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Venomous coral snakes and non-venomous coral snake lookalikes are often regarded as a classic example of Batesian 
mimicry, whereby a harmless or palatable organism imitates a harmful or less palatable organism. However, the 
validity of this claim is questionable. The existing literature regarding coral snake mimicry presents a divisive stance 
on whether Batesian mimicry is occurring or whether the similarity between snakes is attributable to alternative 
factors. Here, we compile available literature on coral snake mimicry and assess the support for Batesian mimicry. We 
find that most of the recent relevant literature (after approximately 2000) supports the Batesian mimicry hypothesis. 
However, this is not strongly supported by empirical evidence. Potential considerations addressed here for both 
the Batesian and alternative hypotheses include the function of the colour pattern, predatory learning and the 
biogeographical distribution of similar snakes. The analyses performed previously by mimicry researchers show that 
the interpretation of the conditions for mimicry is not consistent throughout the scientific community when applied 
to coral snake systems. This review focuses on this division and stresses the need to reach an agreement about the 
adaptive significance of New World coral snakes and their lookalikes.
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INTRODUCTION

MiMicry as a forM of phenotypic reseMblance

Mimicry is an evolutionary phenomenon that occurs 
when a species imitates one or more phenotypic traits 
of another species owing to the potential selective 
advantages these traits incur (Vane-Wright, 1980). 
Despite this simple definition, there is often confusion 
about what conditions must be met for an organism to 
be considered mimetic. In many circumstances, non-
mimetic systems are labelled incorrectly as mimicry 
because organisms that exhibit mimicry and organisms 
that exhibit other forms of resemblance, interspecifically, 

can all be considered phenotypic imitators, such as 
camouflaging organisms or masquerading organisms 
[e.g. the walking leaf insects (family Phylliidae) and the 
bird poop frog (Theloderma asperum Boulenger, 1886), 
respectively]. There are two main differences between 
mimicry and alternative interspecific resemblance 
systems: (1) the way each form of resemblance takes 
advantage of the environment (i.e. signal production 
vs. signal removal); and (2) the roles of the participants 
within each system. For instance, the confusion or 
removal of the identifying signals of an organism 
to obscure its presence from another organism is 
referred to as crypsis; the most recognized application 
is camouflage (Vane-Wright, 1980; Endler, 1981; Font, 
2019). Crypsis has two direct participants: the cryptid 
and the organism being fooled by the cryptic ‘signal’. 
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Mimicry, in contrast, occurs when an individual (the 
mimic) produces a signal similar to that of another 
organism (the model) that induces a behavioural 
response from a third participant (the signal receiver), 
which in turn provides an advantage to the mimetic 
organism. Mimicry is therefore considered a tripartite 
system (Pasteur, 1982).

The different types of mimicry systems that have 
been described include Batesian, Müllerian and 
Mertensian mimicry, with many additional divisions 
that branch off, refine and expand beyond these 
general categories (Smith, 1975; Vane-Write, 1980; 
Sanchez-Herrera et al., 1981; Pasteur, 1982; Pough, 
1988; Mallet & Joron, 1999; Rainey & Grether, 2007; 
Pfennig & Kikuchi, 2012; Weldon, 2016; Loeffler-
Henry & Sherratt, 2021). Batesian mimicry is one of 
the most well-known mimetic systems owing to its 
nearly ubiquitous inclusion in evolutionary pedagogy. 
Batesian mimicry occurs specifically when a harmless 
and/or palatable mimic resembles a harmful or 
unpalatable model, resulting in avoidance by and 
protection from a predatory signal receiver (Vane-
Wright, 1980; Pasteur, 1982; Mallet & Joron, 1999; 
Wüster et al., 2004; Akcali et al., 2018). A well-known 
and commonly used example of Batesian mimicry is 
that of the venomous New World coral snakes and 
similar-looking harmless snakes, which are identified 
by their brightly coloured ring patterns.

batesian MiMicry and new world coral snakes

Despite the common categorization of coral snakes 
(named for the often red or orange coloration they 
exhibit) and other harmless snake species that resemble 
coral snakes (referred to here as lookalikes) as exhibiting 
Batesian mimicry, there is much debate about whether 
this is truly Batesian mimicry or whether the similarity 
is a consequence of other evolutionary and environmental 
factors. The distinction between these two concepts 
is that mimicry is dependent on lookalikes gaining 
protection because they evolved a resemblance to their 
model, whereas alternative hypotheses argue that coral 
snakes and their lookalikes evolved similar phenotypes 
independently and gain protection regardless of the 
existence of the other. As a concept, coral snake mimicry 
has been discussed and debated since Cope (1860) first 
noted the distinct and similar colour patterns between 
coral snake species and certain harmless lookalikes within 
shared geographical ranges (Dunn, 1954). Generally, these 
snakes follow a similar pattern of coloured rings, usually 
consisting of a variation of red, black and yellow/cream. 
However, each species exhibits differences regarding 
which colours are present, the number of rings of each 
colour, the width of the rings, and the order of the rings 
along the body (Brodie & Janzen, 1995; Gamberale-Stille 
et al., 2011; Allen et al., 2013). Different lookalike species 

also have varying amounts of phenotypic resemblance to 
coral snakes (Yanosky & Chani, 1988; Rainey & Grether, 
2007; Pfennig & Kikuchi, 2012). Species of snakes with 
greater colour pattern resemblance to each other tend to 
share similar body sizes (including length, girth, mouth 
gape, etc.), environmental conditions and behaviours as 
opposed to species with greater phenotypic variance that 
do not share these aspects (Brattstrom, 1955; Pyron & 
Burbrink, 2009).

