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Introduction:

Poison frogs, family Dendrobatidae, are known fairt unpalatibility and toxicity as
well as their bright aposematic coloration (Daly &tyers 1967; Saporito et al 2007). Their
toxicity comes from skin alkaloids, which act agederrent to potential predators (Daly et al
2005; Darst and Cummings 20068 anitomeya imitato(formerly Dendrobates imitater-see
Grant et al 2006 and Brown et al. 2011) is a pofsog endemic to the lowland and montane
forests of the Peruvian Amazon (Schulte 1986).it&\same impliesRR. imitatormimics
multiple sympatric species throughout its rangen{@a et al. 2001; Yeager et al. 2012).
Genetic analyses by Symula et al. (2001, 2003) khew/n thaR. imitatoris a valid species that
has undergone a rapid mimetic radiation to advergthe aposematic signals of its sympatric
congeners (Santos et al. 2009 and Yeager et &, 20 see Chouteau et al. 2011 for
discussion). This indicates tHat imitatoris the mimic in this system amdolved to resemble
already established speci&s (antastica, summersind both lowland striped and highland
spotted morphs ofariabilis). Theory would suggest that the selection presdtiving this
mimetic radiation involved experienced predatomsiding R. imitatorthat resembled the local
model (Ihalainen et al. 2008); leading to frequedependent selection for Millerian mimicry

(Sherratt 2008).

While numerous authors (Symula et al. 2001; She2048; Brown et al. 2011; Yeager et
al. 2012) have argued tht imitatoris a Mullerian mimic, some key predictions of this
hypothesis remain to be tested empirically. Midkemimicry is a phenomenon in which two or
more evolutionarily distinct toxic species evoleeappear morphologically similar and thus

share the burden of predator learning. Predated to ‘sample’ individuals in order to learn



that they are toxic (Muller 1878, 1879) and, intuty, this can have detrimental effect on those
individuals ‘sampled.” Commonly cited and well-diied examples of Millerian mimicry are the
“mimicry rings” that exist irHeliconiusbutterfly communities (Joron and Mallet 1998; N4l

and Joron 1999; Sherratt 2008). In these mimiorys; novel or rare phenotypes are more likely
to be attacked by predators if they are not reaaghas toxic or unpalatable (Muller 1879;

Mallet and Barton 1989; Kapan 2001; Sherratt 2008)us predators are thought to select

against polymorphism in Millerian mimics (Speed 3;99peed 1999; Joron et al. 2001).

In contrast, Batesian mimicry describes systenvghith the mimetic species is not toxic
and does not contribute to learned predator aveelaha shared morphological appearance
(Bates 1862). These species take advantage pfdlbection provided by the model species,
decrease the efficiency of learned avoidance bgagtoes (Bates 1862; Speed 1993). This may
impose a cost on the model species because Batesidns add palatable individuals and do
not contribute to learned avoidance. The more danithe mimic is, the less successful the
toxic morph is, decreasing the effectiveness ofntioelel’'s signal (Speed 1993; Speed 1999).

Batesian mimics are thus predicted to be rareivel&b their model species.

Batesian and Millerian mimicry are opposite extrenioeit the middle ground is
somewhat of a gray area. Verbal, analytical amdpdational models of the effects of variation
in prey palatability, predator motivation, and pagt communities support the concept of a
“mimicry spectrum” (e.g. Turner 1984; Turner ance8g 1999). Species that fall in the middle
of this spectrum are referred to as quasi-Batggiaim some instances, Speedian) mimics
(Speed 1999). Moderately defended, mimetic pregigg can either help or hinder predator

learning and therefore model survival (Speed 1983ssence they can be either mutualistic or



parasitic. Under some circumstances (for examplenanon moderately defended species and a
very rare species) this species may provide prioteeind thus act as a Mullerian mimic (Speed
1999). However, a moderately defended mimeticispezan be parasitic when it increases the
rate of attack on the model species, making itasgBatesian mimic (Speed 1993, Speed 1999).
One key component of quasi-Batesian mimicry is #ithiough the model species may lose
protection from predators, the mimetic species ganotection from the more defended model

species (Speed 1999).

