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Abstract: The pbenomenon of Batesian mimicry, where a palatable animal gains protection against preda-
tion by resembling an unpalatable model, has been a core interest of evolutionary biologists for 150 years.
An extensive range of studies bas focused on revealing mechanistic aspects of mimicry (shared education and
generalization of predators) and the evolutionary dynamics of mimicry systems (co-operation vs. conflict) and
revealed that protective mimicry is widespread and is important for individual fitness. However, according
to our knowledge, there are no case studies where mimicry theories bave been applied to conservation of
mimetic species. Theoretically, mimicry affects, for example, frequency dependency of predator avoidance
learning and buman induced mortality. We examined the case of the protected, endangered, nonvenomous
smooth snake (Coronella austriaca) that mimics the nonprotected venomous adder (Vipera berus), both of
which occur in the Aland archipelago, Finland. To quantify the added predation risk on smooth snakes
caused by the rarity of vipers, we calculated risk estimates from experimental data. Resemblance of vipers
enbances survival of smooth snakes against bird predation because many predators avoid touching venomous
vipers. Mimetic resemblance is however disadvantageous against buman predators, who kill venomous vipers
and accidentally kill endangered, protected smooth snakes. We found that the effective population size of the
adders in Aland is very low relative to its smooth snake mimic (28.93 and 41.35, respectively).Because Batesian
mimicry is advantageous for the mimic only if model species exist in sufficiently bigh numbers, it is likely that
the conservation program for smooth snakes will fail if adders continue to be destroyed. Understanding the
population consequences of mimetic species may be crucial to the success of endangered species conservation.
We suggest that when a Batesian mimic requires protection, conservation planners should not ignore the
model species (or co-mimic in Mullerian mimicry rings) even if it is not itself endangered.

Keywords: conservation, Coronella austriaca, mimicry, predation, snake, viper, Vipera berus, warning
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Implications of mimicry for Conservation of the endangered smooth snake

Resumen: El fenomeno del mimetismo batesiano, en el cual un animal apetitoso adquiere proteccion
contra la depredacion al asemejarse a un modelo no apetitoso, ba sido un interés nuclear de los biologos
evolucionistas durante 150 arios. Una gama extensa de estudios se ba enfocado en revelar los aspectos
mecdnicos del mimetismo (educacion compartida y generalizacion de los depredadores) y las dindmicas
evolutivas de los sistemas de mimetismo (cooperacion vs conflicto), y esta revelo que el mimetismo protector
estd ampliamente distribuido y es importante para la aptitud individual. Sin embargo, de acuerdo con nuestro
conocimiento, no existen estudios de caso donde las teorias de mimetismo se han aplicado a la conservacion de
especies miméticas. En teoria, el mimetismo afecta por ejemplo, la frecuencia de dependencia del aprendizaje
de evasion de depredadores, y evita la mortalidad inducida por bumanos. Examinamos el caso de la serpiente
lisa no venenosa Coronella austriaca que se encuentra protegida y en peligro de extincion, y que mimetiza a
la vibora venenosa Vipera berus, que no se encuentra protegida. Ambas especies babitan en el archipiélago
Aland, en Finlandia. Para cuantificar el riesgo de depredacion aiiadido a las serpientes lisas causado por la
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rareza de las viboras, calculamos estimados de riesgo a partir de datos experimentales. La semejanza entre
las serpientes y las viboras mejora la supervivencia de las serpientes lisas a la depredacion de aves ya que
muchos depredadores evitan entrar en contacto con viboras venenosas. Sin embargo, la semejanza mimeética
es una desventaja contra los depredadores bumanos, ya que matan a las viboras venenosas y accidentalmente
matan a las serpientes lisas, en peligro de extincion y protegidas. Encontramos que el tamaiio poblacional
efectivo de las viboras en Aland es muy bajo en relacion a su imitador, la serpiente lisa (28.93 y 41.35,
respectivamente). Ya que el mimetismo batesiano es una ventaja para el imitador solo si la especie modelo
existe en niimeros suficientemente altos, es probable que el programa de conservacion para la serpiente lisa
falle si se sigue cazando a las viboras. Entender las consecuencias poblacionales de las especies miméticas
Dpuede ser crucial para el éxito de la conservacion de la especie en peligro. Sugerimos que cuando un imitador
batesiano requiera proteccion, quienes planeen la conservacion no ignoren a la especie modelo (o imitador
simultdneo en los anillos de mimetismo mullerianos), aunque esta no se encuentre en peligro.