The observed similarities between coral snakes 
and their lookalikes have been argued as an 
example of Batesian mimicry (see Table 1). If true, 
the phenotype of the lookalike is dependent on 
decreased predation because of its resemblance to 
the coral snake counterpart. However, there are also 
suggestions that the resemblance is a consequence 
of similar environmental pressures shared among 
snakes that are geographically proximal (see Table 
1). In this situation, the phenotype of the lookalike is 
not dependent on the coral snake and therefore does 
not qualify as a Batesian mimic. The reasons for the 
different interpretations of these similarities include 
differing functions of the colour patterns (Brattstrom, 
1955; Pough, 1976; Niskanen & Mappes, 2005; Allen 
et al., 2013; Titcomb et al., 2014), the high lethality of 
coral snake venom (Gans, 1961; Huheey, 1980; Brodie 
& Brodie, 1999; DuVal et al., 2006), the responses of 
predators when introduced to coral snakes (Livdahl, 
1979; Brugger, 1989; Beckers et al., 1996; Kikuchi & 
Pfennig, 2010; Pfennig & Kikuchi, 2012; Akcali et al., 
2019), and the geographical distribution of coral snakes 
and their lookalikes (Pfennig et al., 2007; Harper & 
Pfennig, 2008; Kikuchi & Pfennig, 2009; Pfennig & 
Mullen, 2010; Pfennig & Kikuchi, 2012; Rabosky et al., 
2016b; França et al., 2017; Akcali et al., 2018).

Here, we review the available literature that 
supports Batesian mimicry in addition to alternative 
hypotheses for the resemblances in colour pattern 
between venomous New World coral snakes (Micrurus 
and Micruroides) and the harmless lookalike snakes 
that putatively mimic them. We conduct a thorough 
review of the evidence for a Batesian system and 
summarize alternatives that have been proposed. 
We describe the validity of these arguments and 
analyse the details that are involved in the complex 
evolutionary relationship between New World coral 
snakes and their lookalikes. Ultimately, this work 
uncovers that there is a current lack of strong or 
consistent empirical support for either mimetic or 
alternative hypotheses. Our current understanding 
of mimicry does not fully encompass the phenomenon 
being observed in these snake populations and might 
require re-evaluation and a push for additional 
empirical studies. Our review suggests that an 
enhanced interpretation of mimetic systems should 
include multiple facets for understanding processes 
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that lead to phenotypic resemblance among organisms 
that do not exhibit standard characteristics found in 
more traditional mimicry paradigms.

METHODS

We conducted an initial series of literature searches 
using Google Scholar between January 2018 and July 
2018 plus additional searches from February 2020 to 

July 2021, returning articles ranging from 1908 to 
2021 relating to coral snake resemblance and mimetic 
systems found within other organisms. Keywords and 
phrases included: ‘coral snake mimicry’, ‘Batesian 
mimicry’, ‘Mullerian mimicry’, ‘development of 
mimicry’, ‘mimicry in allopatry’, ‘mimicry in sympatry’, 
‘competitive mimicry’, ‘predation on mimics’ and 
‘crypsis vs. mimicry’, plus multiple combinations of 
these topics. We chose these key phrases by the titles, 
keywords and ideas prominent in the literature found 

Table 1. Literature results supporting Batesian mimicry and alternative resemblance hypotheses for coral snakes and 
lookalikes

Author(s) Year Author(s) Year

Publications suggesting alternatives to Batesian mimicry
Gadow 1908, 1911 Grobman 1978
Thayer 1909 Pasteur 1982
Brattstrom 1955   
Publications with a neutral perspective on Batesian mimicry
Smith 1969 Brodie III & Moore 1995
Gehlbach 1970 Beckers et al. 1996
Pough 1976 Marques 2002
Matthews 1977 Bittner 2003
Endler 1981 Sherbrooke & Westphal 2006
Jackson & Franz 1981 Allen et al. 2013
Sanchez-Herrera et al. 1981 Almeida et al. 2021
Brugger 1989 Quinteros-Munoz & Aguayo 2021
Publications supporting Batesian mimicry
Dunn 1949, 1954 Joron 2008
Hecht & Marien 1956 Kikuchi & Pfennig 2009, 2010, 2013
Gans 1961 Pyron & Burbrink 2009
Smith 1975, 1977 Pfennig & Mullen 2010
Huheey 1980 Gamberale-Stille et al. 2011
Greene & McDiarmid 1981, 2005 Iserbyt et al. 2011
Schuler & Hesse 1985 Pfennig & Kikuchi 2012
Pough 1988 Akcali & Pfennig 2014, 2017
Yanosky & Chani 1988 Titcomb et al. 2014
Savage & Crother 1989 Pfennig et al. 2015
Sazima & Abe 1991 Pfennig 2016
Savage & Slowinski 1992, 1996 Rabosky et al. 2016a
Brodie III 1993 Rabosky et al. 2016b
Brodie III & Janzen 1995 França et al. 2017
Hinman et al. 1997 Akcali et al. 2018
Brodie III & Brodie Jr 1999 Akcali et al. 2019
Pfennig et al. 2001 Assis et al. 2020
Caley & Schluter 2003 Brown et al. 2020
Wüster et al. 2004 Danforth et al. 2020
Niskanen & Mappes 2005 Kuriyama et al. 2020
Brown 2006 Caro 2021
Buasso et al. 2006 Hudson et al. 2021
DuVal et al. 2006 Kikuchi et al. 2021
Sanders et al. 2006 Moore et al. 2021
Harper Jr & Pfennig 2007, 2008 Rabosky et al. 2021
Pfennig et al. 2007   

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/advance-article/doi/10.1093/biolinnean/blab171/6513742 by guest on 22 January 2022



4 A. T. SENA and S. RUANE

© 2022 The Linnean Society of London, Biological Journal of the Linnean Society, 2022, XX, 1–14

in our preliminary searches for coral snake mimicry. 
Each relevant paper was reviewed and categorized 
as supporting a Batesian mimicry framework for 
coral snakes, supporting an alternative hypothesis to 
Batesian mimicry, or proposing a neutral stance and/
or suggesting that both options are plausible. Works 
cited in any returned literature were also considered 
and included where appropriate.