Mimicry tends to be directed at visual predatorgl many authors have suggested that
avian predators are the primary force driving thel@tion of color and pattern in dendrobatid
frogs (e.g. Symula et al 2001; Darst and Cummirgifi62Darst et al 2006; Saporito et al 2007,
Noonan and Comeault 2009). There are a numberctdrs supporting this: 1) avian peak
activity occurs at the same time as peak poisandwtivity, early morning and late afternoon,
and daylight is likely an important component of Hposematic signal (Schulte 1986; Duellman
and Trueb 1994; Poulin et al 2001), 2) they arernompredators of frogs in the Neotropics
(Stiles and Skutch 1989), although Poulin et @00 found that toxic dendrobatids are
conspicuously absent in stomach contents, 3) lirelsble to detect the conspicuous color
signals of dendrobatid frogs (Siddiqi et al. 200kan and Cummings 2012), 4) birds attack clay
models of dendrobatid frogs (Saporito et al 200dpman and Comeault 2009; Chouteau and
Angers 2011) and 5) have been observed preying ppson frogs (Master 1999). However,
there is evidence that the combination of aposencatoration and diurnal habits may be
enough to deter many potential predators (Brod#318iddiqi et al 2004)—indicating an
effective aposematic signal. Maan and CummingsZp@&monstrated th&@ophaga

(Dendrobatespumilio signals its toxicity honestly from the perspectfevian predators,



increasing in conspicuousness with increased tyxid¢turther, Hegna et al. (2012) have shown
that a green (less conspicuous) island morph exists area with a lower avian predation
pressure than the mainland red (more conspicuoag)im This indicates that these aposematic

signals in dendrobatid frogs are directed towamtsmtial avian predators.

Ranitomeya imitatohas been hypothesized to be a Millerian mimic dtipia
sympatric congeners (Symula et al. 2001; Ruxtai.&t004; Sherratt 2008). A recent field
study by Chouteau and Angers (2011) studednitator in situwising plasticine clay models
which they reciprocally transplanted between twessiTheir highland site has spotted frogs of
bothR. imitatorandR. variabiliswhile their lowland site has striped frogs of befiecies. This
study demonstrated that local avian predatorsidigtate between the local morph and a novel
morph from a nearby but geographically distinckomn and that local morphs have a much
lower rate of predation. Their study indicated tihdaan predators are a rapid, homogenizing
selective force maintaining geographical organorain these two species (Chouteau and Angers
2011). However, it does not indicate whether lsmbciesR. imitatorandR. variabilig are
contributing to the protection of the local morphwhether one of these species (presumBbly

imitator) is a Batesian parasite, gaining protection framdther similar species.

The aim of our study was to examine mimicry in gatiue Millerian system of
Ranitomeydrogs and determine if both speci&s (mitatorandR. variabili§ contribute to
learned avoidance by predators. We used naiveglallus domesticysas model predators
to test this hypothesis, because birds are oftponthgsized to be the drivers of color and pattern
in poison frogs, previous studies have used cHielg Darst and Cummings 2006) and because

Chouteau and Angers (2011) indicated that aviadgtoes are able to differentiate between local