Palabras Clave: conservacion, Coronella austriaca, depredacion, mimetismo, sefial de advertencia, serpiente,

vibora, Vipera berus

Introduction

Many prey species are chemically defended, venomous,
or toxic, and some of them advertise their unprofitability
to potential predators with warning colors, odors, be-
havior, or sounds (Ruxton et al. 2004). Predators learn to
associate the unpleasant experience of an encounter with
the warning signal and then avoid similar encounters in
future encounters. Many profitable species in turn have
evolved to mimic warning signals of defended species to
avoid attacks by predators. Thus, prey animals can use
predators’ tendencies to generalize their learned avoid-
ance to similar signals as protective mimicry (Bates 1862;
Miiller 1879; Poulton 1890).

In Batesian mimicry, palatable species mimic the ap-
pearance of an unpalatable model and gain protection
from predation because predators misclassify them as a
defended model species (Bates 1862). Models should thus
be relatively common, and usually more common than
mimics, because otherwise predators’ avoidance learning
would degrade (Cott 1940; Lindstrom et al. 1997). The
importance of abundance of the model in the Batesian
mimicry system is intuitively easy to understand because
predators’ avoidance learning and memory are based on
unpleasant encounters with the model (Huheey 1964).
However, determining what abundance of the model is
sufficient to protect Batesian mimics is not so simple
because it can depend on several factors, including ac-
curacy of the mimicry and potency of the defense of the
model (Lindstrom et al. 1997; Mappes & Alatalo 1997,
Harper & Pfennig 2007). Nevertheless, if the number of
models decreases, the benefits gained by a mimic also
decrease. Furthermore, if the relative abundance of the
mimic increases excessively relative to the model, then
the benefits of the warning signal to the model can also be
diluted because predators’ avoidance learning and mem-
ory may be undermined through experience with the
mimic (Huheey 1964). It is also important to remember
that mimic and model (or co-mimics) do not need to be
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strictly sympatric (Pfennig & Mullen 2010), they just need
to share predator population.

Protective mimicry is widespread across the animal
kingdom and can take many forms. A lacertid lizard mim-
ics a noxious beetle by its coloration and walking behav-
ior (Huey & Pianka 1977) and butterfly species in Ama-
zonian Ecuador form several mimicry rings (i.e., groups
of species that have similar warning coloration) that in-
clude multiple noxious and palatable species (Bates 1862;
Beccaloni 1997a, 1997b). Mimics can be expected to
be under strong selection toward accurate resemblance
of the model because of enhanced avoidance learning
(Mappes & Alatalo 1997; Symula et al. 2001). The accu-
racy of mimicry also enhances the probability that preda-
tors will misclassify the mimic as an unpalatable model
and refrain from attacking it (Caley & Schluter 2003).
Because a predator’s decision to attack mimics can be
based on the risk of accidently attacking a noxious model,
it is possible that accurate mimics can benefit from pro-
tection against predation even if the model is relatively
rare, especially if it is deadly (Harper & Pfennig 2007).
However, in the case of human predation, one can expect
both abundance of the model and accuracy of mimicry to
increase mortality of the mimic because there is no cost
of attacking the model. If the model is not avoided and is
persecuted by humans, accurate mimicry can turn out to
be extremely costly for the mimics. Similarly, if a foreign
predator that does not avoid local defended models (and
thereby mimic species) invades the area, the benefits
of this evolved antipredator strategy can vanish possibly
with dramatic consequences.

Mimicry seems to be common among snakes, including
the famous example of a mimicry ring of venomous coral
snakes and their mimics (reviewed in Brodie & Brodie
2004). The risk of getting injured during the attack of a
defended model affects predator avoidance and makes
mimicking a highly toxic or dangerous model benefi-
cial, which can explain why venomous snakes are often
mimicked (Brodie & Brodie 2004). Mimicking venomous
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snakes can be highly advantageous for nonvenomous
species because of the strong avoidance of predators
(e.g., Pfennig et al. 2001). For example cephalopods are
known to mimic venomous sea snakes by changing their
color and adopting a snake-like posture when they retreat
to a burrow and expose two arms extended in opposite
directions (Norman et al. 2001). Several butterfly larvae
mimic snakes by inflating their thorax or abdomen and
exposing false eyes (e.g., Bates 1862; Berenbaum 1995;
Hossie & Sherratt 2014). Many nonvenomous snakes gain
protection against predation by resembling venomous
snakes in their appearance (reviewed in Brodie & Brodie
2004).