Relevant literature, here, is considered any review, 
observational or experimental research article that 
contains a specific mention of coral snake mimicry 
systems. The categorization of support was determined 
by analysing the interpretation in each article of the 
primary influences suggested to be the cause of colour 
pattern similarity between snakes. For instance, those 
articles expressing that coral snake colour pattern and/
or danger directly influence lookalike colour pattern 
were categorized as supporting Batesian mimicry; 
alternatively, if the similarity in colour pattern was 
suggested to be attributable to anything other than a 
direct influence from coral snakes, those articles were 
categorized as support for alternative hypotheses. Any 
research article that expressed both possibilities without 
stating a specific stance was categorized as neutral. Using 
this categorization scheme, the historical progression of 
support for Batesian mimicry as it pertains to coral snakes 
and their lookalikes was arranged and constructed into 

a visual representation (Fig. 1) and a comprehensive list 
denoting the stance taken by the authors (Table 1).

RESULTS

Our search returned 80 relevant journal articles, 
with a publication range from 1908 to 2021. Of the 
papers being reviewed, 59 (74%) expressed support for 
Batesian mimicry in coral snakes, six (7%) supported a 
clear alternative to Batesian mimicry, and 15 (19%) had 
an overall neutral stance (Table 1). Most of the more 
recent articles from the past two decades, however, 
did not question the occurrence of Batesian mimicry; 
instead, the research was based on the assumption 
that mimicry is already supported and attempted to 
determine specifically how this system functions in 
nature (Fig. 1). These papers made up ~58% of the 
literature categorized as support for Batesian mimicry 
and ~43% of the total number of articles.

Our discussion of these studies summarizes the 
empirical evidence for and against Batesian mimicry 
provided within the literature, independently of any 
pre-established assumptions that mimicry is or is not 
occurring. Additionally, we provide insight into potential 
improvements for future coral snake mimicry studies 
that would provide the required empirical support either 
for or against a Batesian mimicry framework.

Figure 1. Number of publications (1908-2021) indicating alternatives for Batesian mimicry (black), a neutral perspective on 
Batesian mimicry (dark grey), or support for Batesian mimicry (light grey) with respect to coral snakes and their lookalikes. 
The ‘support’ category also contains literature supporting Batesian mimicry but either does not test for coral snake mimicry 
directly or presumes that Batesian mimicry is the cause of the resemblance between coral snakes and their lookalikes and 
performs their analyses based on this presumption (striped).
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DISCUSSION

supporting evidence for alternatives to 
batesian MiMicry

Based on our literature review, phenotypic resemblance 
of coral snakes and their lookalikes is a complex 
situation, with arguments supporting both Batesian 
mimicry and alternative influences that could lead 
to similarities in colour patterns between snakes. 
Regardless of the position of these arguments, Batesian 
mimicry in the context of coral snake resemblance 
has the following three points of contention that 
are discussed consistently: (1) the colour patterns of 
these snakes might provide protection from predation 
via illusionary effects, such as the deflective effect 
and critical flicker-fusion frequency (CFF); (2) coral 
snake venom is lethal and cannot provide a learning 
response from predators to avoid similar snakes in the 
future; and (3) coral snakes and their lookalikes have 
regions of allopatric distribution that are inconsistent 
with current understanding of Batesian mimicry.

Illusionary colour patterns: deflective effect and 
critical flicker fusion
One alternative to a Batesian system for coral snakes 
and their lookalikes posits that the ringed colour 
patterns generate an illusionary effect, known as 
the deflective effect, to aid in escape from predators. 
Essentially, when the snake moves the ringed pattern 
creates a visual effect that blurs the image of the snake 
in the eyes of a predator by obscuring the outline of 
the snake, especially on a mottled background, such as 
gravel, rocks or grassy areas (Gadow, 1911; Niskanen 
& Mappes, 2005; Allen et al., 2013; Titcomb et al., 
2014). As a predator tracks a snake, the illusion causes 
their eyes to become fixed at a certain point along 
the body of the snakes as the rings become smaller, 
causing the predator incorrectly to view the snake as 
stationary, until the snake escapes from sight of the 
predator (Brattstrom, 1955; Pough, 1976; Allen et al., 
2013; Titcomb et al., 2014).

A similar illusion credited to ringed phenotypes is 
generated by exploiting the CFF of the predator. The 
CFF is the rate at which an organism visualizes a 
light stimulus as if it were steady; this is similar to 
how a strobe light flashing quickly enough will appear, 
to human eyes, not to flash at all. In the case of the 
ringed snakes, the different coloured rings along the 
body simulate the flashing image as the snake moves 
through the environment. Small, fast snakes with 
banded patterns can move at a velocity that exceeds 
the CFF of their predators (Titcomb et al., 2014), 
creating the illusion of the snake being unicoloured 
while in motion because the colours of the snake are 
processed more slowly and the rings on the snake 

appear to blend (Pough, 1976). When the snake ceases 
motion and falls below the predator’s CFF, the initial 
unicoloured appearance of the snake is replaced with a 
more cryptic ringed pattern in the eyes of the predator, 
causing the ringed snake to disappear from the view of 
the predator and allowing the snake to escape (Pough, 
1976). An example of this phenomenon can be observed 
in Nerodia sipedon (Linnaeus, 1758), which exhibits 
a ringed pattern as a juvenile when its body size can 
exceed the CFF of its predators (Pough, 1976).