and novel morphs iR. imitator/variabilis. In addition to toxicity among all species involved,
Mullerian mimicry predicts that mimetic species gldoconfer benefits of learned predator
avoidance to each other. Predators that have iexjgerwith Batesian mimics learn that at least
some members of a mimetic population are palatabheis they do not contribute to learned
predator avoidance and may even decrease theesefficof a learned warning signal. We aimed
to test one key component of the hypothesis of &tidh mimicry: learned avoidance by
predators of a shared appearance. We presentdd etith one of two stimuli, either the
spotted morph oR. variabilisor the corresponding mimetic spotted morpRofmitator. These
naive predators were given the opportunity to snedke, and prey upon wild-caught poison
frogs in a series of learning trials. We compéahedr learned avoidance to baseline data we
collected by recording the interaction time speith\hese frogs in timed trials. Many studies
have looked at differential predation rates betwleeal morphs and novel or exotic morphs of
poison frogs by experienced predators using plasticlay models (Saporito et al. 2007; Noonan
and Comeault 2009; Chouteau and Angers 2011). Menvaone of these studies have
examined aposematism from the perspective of naig@ators as they are introduced to
putatively toxic prey and their reaction. To omokvledge, this study represents the first test of
learned avoidance of two anurans in a putative 8ish system. In addition, we tested whether
learned avoidance is generalized or exact throbgladldition of a geographically near morph of
R. imitatorin our study. If predators exhibit exact learnig would expect this to be at least a
partial explanation of the evolution and mainteraotmimetic polymorphism iR. imitator.
Generalized learned avoidance of frogs in our study indicate a mechanism for the
maintenance of polymorphism within populations &l &as of the clines between morphd:of

imitator (as well as other speciesyhese clines exhibit substantial phenotypic \emmeand



theory predicts that individuals in these areasighsuffer higher predation rates due to a lack of

phenotypic similarity.
M ethodology:

In order to test whether conferred protection framiadators is reciprocal versus unidirectional
(and therefore test whethr imitatoris a Millerian mimic), predator-learning trials wer
carried out with chicks in one of two treatmentugs, the model (i.e. the spotted morplRrof
variabilis) or the corresponding mimetic spotted morpRofmitator These experimentgere
conducted in the department of San Martin, Pe20ihil and 2012 and roughly followed the
methodology presented in Darst and Cummings (20@0&.used naive chick&allus
domesticusas naive predators in this study since bird«kaosvn to differentiate colors well
(Poulin et al. 2001) and have been widely implidade a selective force in amphibian
aposematic systems (Saporito et al. 2007; NoondrCameault 2009; Chouteau and Angers
2011, Maan and Cummings 2012). Chicks were givatesad libitum,were fed cracked corn
twice daily, typically after trials were conducteshd were housed in a 1x2m chicken wire cage.
This cage was similar to the arena that experimeats conducted in, a 1%wooden arena
divided into four 50 crhquadrants with an earthen floor. Ranitomeydrogs were collected
shortly before the initiation of trials as toxing @equestered from prey items in wild frogs and
we wanted to ensure that these frogs did not lusie toxicity through an extended period of
captivity. Individuals of the spotted morph (b&himitatorandR. variabili§ were collected
from a spotted population near Tarapoto, San MartohstripedR. imitatorwere collected from
one of two populations near Pongo de Caynarachirthrer east. Chicks were fégptodactylus

control frogs prior to their use in the study te@re that chicks recognized frogs as potential



prey items.

Figure 1. Frogs used in this study. RR)variabilis B) the spotted morph &. imitator, C) the
striped (novel) morph dR. imitator, D) Leptodactylusontrol frog

We then conducted pre-learning trials which werduss baseline data to test naive
chicks’ behavior when presented with a poison frBgring pre-learning trials we paired cryptic
Leptodactylus sppontrol frogs with one of 3 aposematic and presuynaxic Ranitomeya
frogs, the spotted morph B variabilis(model), the spotted morph Bf imitator(mimic), or
the striped morph dR. imitator(representing a novel morph). We chose to usevalmoorph in

our experiments because theory indicates that reovwalre phenotypes are more likely to be
7



attacked by predators if they are not recognizes or unpalatable (Muller 1879; Guilford
and Dawkins 1993; Sherratt 2008) and we were istedein determining whether learning is
exact or generalized in this system. Every chick35) was tested for each of these 3
experimental pairings once per day for 3 conseeudays. The order of these trials was
randomized. Frogs were randomly assigned to qu#sleand placed under glass domes
(8x8x3.5cm) with white bottoms to enhance visilgitib chickens and make both the cryptic and
aposematic frogs of approximately equal visibilifirials lasted for 2 minutes and were video
recorded with a Sony DSC-W20 (2011) and a Nikon@B@®012). We recorded the number of
pecks directed at each frog, total number of sépatdack events, and interaction time, which

we defined as time spent in the same quadrant iaectlgt oriented towards a frog.