Snake populations are declining at a substantial rate
across the globe (Reading et al. 2010). Therefore, the
number of species in need of conservation is increas-
ing, and vast attention is being paid to the causes and
consequences of habitat loss and fragmentation and to
genetic structuring of populations (e.g. Filippi & Luisielli
2000; Goldingay & Newell 2000; Ursenbacher et al. 2009;
DiLeo et al. 2010). Conservation programs, however, al-
most completely ignore important co-evolutionary inter-
actions, one of the most important being the antipreda-
tor strategies that have evolved to protect species from
predation (but see Bonebrake et al. 2010). For example,
vulnerable meadow vipers (Vipera ursinii) may gain ben-
eficial protection against predation by exhibiting a dorsal
zigzag pattern (a warning signal) that is similar to other
vipers (e.g., adder [Vipera berus]) (Wiister et al. 2004;
Kreiner 2007; Valkonen et al. 2011a). Even if adders were
common in the area, a slight decrease in their population
could substantially increase the predation mortality of
meadow vipers.

Smooth Snakes and Adders in Aland

The smooth snake (Coronella austriaca) is a nonven-
omous, medium-sized (up to 80 cm), and relatively slen-
der Colubrid species, which is widely distributed across
Europe. Its range reaches from the Iberian Peninsula to
the Ural Mountains. Northernmost populations reach up
to 60° N latitudes in Sweden and Aland (Arnold & Burton
1978; Kreiner 2007). This diurnal highly secretive species
feeds mainly on lizards, but snakes and small mammals are
consumed by larger individuals, whereas the smaller ones
consume invertebrates (Arnold & Burton 1978; Goddard
1984; Luisielli et al. 1996). Females reach maturity in their
fourth or fifth summer after reaching a length >40 cm,
and the majority reproduce every second or third year by
giving birth to 2-11 live young at a time (Spellerberg &
Phelps 1977; Luisielli et al. 1996; Reading 2004). Smooth
snakes can be found in various environments, but in the
northern part of their range (Sweden and Aland) their
typical habitat is relatively dry, open, and rocky hillsides.
Populations of the smooth snake are often small, and

they are thinly scattered over the species range (Santos
et al. 2009). Thus, the smooth snake is included in the
list of specially protected species in the European Union
(Council Directive 92/43/EEC on the Conservation of nat-
ural habitats and of wild fauna and flora, annex IV). The
only known populations of the smooth snake in Finland
are located in Aland islands, and the species is classified as
vulnerable (Rassi et al. 2010), although its reclassification
as endangered has been recently suggested (J.A. Galarza,
unpublished data).

The adder (Vipera berus) is a venomous medium-sized
(up to 90 cm) snake. It is widely distributed across central
and northern Europe and Asia, reaching up to the Arctic
Circle. Occurring from the United Kingdom to eastern
Russia, it is the most widely distributed snake species
(Arnold & Burton 1978). Adders are the only native reptile
species not protected by Finnish law, and it is categorized
as least concern on the Finnish Red List (Rassi et al. 2010).
Like other European vipers (genus Vipera), the adder
exhibits a characteristic dorsal zigzag pattern (see De
Smedt 2001), which signals their secondary venomous
defense to predators (Wister et al. 2004; Niskanen &
Mappes 2005; Valkonen et al. 2011a). Another common
feature among vipers (family Viperidae) is their charac-
teristic triangular-shaped head, which is also recognized
and avoided by predators (Valkonen et al. 20115).

Smooth snakes share only superficial similar dorsal pat-
terning with the venomous adder (Fig. 1). When threat-
ened by a potential predator, smooth snakes increase
their resemblance (accuracy of mimicry) of vipers by
flattening their heads and making its shape triangular.
As the triangular head shape of vipers is recognized and
avoided by predators, smooth snakes gain extra protec-
tion by displaying head flattening (Valkonen et al. 20115).
Smooth snakes are thus Batesian mimics of adders.