It is hypothesized that the ring width and the 
crepuscular nature of these snakes help to maintain 
the illusions, because the visual effect that particular 
ring widths produce is strengthened during times 
of lower light intensity as the CFF decreases with 
decreasing light (Titcomb et al., 2014). The benefit 
from these effects that is shared between ringed 
snakes is therefore interpreted as a potential cause 
for the conservation of similar phenotypes, as 
opposed to coral snakes acting as models that provide 
protection to their lookalikes (Pough, 1976; Hinman 
et al., 1997; Titcomb et al., 2014). This hypothesis 
has been based primarily on observational studies 
(Brattstrom, 1955; Pough, 1976; Yanosky & Chani, 
1988; Quinteros-Munoz & Aguayo, 2021) with 
relatively few examples of empirical analyses; 
however, the experiments performed by Allen et al. 
(2013) and Titcomb et al. (2014) have indicated that 
coral snakes and their lookalikes can exceed the CFF 
of avian predators, which suggests that this might 
be an aspect of their defence against predation. 
Nonetheless, it is important to note that there are 
currently no studies on the CFF of avian predators 
that are known to prey on coral snakes and their 
lookalikes.

Additional research should examine support for 
the CFF hypothesis with respect to ringed snakes 
and predators; there is little to no information on the 
effectiveness of CFF in a natural setting. Initially, it 
is necessary to develop a comprehensive compilation 
of coral snake predators and the predators of coral 
snake lookalikes. A more complete and up-to-date list 
of predators is needed and should incorporate field 
observations using camera traps in regions that coral 
snakes and their lookalikes are known to inhabit. It 
would also be beneficial for a comprehensive literature 
search on the diets of putative or likely snake predators 
to be conducted to determine the extent of predation 
on ringed and red-coloured snakes. These reviews and 
observations, paired with empirical studies testing 
predation success when predators are introduced to 
live ringed snakes or even animated replicas of ringed 
snakes, would provide the necessary predator data for 
further study. Once the relevant predators are recorded, 
analyses could then be performed to determine how 
each of these species recognizes and reacts to various 
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colour patterns and to determine whether coral snakes 
or other ringed species can exceed the CFF of their 
corresponding predators. Additional tests would also 
be useful in determining whether predators can detect 
ringed patterns in various light conditions and with 
a variety of differently coloured rings. This can be 
achieved by conducting analyses of avian CFF similar 
to those described previously (Allen et al., 2013; 
Titcomb et al., 2014).

Lethality of coral snake venom and learned 
avoidance
Another major factor considered to be contrary to 
Batesian mimicry as an explanation for coral snake 
lookalikes is that the lethality of coral snake venom 
inhibits learned avoidance by predators. Generally, 
when predators interact with aposematic prey that 
produce noxious or toxic chemicals or are otherwise 
unpalatable, they tend to exhibit caution and 
avoidance of the associated aposematic coloration 
(Brodie & Janzen, 1995; Beckers et al., 1996; Mappes 
& Alatalo, 1997). This avoidance is regarded as a 
learned behaviour based on the negative experience 
of attacking unpalatable prey and extending to other 
similar-looking prey; hence, this specific succession of 
events is a necessary identifier for Batesian mimicry 
systems. In the case of coral snakes, however, their 
venom is fast-acting, potent and lethal to most animals 
they encounter, including birds, small mammals and 
humans (Brattstrom, 1955; Pough, 1988; DuVal et al., 
2006); therefore, predators that succumb to their fatal 
bite are incapable of learning about the negative 
consequence, making it less likely for predator 
populations to learn avoidance behaviour in response 
to coral snake colour patterns. It has been suggested 
that some predators might not be killed by coral snake 
bites in certain circumstances; for example, when 
the venom is not injected fully owing to a failed bite 
and thus results in a less than lethal dose of venom 
(Gans, 1961; DuVal et al., 2006); this possibility is 
supported by the fact that coral snakes have relatively 
short fangs and inject venom with a chewing motion 
(Peterson, 2006). In fact, there have been several 
observed instances of predators eating coral snakes 
and their lookalikes (Brattstrom, 1955; Howell, 1957; 
Skutch, 1960, 1971; Smith, 1969; Stoddard, 1978; 
Jackson & Franz, 1981; Brugger, 1989); however, it is 
difficult to ascertain the events that led to the capture 
and consumption of the snakes. In an ideal Batesian 
mimicry system, this would be an example of primary 
learning from a predator that would lead to future 
avoidance, but there is no evidence to suggest that this 
type of learning has occurred in coral snake predators, 
especially when considering the limited number of 
recorded coral snake predation events. It would be 

disadvantageous to the effort of developing empirical 
support for Batesian mimicry to assume that primary 
learning is occurring without further testing.

A similar hypothesis considers the possibility of 
empathic learning, or secondary learning, where one or 
more individual predators act as third-party observers 
of an attack on a venomous coral snake and learn of the 
associated danger when the primary attacking predator 
is wounded or killed by the snake (Pough, 1988). For this 
type of learning to be plausible, four assumptions must 
be made: (1) third-party predators must be present and 
aware during an attack; (2) the attack itself must result 
in an observable negative consequence, such as injury 
or death; (3) the predators must be able to recognize 
the prey as the cause of the negative consequence; 
and (4) the predators must be able to remember and 
subsequently avoid the dangerous prey in the future. 
An issue with these assumptions is that a significant 
amount of a predatory population must avoid the coral 
snakes and their lookalikes for mimicry to persist 
within the environment. Even if these assumptions 
were met in some instances, it would be difficult to 
find multiple populations of coral snake predators that 
qualify to meet these assumptions in great enough 
numbers to account for the widespread distribution 
of coral snake lookalikes throughout the Americas. 
This becomes more apparent when also considering 
the limited number of coral snake predators that are 
known (Brugger, 1989). Recent studies suggest that 
empathic learning could be more significant in the 
persistence of colourful prey than previously thought 
(Thorogood et al., 2018). However, there is still little 
evidence for how prevalent this type of learning is in 
predators or if it has the same effect with lethal prey 
and their lookalikes.