Following this we conducted a series of learnimggrin which chicks were randomly
assigned to two groups and presented with a petgtioxic dendrobatid frog (either spottRd
variabilis, n=18, or the corresponding spotted morpRoimitator,n=17) in a glass dome with
the top removed. Chicks were observed for 2 minatesitil an attempted predation event and
subsequent consumption of or loss of interesterptiesented frog. Each chick was offered the
same individual learning stimulus (except in therdwof death of the learning stimulus) for 8

learning trials; trials were conducted twice daily.

Post-learning trials followed the completion ofri@ag trials and were conducted in the
same manner as pre-learning trials. In additioihése trials, chicks were offered palatable
Leptodactylusontrol frogs prior to pre-learning trials, followg learning trial number 4, and

prior to post-learning trials.



We compared pre-learning baseline data to postilegadata. We analyzed data for
interaction time, number of pecks, and the numlbseparate attack events for each stimulus in
a series of paired t-tests, corrected for multgrialyses using a false discovery rate. We used
false discovery rates because they correct foriphellanalyses but are less conservative than
other corrections, eg Bonferroni (Garcia 2004) anreffort to keep the number of type | errors
at a minimum, corrections such as Bonferroni peediiarshly. In situations where multiple
tests are run this can decrease statistical pomtérts too low to detect differences, resulting
in increases the number of type Il errors (Verhoesteal. 2005). Correcting using a false
discovery rate controls for the proportion of typarors, as opposed to trying to control the
chance of making a type | error (Verhoeven et@D5). Use of this test has been advocated in

ecological situations (Garcia 2003, 2004).

We further analyzed the difference between pre-post-learning using a one-way
ANOVA and a repeated measures ANOVA between grtupsalyze whether learning is exact
(specific to the spotted morph) or generalizedtfaiigs bright and colorful—including the

‘novel’ striped morph).

Results:

On average our chicks weighed 305.2g (304.5drforariabilisstimuli chicks and 305.99 fdr.
imitator stimuli chicks). On averag®. variabilisfrogs weighed 0.46g arf@l. imitatorfrogs
weighed 0.48g; frogs thus were 0.15% and 0.16%eft/erage chicken weight respectively.
AlthoughR. imitatorhad a larger mass on average tRawariabilis this was not statistically

significant (2-tailed t-test§=0.992, p=0.325)Ranitomeya variabilisvas slightly larger in SVL



(17.3mm) tharR. imitator(17.2), but this was not a significant differen2ddiled t-testds=-

0.546, p=0.587).

Pre- and Post-Learning Means
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M R. imitator Pre-learning

M R. variabilis Pre-learning
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w

o
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0.1

R. variabilis Spotted R. imitator  Striped R. imitator

Figure 2. Pre- and post-learning means for Batimitator(n=17) andR. variabilis(n=18)
stimuli chicks across all three trial types.

When chicks were given the opportunity to sme#itdaand prey upon poison frogs some
chicks expressed innate neophobia and did not ¢étbier species. However, all chicks
expressed interest in the poison frogs and activelgstigated them. The majority of chicks
sampled the stimulus frogs by taking them in théis and then immediately dropping them and
moving on; some expressed signs of distress amakstissuch as bill wiping and eating dirt.
However, it should be noted that some chicks ditsame poison frogs during learning trials

(n=3 forR. imitatorand n=1 foiR. variabilig. Those chickens which consunmdimitator
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(n=3)weighed 340g on average while the one chick tleeRavariabilisweighed 385g. Chicks

used in our study weighed 305.2g on average.