To provide a more qualitative illustration of frequency
dependency of predation risk in the mimicry system, we
revisited data published by Lindstrom et al. (1997). Exper-
imental data provides the opportunity to obtain predation
risk estimates when data from natural populations is not
available. In their experiment, Lindstrom et al. (1997)
tested how the abundance of model species in relation
to the abundance of mimics affects the predation pres-
sure on mimics. In their experiment conducted in con-
trolled laboratory settings, they used a prey population
consisting of three artificial prey species (model, mimic,
and alternative prey) and wild caught Great Tits (Parus
major) as a predator. They manipulated the frequencies
of the unpalatable model and the palatable mimic while
keeping the total size of the prey population and abun-
dance of alternative palatable prey constant. Lindstrom
et al. (1997) repeated their experiment with two palata-
bility levels of the model species (for a detailed descrip-
tion see Lindstrom et al. 1997). They found that the
survival of the mimic is dependent on the abundance
of the model. To obtain an estimated predation risk for
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Figure 1. (a) Venomous adder and (b) smooth snake mimic of the adder. To increase its resemblance (mimicry)
to the adder, the smooth snake (c¢) bas flattened its bead in response to a potential predator.

Table 1. Generalized mixed effect model fitted with data from Lind-
strom et al. (1997) to obtain predation risk estimates for model
(species that is mimicked), mimic, and alternative prey relative to the
abundance of the model species.*

Term to remove df AlC X’
None 1108.1
Palatability of the model 1 1109.8  0.054

Prey species” frequency of the model 2 1110.6  0.037

*Estimates are based on experiment with artificial prey species; there-

JSore, we do not refer an exact pry type or species bere; rather, we
assume all mimicry systems are bunted by predators in a frequency-
dependent manner. Model structure: attack risk ~ palatability of
the model + prey species + frequency of the model + prey species :
Jfrequency of the model + (1 |bird species).

each species (model, mimic, and alternative), we fitted
a generalized linear mixed model with Laplace approxi-
mation to their data. Based on the results presented by
Lindstrom et al. (1997), we included palatability of the
model species, species (model, mimic, and alternative),
frequency of the model species (in relation to mimic), and
interaction between prey species and frequency of the
model species as explanatory variables. Fate of individual
prey (predated or not) was included as a binary response.
To take into account the structure of data (repeated mea-
surements within the predator), we used bird identity
as a random effect in our model. Our starting model ap-
peared to be the best fitting model (Table 1). Our model
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showed that the benefits of mimicry were nonexistent at
the point where the abundance of the mimic exceeded
the abundance of model when overall predation on the
prey species complex was expected to remain constant
(Fig. 2).

Snakes are predated upon by birds of prey (e.g., Ac-
cipitriformes and Corvidae) and mammals (e.g., Mustel-
idae) (Cramp 1985; Selas 2001; Madsen 2011). Both mam-
malian and avian predators can learn and avoid the warn-
ing signals of snakes (e.g., Pfennig et al. 2001; Wister
et al. 2004; Valkonen et al. 20114, 2011b). Furthermore,
Pfennig et al. (2001) found evidence that the proportion
of coral snake mimics attacked by mammalian predators
increased when venomous coral snakes (the model) were
absent. Thus, despite obvious differences in predatory
behavior between Great Tits used in the laboratory ex-
periment by Lindstrom et al. (1997) and natural predators
of snakes, we believe that they are qualitatively similar in
terms of selection of prey. However, in the experiment
by Lindstrom et al. (1997), the phenotypic difference be-
tween model and mimic was small, whereas differences
between smooth snakes and adders to raptors may be
more obvious. In this scenario, one may expect smooth
snakes to have higher predation than mimics in the ex-
periment by Lindstrom et al. (1997).

Even though mimicry benefits the mimic by enhanc-
ing the probability that predators will misclassify them
as a defended model and will not attack them (Caley
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Figure 2. Predation risk estimates for a model species
(i.e., a species that is mimicked), a mimic, and an
alternative prey species relative to their frequencies
(gray borizontal line, mean predation on prey
population that is assumed to be constant and
independent from model:mimic ratio; vertical grey
line, model:-mimic ratio bas been estimated from
effective population sizes of vipers and smooth snakes
in Aland). Data are Jfrom Lindstrom et al. (1997).