Continued research on this aspect of predatory 
learning might be challenging and would require a 
great amount of time to observe interactions between 
these organisms, which contributes to the lack of 
empirical evidence available for avoidance learning. 
An important factor that should be implemented in 
predatory learning research, as stated in the previous 
section, is the use of camera traps to record the types of 
predators that interact with ringed snakes in addition 
to the behaviour that each type of predator exhibits 
when handling their prey. Previous studies have 
implemented camera traps successfully in natural 
habitats to investigate predator–prey interactions 
(Akcali et al., 2019; Tomita, 2021; Viviano et al., 2021). 
Although it should be noted that the effectiveness of 
these methods in comparison to their cost has been 
called into question (Akcali et al., 2019), this might be 
possible to rectify through deployment of alternative 
camera trapping equipment, such as videography or 
wide-angle cameras (Akcali et al. 2019; Seidlitz et al., 
2021). Camera traps would provide greater insight 
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into how predators determine the worth of attacking 
certain ringed snake species or whether ringed 
coloration in live snakes induces avoidance responses 
in potential predators. It would also be beneficial to 
perform behavioural analyses in laboratory settings 
to determine whether these predators develop learned 
responses of avoidance after repeated interactions 
with ringed snakes. However, this type of analysis 
would be difficult with the use of live snakes and would 
most probably require ringed replicas coated in a 
noxious substance. Unfortunately, replica experiments 
such as these have the additional consequence of not 
providing an entirely realistic sense of the behaviour 
of a predator with a truly lethal prey item, such as a 
coral snake, and would only be helpful in determining 
whether a learned response is possible for the predator 
species under investigation.

Atypical geographical distribution of lookalikes
A primary reason why the validity of coral snake 
mimicry has been questioned is based on the atypical 
geographical distribution between coral snakes and 
their lookalikes compared with other well-known 
mimicry systems (Matthews, 1977; Sherbrooke & 
Westphal, 2006; Harper & Pfennig, 2007; Pfennig et al., 
2007; Pfennig & Mullen, 2010). Normally, mimics and 
models exist in sympatry with one another owing to 
the dependence of the mimic on the presence of the 
model to deceive the signal receiver (Prusa & Hill, 
2021). However, in some cases coral snake lookalikes 
also exist in allopatry with respect to their coral snake 
counterparts (Pfennig & Mullen, 2010), counter to our 
understanding of mimicry. The disparity between the 
geographical distributions of coral snake systems and 
other mimicry systems warrants further investigation 
into potential additional influences on phenotypic 
resemblance between and among coral snake species.

A relatively large number of coral snake mimicry 
studies involving their geographical distribution 
have been conducted (Greene & McDiarmid, 1981; 
Pfennig et al., 2001, 2007; Marques, 2002; Sherbrooke 
& Westphal, 2006; Harper & Pfennig, 2007; Pfennig & 
Mullen, 2010; Rabosky et al., 2016b; Akcali & Pfennig, 
2017), but the majority of these were done in the 
USA using a single coral snake species found in the 
southern coastal plains from North Carolina to Texas. 
The USA provides an excellent location for initial 
mimicry research because it is a relatively simple 
system with only three coral snake species: the eastern 
coral snake, Micrurus fulvius (Linnaeus, 1766); the 
Texas coral snake, Micrurus tener (Baird & Girard, 
1853); and the Arizona coral snake, Micruroides 
euryxanthus (Kennicott, 1860). This contrasts with 
Central and South America, where the number of 
coral snake species is nearly 30 times greater than 

in the USA (Uetz et al., 2021) and the number of 
potential lookalikes is also far greater, contributing 
to increasingly complex species interactions. Pfennig 
et al. (2007) showed the geographical distribution 
of Micrurus fulvius and its lookalike the scarlet 
kingsnake, Lampropeltis elapsoides (Holbrook, 1838) 
to be atypical of other mimetic systems. These snakes 
are sympatric in the southern part of their ranges, 
which includes all of Florida and the southern regions 
of adjoining states, but the scarlet kingsnake extends 
northward into Tennessee, Kentucky and Virginia. 
Pfennig et al. (2007) also examined the densities of 
these populations and found that there is a greater 
frequency of coral snakes toward the southern part of 
their range, primarily in Florida, compared with the 
sympatric/allopatric boundary that crosses through 
from Mississippi to North Carolina.

Research done in Central and South America also 
showed similar geographical distributions between 
coral snakes and their lookalikes, but the frequencies 
of the species in these regions are still not well 
documented compared with populations in the USA 
(Greene & McDiarmid, 1981; Yanosky & Chani, 1988; 
Sazima & Augusto, 1991; Marques, 2002; Buasso et al., 
2006; Rabosky et al., 2016b). To improve upon the 
geographical analyses of South and Central American 
coral snakes and their lookalikes, it is essential to collect 
locality data and phenotypic data both from museum 
specimens and from individual field observations of 
these snakes. Without these data, it would be difficult 
to determine whether the species dynamics recorded 
in the USA are similar to or relevant to the dynamics 
of regions with a greater abundance of coral snake and 
lookalike species. As these data increase, ecological 
niche modelling can be performed to assess the possible 
ranges of various snake species to determine the extent 
of their geographical overlap. Correlations between 
this overlap and their phenotypic similarity can then 
be calculated. Doing this would help to provide insight 
into how or whether geographical distribution affects 
the extent of phenotypic resemblance, which would aid 
in the generation of more robust empirical evidence 
for the factors that influence the similarity in colour 
patterns between snakes.

supporting evidence for batesian MiMicry

Despite arguments that suggest alternatives to Batesian 
mimicry, multiple studies provide evidence for Batesian 
mimicry between coral snakes and their lookalikes. As 
with the arguments in support of mimicry alternatives, 
there are three main assertions in support of Batesian 
mimicry: (1) the ringed colour pattern does not act in 
a cryptic fashion, but instead as aposematic, and is 
therefore seen and avoided by predators; (2) the learning 
process of avoidance in predators might be derived from 
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evolutionary adaptation via innate recognition and 
neophobia as opposed to primary or secondary learning; 
and (3) the persistence of the atypical distribution seen 
between coral snakes and their lookalikes is based on 
gene flow between sympatric and allopatric lookalike 
populations and is thus maintained.