R.imitator  R. imitator R. variabilis R. variabilis
stimuli stimuli, eaters  stimuli (n=18) stimuli, eaters
(n=17) removed removed (n=17)
(n=14)
R. variabilis 0.058 0.0206 <0.001 <0.001
Spotted R.  0.058 0.0117 0.0094 0.0031
imitator
Striped R.  0.058 0.0395 0.0105 0.0105
imitator
All spotted  0.058 0.0075 <0.001 <0.001
frogs
(imitator
and
variabilis)
All 0.058 0.0100 <0.001 <0.001
Ranitomeya
frogs

Table 1. P- values from 1-tailed, paired sampkests controlled for multiple comparisons using
a false discovery rate. In all treatmen®amitomeydrog was paired with a non-toxic,
cryptically patterned.eptodactylugrog. The top row is the stimulus chicks were teairon and
the first column represents the poison frog useshih trial to test for learned avoidance.

Comparisons of pre-learning and post-learning biehamong chicks for botR.
imitator andR. variabilisstimulus chicks were done using 1-tailed, pairada t-tests for the
average ratio of time spent with each frog pet.trichese analyses were 1-tailed because we
were only interested in if chicks exhibited learmewidance. In analyses of interaction time
between pre- and post-learning (Figure 1 showsaot®n times, Table 1 comparisons between
them), chicks trained oR. variabilislearned to avoid both their own speciges4.663, p<0.01)

11



and the spotted morph Bf. imitator(t;7=2.704, p=0.0094) and the novel striped morpR of
imitator as well (i7=2.544, p=0.0105). Chickens trained onEhemitatorstimuli learned to
avoid both the spotted and striped morplRofmitatoras well as the mod&. variabilis
(t16=1.730, p=0.058,4=1.705, p=0.058 andg¢=1.660, p=0.058 respectively). Additionally, we
analyzed the data excluding the few chicks thafratgs. We did this due to the ratio of the size
of predators (on average >300g) and the prey @lpie0.5g), with the poison frogs roughly
0.15% of the chickens’ weight on average, potewliifrences in predator motivation or
hunger, as well as these chickens being much léingerthe vast majority of potential avian
predators in the wild. Of particular interest wehéckens trained on tHe. imitatorstimuli,
which showed a marked increase in learned avoid@ns®.822, p=0.0117 andst2.391,
p=0.0206 for spotteR. imitatorandR. variabilisrespectively and$=1.905, p=0.0395 for the

novel striped morph dR. imitatol).

Chicks did not learn to avoid all frogs. They wésd Leptodactylusontrol frogs after
pre-learning, the®learning trial, and the last learning trial (b&fthe post-learning trials);
almost all chickens ate these frogs immediatelywaitiol a gusto. Further, total interaction time
(in seconds) nearly doubled between pre- and gastiing trials. For thR. imitatorstimulus
chicks, total time spent with frogs trended on @aging in trials wittR. variabilisand control
frogs (k6=-1.957, p=0.068) and increased in trials with ksybtted and stripel. imitator (t;6=-
2.613, p=0.019 andg=-2.583, p=0.020 respectively). Total interactione inR. variabilis
stimulus chicks also increased, but not statidti¢éd,=-1.268, p=0.222 foR. variabilis,t;=-

2.015, p=0.060 for spottdel. imitatorand t,=-1.790, p=0.091 for stripel. imitato).

12



Additionally, we compared the interaction timecbfckens during the pre-learning
baseline time using 2-tailed t-tests to the exmkntieraction time of 50% with each frog given
that these chickens had no experience with poismgsf(Table 2). What we found is that
chickens that were to-be-trained Rnvariabilisshowed no difference in interaction time from
what we expected. However, chickens that weresttrdined orR. imitatorshowed a highly
significant difference from what we would expe@these chicks spent significantly less time
with all three types of poison frogs paired wlitptodactyluzontrol frogs R. variabilis(te=-
2.990, p=0.0113), the spotted morpHofimitator(t;=-3.714, p=0.0033), and the striped morph
of R. imitator(tig=- 1.725, p=0.1040). Although interaction timeour baseline (pre-learning)
data for chicks to-be-trained on tRe variabilisstimulus did not differ from this expected value,
chicks to-be-trained oR. imitatorspent significantly less time with poison frogsritexpected.

In essence, these two groups (which were randossigaed) differed slightly in their pre-

learning interaction time for unknown reasons.