& Schluter 2003), this may not hold true for human
predators. Adders (like all vipers) are often abhorred and,
especially if not protected by law, are frequently killed
by people. We know of no systematic data on how fre-
quently humans kill snakes. However, we have observed
that even trained biologists often mistake the protected
smooth snakes and other mimics for vipers. The ITUCN
Red List of European reptiles states that the deliberate
persecution of reptiles is one of the major threats, in
addition to habitat loss, pollution, and climate change,
in Europe to these species (Cox & Temple 2009). Indi-
rect evidence for humans killing snakes deliberately can
also be seen in European museum collections, where a
large number of the preserved individuals were killed by
farmers (J.K.V., personal observation).

Effective population size (number of breeding females)
of the smooth snake in Aland is estimated to be 41.35 indi-
viduals (J.A. Galarza, unpublished data), and Finnish law
protects this species. We found that the adder population
in Aland seems to be even smaller, although it is believed
to be relatively common. Effective population size here is
estimated as low as 28.93 individuals (J.A. Galarza, unpub-
lished data). When the model:mimic ratio was estimated
from the effective population sizes of vipers and smooth
snakes in Aland it appeared to be alarmingly low: 0.41
(Fig. 2). That is below the threshold (0.48), considering

that the estimated predation risk of mimics exceeds the
mean predation risk of the prey community. This high-
lights that the threats for snake populations in Aland are
not well known, which is an impetus for further inves-
tigation. Both adders and smooth snakes are frequently
found in residential, where they are exposed to human
persecution. Therefore, for the successful conservation
of smooth snakes in Aland, it seems crucial to also pro-
tect adders. This would ensure the effectiveness of the
smooth snake’s antipredator strategy of mimicry.

Other Systems and Future Directions

Mimicry is common among snakes (Brodie & Brodie
2004), and the global, substantial decline of snake species
requires re-consideration of conservation actions for this
group (Reading et al. 2010). Defensive mimicry (Batesian
and Miillerian) is not limited to snakes. It occurs among
a wide variety of taxa from invertebrates to vertebrates
(Ruxton et al. 2004), and most likely all mimicry rings
have not been discovered yet. Recognizing and consid-
ering the antipredator strategies of a species can lead to
a substantial improvement in the probability of success
of its conservation. Vast theoretical and experimental
knowledge on the evolution of mimicry argues that co-
evolutionary arms races should be considered carefully
during conservation actions.

In Aland protecting the adder would prevent humans,
though partly unintentionally, from further endangering
smooth snakes. Cases when humans persecute model
species are of course extreme. However, mimicry as an
antipredator strategy is always dependent on the abun-
dance (relative or absolute) of the other species that
share the warning signals (Mallet 1999). Therefore, to
achieve conservation goals, mimicry dynamics should be
considered, among other ecological and evolutionary fac-
tors. Sometimes protecting the model among the mimics
can be crucial for ensuring that the natural antipredator
strategy (mimicry) of the target species remains effective.
For example, one can assume, based on both theoretical
and empirical evidence, that in Batesian mimicry (Bates
1862) models should be generally more common than
mimics to ensure effectiveness of the mimicry (Cott 1940;
Huheey 1964; Lindstrom et al. 1997). In Miillerian sys-
tems, the benefits gained by the less abundant co-mimic
can be expected to decrease if the abundance of the
common species decreases (Miiller 1879; Joron & Mallet
1998; Mallet 1999; Honma et al. 2008). This suggests that
conservation of even relatively common and abundant
Miillerian co-mimics is needed if one of the species in
the mimicry ring is endangered. For example, the endan-
gered splendid poison frog (Oophaga speciosa), which
shares similar red warning coloration with the more com-
mon strawberry poison frog (Oobaga pumilio), would
likely be more protected from predation if the density
of its co-mimic remained high. Furthermore, considering
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the possible mimicry dynamics in the conservation of
endangered species can cost-effectively help meet con-
servation goals.

Unfortunately, there are no data available that would
quantitatively demonstrate the frequency dependent ef-
fect of predation on mimicry systems in natural popula-
tions. Therefore we are not able to present more concrete
evidence of the extent of these interspecies relationships
in which one of the two species is threatened. Instead,
we encourage readers to consider this issue in the light
of the extensive theoretical and experimental evidence
available. Furthermore, our results provide foresight to
prevent a potential disaster in a situation where a mimic
becomes endangered due to the decreased frequency of
its model species.
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