Plasticine replica studies: colour patterns 
recognized by predators
Phenotypic variation within single-species lookalikes 
often appears to be correlated with geographical 
proximity to multiple populations of coral snakes 
(Greene & McDiarmid, 1981; Savage & Slowinski, 
1996). For example, Erythrolamprus guentheri 
Garman, 1883 (Gunther’s false coral snake), in eastern 
Ecuador, has coloration that closely matches the red-, 
black- and white-ringed Micrurus langsdorffi (Wagler, 
1824). However, within the regions of northern Peru it 
closely matches the black- and white-ringed Micrurus 
margaritiferus Roze, 1967 instead. The coral snake 
to which E. guentheri looks most similar appears 
dependent on its proximity to either of the putative 
model coral snakes (Greene & McDiarmid, 1981). This 
type of resemblance in colour pattern is commonly 
reported among different lookalike species and is 
an important piece of evidence supporting Batesian 
mimicry for coral snakes (Greene & McDiarmid, 1981).

Given this information, a reasonable assumption 
for this similarity could be that these differences 
are because each coral snake and their specific 
lookalike benefit from similar illusionary effects that 
are determined by their shared environment. Under 
this assumption, the similarity might, coincidentally, 
appear to fit into a mimetic hypothesis. To determine 
the correct interpretation of this observation, two 
similar experiments were conducted in Costa Rica 
from 1989 to 1990 (Brodie, 1993) and in Argentina from 
2001 to 2002 (Buasso et al., 2006). Both experiments 
used plasticine replicas of coral snakes with tri-colour 
banding patterns of the native species in addition to 
uniformly coloured control replicas. The replicas were 
placed in various locations within the ranges of the 
coral snakes either on natural backgrounds found in 
the environment or on white backdrops to remove the 
possibility of the environment affecting the image of 
the replica. In both circumstances, the ring-patterned 
replicas were attacked by wild predators (primarily 
avian predators; Brodie, 1993) less often than the 
uniform replicas, and the ringed replicas did not 
show significant differences in attack rate between 
the natural and the white backgrounds (Brodie, 1993; 
Buasso et al., 2006).

These experiments conclude that the visibility 
of the ringed pattern is not significantly affected by 
the environment in which they are viewed, but that 

predators exhibited preferential avoidance behaviours 
of these patterns compared with more uniform snakes. 
Therefore, the driving force for harmless species of 
snakes to have similar coloration to coral snakes in 
this case is not attributable to the cryptic nature of 
illusionary effects, but to the aposematic warning 
coloration that predators associate with venomous coral 
snakes, contributing to the hypothesis that mimicry is 
occurring. Additional research using plasticine snake 
replicas (Brodie & Janzen, 1995; Brodie & Moore, 1995; 
Hinman et al., 1997; Wüster et al., 2004; Pfennig et al., 
2015; França et al., 2017) provides compelling evidence 
that mimicry is occurring between these various 
species; however, several considerations should be 
accounted for when analysing this research. First, the 
plasticine replicas are stationary and do not behave as 
a snake would to produce an illusionary effect; in fact, 
it is possible that predators might not view replicas 
as prey items at all and instead see them simply as 
unknown objects. Second, the amount of interaction 
between predators and replicas that did not result in 
a recorded attack is unknown. Third, environmental 
factors other than the background, such as intensity of 
light or weather, were not considered.

Future analyses might require more specific 
surveillance using camera traps or other monitoring 
equipment, which could prove challenging and might 
not be cost effective for the analysis of something 
as variable as predator recognition of colourful prey 
(Akcali et al., 2019). However, field observations would 
still provide the necessary context of how the coral 
snakes and their lookalikes interact with predators in 
the wild and would allow for a clearer view of how the 
motion of living snakes affects predatory behaviour. 
Moreover, it would be beneficial to perform more 
laboratory experiments with predators and live snakes 
for more direct analyses of the behaviours of both the 
snakes and their predators.

Innate avoidance and neophobia
Predators might avoid interacting with ringed 
snakes or, as in the following experiments, ringed 
replicas, owing to fear, disinterest or simply by being 
unobservant (Beckers et al., 1996; Sherbrooke & 
Westphal, 2006; Bosque et al., 2018; Akcali et al., 2019), 
all of which can lead to the conclusion that active 
learned avoidance is occurring. However, avoidance 
can also be an innate behaviour rather than learned. 
An observed avoidance with respect to ringed snakes 
might also be attributable to the novelty of the colour 
stimulus, called neophobia (Brodie & Janzen, 1995; 
Beckers et al., 1996).