R. imitator stimuli (n=17) R. variabilis stimuli (n=18)
R. variabilis 0.0113 0.7440
Spotted R. imitator 0.0033 0.7440
Striped R. imitator 0.1040 0.7440

Table 2. P values from 2-tailed t-tests with thpested value of 0.5 (50% of interaction time
directed towards poison frogs), corrected withlsefaiscovery rate for multiple comparisons.

We also compared pecks and independent attackseteeah expected 50% in 2-tailed t-

tests. In these analyses, chickens to-be-traindzbth stimuli R. variabilisor R. imitatol)

13



directed many more pecks and independent attacket@vardd.eptodactylusontrol frogs
than expected {§<-7, p<0.001 and <-4, p<0.001 respectively), for all three treatmtypes
(Leptodactyludgrog with R. variabilis the spotted morph &. imitator, and the striped morph of
R. imitaton. This indicates that chicks trained on both stirdirected significantly more pecks

and independent attack events towards control fitweys would be expected given even odds.

We also ran one-way ANOVAs and repeated measuré3\M$ on the differences
between pre- and post-learning interaction tiniHsis data was not significant (p>0.05 in all
cases), indicating that there was no differencevéen treatments in the learned avoidance.
Additionally, we analyzed the number of pecks anchber of independent attack events
between pre- and post-learning using paired t-te§tse of these data were statistically
significant for eitheR. imitatoror R. variabilis Although these data do not support our
prediction that predator learned avoidance wouldehlse the number of pecks and attacks
directed at poison frogs, this is likely an effetbur baseline data being so heavily skewed

away from the poison frogs (p<0.001 for b&himitatorandR. variabilisfor all three treatment

types).

Discussion:

Mullerian mimicry has been proposed for a numbdemuran systems, including
Ranitomeya imitato(Symula et al. 2001; Sherrat 2008; Brown et al.120atherRanitomeya
complexes (Brown et al. 2011), mantellid frogs @afer et al. 2002), and across families in the
putative Mullerian mimic®Amereega pictandLeptodactylus lineatu@rates et al. 2012).

However, to date no study has demonstrated re@plearned avoidance by predators of a
14



shared morph—a key component of Mullerian mimidPyedator learned avoidance is
reciprocal between model (spottedvariabili9 and mimic (spotte®. imitatol) in this system;
thus providing the first experimental evidenceaarhed avoidance by predators consistent with

Mullerian mimicry in anurans.

Some chickens showed innate neophobia or consesvatihavior when presented with
either of the spotted stimuli frogR (variabilisandR. imitato). This was especially true for
chicks to-be-trained oR. imitator,which interacted with poison frogs much less thgmeeted
in our pre-learning baseline data. Further, BtimitatorandR. variabilisstimuli chicks
directed many more pecks and independent attackst@vard thé.eptodactylusontrol frog
than expected (p<0.001 in all cases). This expartal evidence of an innate neophobia towards
an anuran is the first documentation of this phegroon to our knowledge. However, this
phenomenon may be common, and further testing icawed. Other studies have demonstrated
innate neophobia by potential avian predatorsspaase to potential prey from other taxa.

Smith (1975) has shown that motmots have an immatehobia and avoidance of coral snake
color and patterns. Further, Marples et al. (1288honstrated dietary conservatism of
blackbirds Turdus merulaand robins Erithacus rubeculawhen presented with novel-colored

pastry baits in the presence of familiar-coloretsha

This conservative behavior is probably importanthia maintenance of aposematic
signals. This likely works in the favor of aposéimapecies in two ways: 1) by a decrease in
overall attack rates and 2) through a slight heeitao attack (often seen in our study) which
can give an aposematic individual time to escapetential predator. These are especially

important because predator communities are corlynciaanging due to recruitment,

15



immigration, emigration, etc. Recruited, naiveiwdlals that display conservative behavior or
innate neophobia are less likely to attack aposematy items, and juveniles are more wary
than adults with aposematic prey (Marples et @81 %indstrom et al. 1999). Attacks, if not a
direct cause of mortality, may have implicatiorteftaon. A small proportion of individuals in

the wild have loss of digits/limbs or scarring (AMB\pers. obs.) and attacks/injuries may lead to
infection. Further, attacks may lead to a decraa$itness either through physical injury (eg.
loss of digits or limbs) or reduced sexual fithdas to the effects of scarring on mate choice or

changes in behavior to decrease the risk of fudttack.

