry. The red circles/solid line represent the shared appearance 
of two species in a mimicry complex. A The predator evolves an innate aversion to the mimicry complex 
and highly defended non-mimetic prey ( x

m
 = x

Hh
 = 0.1; x

W
 = 0.5). B The predator evolves innate aversion 

in proportion to the average unpalatability associated with a prey’s appearance. Here x
m
= 0.2 , x

Hh
= 0.1 , 

and x
W
= 0.3 . C The potential lethality of highly defended prey causes predators to evolve nearly com-

plete avoidance of the mimicry complex and highly defended non-mimetic prey, such x
m
 = x

Hh
 = 0.01. No 

innate aversion towards the weakly defended non-mimetic prey occurs ( x
W

 = 0.5). In all panels, �
W
= 0.3 , 

�
H
= 0.1 , and 100 highly and weakly defended prey are encountered in scenarios with and without mimicry. 

Bars are 95% binomial confidence intervals
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defended prey (Wickler 1968), but not all have agreed on its utility (Greene and McDiar-
mid 1981). It is somewhat poorly defined because it was originally proposed as an expla-
nation coral snake mimicry, so any discussion of it has been interwoven with that particu-
lar empirical system. Ideally, a hypothesis is a theoretical construct whose applicability 
is supported or rejected on the basis of evidence—the hypothesis should be conceptually 
separate from its application to a particular instantiation. In light of our modeling, we pre-
fer to think of what Mertens (1956) and Hecht and Marien (1956) described as a process 
in which a highly defended prey evolves to resemble a more weakly defended one, spe-
cifically when highly defended prey is less effective at promoting associative learning by 
the predator because it causes lethality. The endpoints of this process could potentially 
be either Batesian mimicry (parasitic) or Müllerian mimicry (mutualistic), although our 
model predicts that if this process occurs, it results only in Müllerian mimicry.

A process like that envisioned by Mertens (1956) and Hecht and Marien (1956) has the 
potential to occur in some systems. Among poison frogs, it appears that predators more 
readily learn to avoid less-defended poison frog species (Darst and Cummings 2006), and 
the toxic Dendrobates imitator appears to have diverged to resemble less toxic models 
across its range (Symula et al. 2001). This system is thought to form a Müllerian mimicry 
ring (Rojas 2017). We note, however, that the pattern of convergence by D. imitator on 
other species could be due to pressure to resemble multiple models (Sherratt 2002), rather 
than less defended ones. Among some chemically defended nudibranchs that form mim-
icry rings, distastefulness of a compound (related to its efficacy in promoting associative 
learning) is poorly correlated with its toxicity (Winters et al. 2018, 2022). This also raises 
the possibility that highly defended nudibranchs may experience selection to mimic more 
weakly defended nudibranchs, although we do not know if nudibranchs could kill their 
predators prior to learning. Among neither poison frogs nor nudibranchs is lethality of tox-
ins to relevant predators well-established.

A major advance by our model is considering the role of innate aversion in mimetic 
relationships. If a highly defended species evolves to resemble a less defended species 
when predators learn associatively, our model predicts that it could produce a Müllerian 
mimicry complex (Fig. 1; Figures S1-S5). Subsequently, predators experiencing selection 
for innate aversion could change the relationship to one of classical Batesian mimicry (as 
mimicry between unequally defended prey can be parasitic; this has been called “quasi-
Batesian mimicry”; Speed and Turner 1999; Rowland et al. 2010; Fig. 3, S9). Alternatively, 
the evolution of innate aversion could proceed prior to the evolution of mimicry. Predators 
that detect, sample, and die from attacking deadly prey would experience selection to avoid 
them. Once innate aversion evolved in predators, it could catalyze the subsequent evolution 
of Batesian mimicry. The evolution of innate aversion is widespread and raises many ques-
tions, such as how warning signals evolve when they are not under selection for their func-
tion in associative learning. The caveats of the modeling framework we used here make it 
less than ideal for delving into the diversity of detailed ways in which innate aversion could 
evolve, but optimal foraging approaches hold much potential for future work.

There are a number of intriguing systems where innate recognition of deadly prey 
has been documented. They include venomous snakes such as coral snakes (Smith 1975, 
1977), sea snakes (Caldwell and Rubinoff 1983), and vipers (Sherbrooke and Westphal 
2006), which are innately avoided by naive birds. Predatory jumping spiders innately 
avoid ants (Nelson et al. 2006; Nelson and Jackson 2006). Ants carry a potent sting that 
could be lethal to spiders, and are mimicked by an entire group of salticids called Myr-
marachnae (Edmunds 2006; Pekár 2014). However, other predators such as lizards learn 
to associate ant-like appearances with prey defense (Pekár et  al. 2017). The relative 
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importance of associative learning versus innate aversion in the evolutionary dynamics 
of ant mimicry systems remains to be elucidated.

There are many important phenomena in predator psychology that fall beyond the 
scope of this model. One is predator neophobia (fear of unfamiliar stimuli), which may 
initially favor conspicuous warning color patterns (Lindström et  al. 1999; Exnerová 
et al. 2007). This might interact with selection for innate aversion to help explain why 
lethally defended prey should evolve conspicuous rather than inconspicuous warn-
ing signals. Social learning provides yet another potential route to avoidance of lethal 
prey—if a predator observes another predator fall suffer or die from interacting with a 
prey, it may be less likely to attempt to attack the prey itself (Thorogood et al. 2018). 
Primates have been shown to exhibit biased social learning about snakes, learning to 
avoid snakes more quickly than other stimuli when conspecifics show fear (Cook and 
Mineka 1989).

Generally speaking, we need more research into the interplay of associative learn-
ing, generalized responses such as neophobia, and specific innate aversions to particular 
stimuli in the evolution of warning signals. Future work into the coevolution of predator 
behavior and prey phenotype is warranted.
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