To address these possible interactions, studies 
were done in controlled laboratory settings to test 
bird predation on ringed replicas. Smith (1975, 
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1977) introduced snake replicas to naïve motmots 
[Eumomota superciliosa (Sandbach, 1837)] and 
great kiskadees [Pitangus sulphuratus (Linnaeus, 
1766)]. The naïve chicks had replicas placed in front 
of them; some replicas were uniformly coloured 
and used as a control to represent harmless snakes, 
whereas others had the classic ringed coral snake 
coloration. Additional experiments used unnatural 
pink colorations (Mappes & Alatalo, 1997). In each 
case, the birds actively avoided the replicas with the 
coral snake colour patterns and any unnatural colours 
but tended to investigate the uniform replicas. These 
findings using naïve chicks never previously exposed 
to coral snakes support that ringed colour patterns act 
as an innate deterrent, perhaps owing to unfamiliarity 
and not necessarily the danger associated with coral 
snake venom. It is important to note that the observed 
innate avoidance can be interpreted as an evolutionary 
adaptation that is selected for over time. If coral snake 
colour patterns do indicate danger to predators, then 
species that do not exhibit innate avoidance will have 
been selected against, and therefore Batesian mimicry 
of these snakes would persist as an effective strategy 
for lookalikes to inhibit predation.

Although the aforementioned studies indicate the 
existence of innate avoidance and neophobia in some 
species, they do not account for other predators that do 
not exhibit these behaviours. Documented instances 
of birds predating coral snakes support that innate 
recognition or avoidance is not ubiquitous across 
species and might account for only a small percentage 
of cases involved in phenotypic resemblance among 
snakes (Brugger, 1989; DuVal et al., 2006). For instance, 
a dead red-tailed hawk (Buteo jamaicensis Gmelin, 
1788) was found with a partly eaten coral snake caught 
in its talons (Brugger, 1989), clearly indicating that 
the hawk did not avoid the coral snake (although, as 
mentioned, this hawk would now be selected against 
for not having that innate avoidance). Other raptors, 
such as laughing falcons (Herpetotheres cachinnans 
Linnaeus, 1758), are recorded to have captured coral 
snakes successfully. In one observation, the falcon left 
the snake on a tree branch and returned later to eat it 
(DuVal et al., 2006). The falcon might have had innate 
recognition of the warning coloration of the coral 
snake and decided to attack anyway, but given that the 
danger was recognized, the falcon took a precaution by 
waiting to eat the snake. Another factor must also be 
considered in addition to these observations; predators 
might attack dangerous prey owing to desperation 
motivated by hunger in an environment with limited 
food availability. These instances do not necessarily 
define how predators will act in every situation where 
they are confronted with a ringed snake, and therefore 
can be used only as anecdotal evidence of possible 
predatory behaviours. What these circumstances can 

indicate, however, is that there might be a deeper 
understanding and thought behind the actions of some 
predators when confronted with dangerous prey.

Further investigation into how individual predatory 
species interact with ringed snakes is warranted 
before a conclusion for or against Batesian mimicry 
can be accepted. Much like the previous subsection, 
the best way to implement an analysis on predator–
prey interactions without the use of plasticine replicas 
is to introduce relevant predator species to live 
snakes from a safe distance or with a physical barrier 
between the animals for their safety and record the 
behaviours of both predator and prey. Obviously, these 
types of experiments have their own pitfalls, especially 
without direct interaction between living animals, 
but a combination of live snake experiments with 
previous plasticine experiments and field observations 
would bolster the amount of information available to 
provide some empirical support for the most prevalent 
behaviours, including innate or learned behaviours, 
exhibited by coral snake predators when in the 
presence of ringed snakes.

Persistence of allopatric distributions of coral 
snakes and their lookalikes
Colour pattern recognition and innate avoidance 
behaviours are important considerations when 
analysing phenotypic similarities among snakes, but 
research pertaining to the geographical distributions 
of coral snakes and their lookalikes is one of the most 
prevalent considerations under investigation for 
support of Batesian mimicry. As previously stated, 
there are various suggestions regarding why the 
allopatric distribution of these snakes is both persistent 
and remains feasible in a Batesian framework. For 
example, empirical field experiments using plasticine 
replicas were performed (Pfennig et al., 2001; Kikuchi 
& Pfennig, 2009; Akcali & Pfennig, 2017) in areas 
where coral snakes and their lookalikes exist together 
and in areas where only lookalikes exist. Predatory 
attacks on coral snake and mimetic replicas were 
found to occur more often in allopatric regions than in 
areas of sympatry, showing that as the abundance of 
the venomous coral snake decreases, the protection it 
provides via Batesian mimicry breaks down (Pfennig 
et al., 2001; Akcali & Pfennig, 2017). This supports 
the idea that allopatric persistence of lookalikes is 
not necessarily contrary to Batesian mimicry, because 
the protection that is gained from the venomous coral 
snake is lessened when they are not sympatric to 
their lookalikes. If phenotypic similarity were instead 
caused by environmental factors, then the colour 
pattern would still be effective protection in allopatry; 
however, these experiments show that this is not 
necessarily the case. The lookalike snakes also have a 
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greater resemblance to coral snakes when they are in 
either deep sympatry or edge sympatry as opposed to 
allopatry (Harper & Pfennig, 2007), consistent with a 
Batesian mimicry hypothesis.

Based on the results of these experiments, Batesian 
mimicry might still be plausible, but the cause of the 
persistence of lookalike colour patterns in allopatry 
is still a major question. Three processes have been 
suggested as a means for the maintained presence 
of allopatric lookalikes: (1) range contraction of coral 
snake species; (2) range expansion of a lookalike 
species; and (3) gene flow from sympatry to allopatry 
of the lookalike species that maintains the mimetic 
coloration (Pfennig & Mullen, 2010). Range contraction 
implies that the model and the mimic were once 
sympatric until the model went locally extinct, and the 
mimic became partly allopatric to the model. There 
might be an ‘evolutionary momentum’ generated from 
the model before extirpation, allowing for increased 
resemblance and greater protection for the model 
after extirpation (Akcali & Pfennig, 2014). Range 
expansion, in contrast, describes a scenario where 
coral snake lookalikes migrated beyond sympatric 
areas into regions without coral snakes. Gene flow 
is another option, which has been used as a middle 
ground between these two hypotheses, indicating 
that lookalikes in sympatric locations introduce their 
colour pattern genes into allopatric regions, providing 
a continuous supply of mimetic gene flow into a region 
where mimicry should not occur, thus preventing its 
breakdown (Harper & Pfennig, 2007). Explanations 
for how this type of system works in more complex 
populations of coral and lookalike snakes (i.e. as in 
South and Central America, where multiple species 
overlap and share varying degrees of phenotypic 
resemblance) remain poorly defined with respect 
to what might maintain mimetic colour patterns in 
lookalikes when coral snake models are absent.