Once chicks sampled poison frogs, the majority intistely dropped them and lost
interest. Some chicks exhibited distress signath ss bill wiping after sampling frogs. This
indicates that these frogs have a noxious tastekgitlan aversive reaction from potential
predators due to their chemical defenses. Althaufgw chickens did consume poison frogs
(threeR. imitatorstimulus chicks and orie. variabilisstimulus chick), it is worth noting that
chickens used in this study likely weigh much mitvan the vast majority of potential avian
predators that are likely to encounter these findgke wild. Due to the minute stature of these
frogs (typically under 0.5g), toxin dilution couldduce the effectiveness of chemical defenses
with heavier predators. Indeed, Exnerova et 808 noted that larger bird sizes, as well as
food storing behaviors, increase a predator’stghi handle the chemical defenses of
heteropteran insects (see also Vesely et al. 2006his case then the prey-to-predator weight
ratio could be an important consideration in stadigploring the mimicry spectrum. As a result,
we hypothesize that larger species may play anitapbpredatory role in this system
(tinamous, chachalacas, guans, etc). Chicks treturned poison frogs showed no ill signs of

poisoning afterwards. However, there could belayael effect on fithness or mortality of wild
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birds who consume these frogs, as is seen in n@tgporus undulatdence lizards that

consumeSolenopsis invictaan introduced, toxic red fire ant (Langkilde d&rdidenfelds 2010).

Despite this, chickens trained on both stimuliheakto avoid these frogs, although
imitator chicks were trending on significance (p=0.058 fbtraatment types) prior to treating
chickens that ate frogs as outliers. We think ithjsistified because our chicks have much more
mass than most possible avian predators, largdajmes have been shown to function
differently as predators (Vesely et al. 2006; Ex&énet al. 2008), and predator communities are
extremely varied and chemical defenses may not détpredators (Endler and Mappes 2004).
Further, the difference in our baseline data otk$ito-be-trained oR. imitatorandR.
variabilis should be taken into account in our final resuRanitomeya imitatochicks all
interacted with poison frogs significantly lessritiae expected ratio of 50% of the time (p<0.05
in all treatments) in pre-learning trials wher&sariabilischicks did not (p>>0.05 in all
treatments). This likely explains at least somthefdiscrepancy between learned avoidance

results betweeR. imitatorandR. variabilischicks.

We used learned avoidance by predators as a pooxgXicity. As there is a slight
difference in interaction times, there may be &edénce in toxicity from the predators’
perspective. Although this difference is not statally significant between learning stimulus
species, more chickens consuniedmitatorthanR. variabilis(three chicks atR. imitatorand
one ateR. variabilig. This may derive from differences in either th&antities of toxins and/or
the actual toxins present in these species. A&swtrR. variabilismay have more types of
toxins or a suite of toxins that is more aversnamf a predator’s viewpoint and reduce

consumptive attacks comparedRoimitator Future work should investigate the chemicalesuit
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that these frogs possess, as well as from othexkmaimetic populations. This knowledge may
further elucidate the mimetic relationship betw&nmitatorand its congeneric models, help
explainR. imitators polymorphism, and whiR. imitatorswitches model species throughout its

geographical range.

Polymorphism in a Miillerian mimic is theoreticatlgtrimental. This is because
predator learned aversion is thought to be exatipaedators primarily learn to avoid
individuals of the same morphological appearanteii@tt 2008).In situ studies of wild
predator populations uphold this prediction (Sapcet al. 1007; Noonan and Comeault 2009;
Chouteau and Angers 2011). However, we found fierdnce between the learned avoidance
between ‘local’ spotte®. imitatorandR. variabilisand ‘novel’ stripeR. imitator(one-way and
repeated-measures ANOVASs). These results indibateour predators did not discriminate
between their learning stimuli (the spotted morgid the ‘novel’ striped morph (i.e. they

displayed generalized learning).