Potential avenues of research that should be 
explored to enhance our understanding of how the 
geographical distribution of snakes affects their 
phenotypic resemblance to one another include 
thorough investigations into the extent of colour pattern 
similarity and its connection to both geographical 
proximity and shared ecological niche. It is necessary 
to collect phenotypic data of various snake species to 
determine in a statistically rigorous way how significant 
their resemblance is to one another, as opposed to 
relying only on potentially subjective observational 
similarities that have been described in the past 
(Greene & McDiarmid, 1981; Savage & Slowinski, 1992). 
These data can be combined with a more extensive 
examination into the extent of shared geographical and 
ecological space between similar-looking snake species, 
in both the present and the past. If done in an objective 
manner using various analyses, such as ecological niche 

modelling and phylogenetic comparative methods for 
multivariate phenotypes among related species, such as 
those performed by Bosque et al. (2015) and Pizzigalli 
et al. (2020), the evidence for the causes of phenotypic 
resemblance between snakes can be determined more 
easily and will enhance the field of snake mimicry 
research with greater empirical support.

ongoing research and future considerations

Recent studies have focused more extensively on other 
important questions in the Batesian mimicry paradigm, 
such as the timing for the evolutionary development of 
similar colour patterns in snakes (Pfennig, 2016; Rabosky 
et al., 2016a, b; Akcali et al., 2018) and how similar 
defensive behaviours of snakes might play an additional 
role in mimicry (Assis et al., 2020; Brown et al., 2020; 
Danforth et al., 2020; Moore et al., 2021; Rabosky et al., 
2021). These studies indicate that there is still a wide 
variety of questions that need to be answered in order 
to gain a complete understanding of when Batesian 
mimicry occurs in snake systems, how it functions and 
whether the danger associated with coral snakes can be 
considered the primary cause for resemblance between 
snakes. These studies follow the more recent trend of 
assuming Batesian mimicry to be the cause (Fig. 1) and 
usually forgoing the possibility that other non-mimetic 
factors might play a larger role than what is currently 
accepted. Furthermore, if Batesian mimicry continues 
to be accepted as the default explanation for phenotypic 
resemblance between these snakes, the field of coral snake 
mimicry research will be on a trajectory of stagnation, 
which will delay future progress in research into 
phenotypic resemblance. Without first determining the 
extent of the role of Batesian mimicry in the phenotypic 
similarity between snakes, any conclusion drawn in these 
studies might not be the most complete explanation for 
the processes that are under investigation and should be 
evaluated in light of this uncertainty.

It is difficult to determine a single conclusive or 
comprehensive answer to the existence and validity 
of mimicry between harmless lookalike snakes and 
venomous coral snakes. Studies have provided evidence 
to support both Batesian mimicry and alternative 
explanations, often depending on the interpretation 
of mimicry taken by individual authors. A necessary 
step in determining which of these interpretations is 
correct is to develop a ubiquitously accepted collection 
of characteristics that define all forms of Batesian 
mimicry. We propose, as a starting point, that Batesian 
mimicry systems should be considered only if: (1) the 
system consists of one or more models, mimics and 
signal receivers; (2) the model is noxious, toxic or 
otherwise unpalatable; (3) the signal receiver associates 
the mimetic phenotype (aposematic or otherwise)  
with the harmful stimulus of the model; (4) the model 
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and the mimic occur sympatrically with each other; 
and (5) the signal receiver acts as the primary selective 
force for the continued persistence of the mimetic 
phenotype owing to avoidance of said phenotype.

It is possible, however, that these characteristics 
are too simple and that Batesian mimicry is only one 
of multiple factors that influence and drive colour 
patterns in these snakes, working independently 
or synergistically to achieve the resemblance that 
we see. It is necessary to examine how Batesian 
mimicry and other environmental, behavioural and 
evolutionary factors influence the processes driving 
the phenotypic similarities between snakes or between 
other organisms. Putative coral snake mimicry might 
be understood better if considered as more of a 
unification or suite of environmental events that lead 
to these similarities in colour pattern rather than to 
only mimicry or non-mimicry.

Potential avenues of research that require 
investigation and can be implemented realistically 
given the currently available data include the 
determination of how the geographical distance 
between populations affects phenotypic similarity, 
the evaluation of various ecoregions and how similar 
climates and biomes between snake populations impact 
predator recognition of ringed colour patterns, and the 
assessment of the phylogenetic relationship between 
lookalikes to determine whether resemblance has 
an ancestral basis. Furthermore, the determination 
of how various predator communities interact with 
different snake colour patterns should be investigated 
to see whether predatory behaviours affect or are 
themselves affected by multiple colour morphs. 
The most necessary steps that need to be taken in 
this area of research to achieve greater empirical 
support are the generation of a comprehensive list of 
coral snake and lookalike predators, in addition to a 
thorough examination of the extent of phenotypic and 
geographical variability between snake species. These 
two divisions of research will help to advance each 
study that has been performed previously and allow for 
new areas of mimicry research to be developed outside 
the assumption of Batesian mimicry. Nevertheless, 
the complexity of phenotypic resemblance systems 
should not be understated. It is important to realize 
that mimicry, like any evolutionary process, is 
dynamic, and by acknowledging its expression as an 
amalgamation of many different forces in nature, the 
study of evolution itself becomes more apprehensible.
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