These data are contrary to how Millerian systeragasumed to work: with rapid and
intense negative selection acting against novedi@ phenotypes (Benson 1972; Mallet and
Barton 1989; Kapan 2001; Pinheiro 2003, Ihalaines.e2008; Sherrat 2008; but see Ihalainen
et al. 2006 in support of our findings). Furthermin situ studies of predation using clay
models of poison frogs (including the spotted maspR. imitator/variabilig have demonstrated
that novel phenotypes are attacked more frequégthvian predators and experience negative
selection, thus maintaining the common shared apate signal (Saporito et al. 2007, Noonan
and Comeault 2009, Chouteau and Angers 2011). i§msportant not only for the evolution of

mimicry in these systems but additionally in thamtenance of mimicry complexes as even
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experienced predators will continually be a sowfcpurifying selection against rare or novel
morphs and push populations towards phenotypic gemgity (Saporito et al. 2007, Noonan

and Comeault 2009, Chouteau and Angers 2011).

The difference in our findings (generalized leagnim ours versus exact in these other
studies) may result from exposure to both the iegratimuli morph (spotted) and the novel
phenotype (striped) immediately prior to learninigls. These results may indicate how
populations with great phenotypic variation perist example, clines whe. imitator
transitions from one morph to another and exhipigsat phenotypic variation) when theory
holds that both intrapopulation phenotypic variatamd mimetic polymorphism should be rare
in Mullerian systems (Speed 1993). If predatoesexposed to individuals that vary
significantly in appearance but also share sintikdts (eg. color, pattern elements, or perhaps
just an appearance of aposematism) they may dtrimpalatability to the entire spectrum of
individuals they are exposed to. Predator learrsrajten rapid (Kapan 2001; Rowland et al.
2007, Chouteau and Angers 2011), and this mayibotgrto generalized learning in instances

where predators are exposed to varying aposematials.

Further, research has shown that avian predatous farimarily on colors and not
patterns (Aronsson and Gamberale-Stille 2008; Exeérret al. 2006; Exernova et al. 2008). As
a result, predators may cue in on specific colmrshe combination of colors, in the learning
phase. Predator generalization may arise fromitefcapacity to remember the myriad of
palatable and unpalatable prey items that predaterexposed to (MacDougall and Dawkins
1998; Ruxton et al. 2004). Thus mimicry may natchéo be perfect in Millerian systems if

prey have evolved similar characters that preddton in on (Ruxton et al. 2004). Individuals
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may become protected by learned avoidance if doéaration is perceived as ‘close enough’ by
predators. This may partially explain the contshegistence of some species which are

polymorphic within a population or the clines betnalistinct morphological populations.

Both learning and reinforcement of aposematic dggoecurs better in populations with
higher densities (Lindstrom et al. 2001; RuxtoaleR004). In many sites in the province of San
Martin, PeruR. imitatoris more commonly observed than its model speRiesriabilis,
although there may be sites where this trend iersed, and there are sites abBvémitator’s
elevational range wheR. variabilisis very common as well (AMMS, pers. obs.).
Microgeographical variation in predator and pregnoaunities and interactions can lead to
spatial and temporal variation in the functionirigand selective pressures on aposematic
systems (Mappes et al. 2004). The abundance bfsgmeries, and the rates at which predators
encounter them, is an important factor in undeditanmimicry in this system. Further, the
effects of mixed-species learning stimuli and dgrdependence (Rowland et al. 2007) are
unknown in this system and we therefore cannotaexmxactly how this mimicry complex
functions. Further work should explore this aveatieesearch and will help to fully explain

how mimicry in PeruviamRanitomeydrogs functions.

Ranitomeya imitatoevolved its color and pattern to mimic congenepiecies
throughout its geographical range in a ‘mimeticatdn’ (Symula et al. 2001, 2003). However,
R. imitatorhas become much more abundant, or at least mayesindy encountered by
terrestrial biologists, than these congeneric megeties (AMMS pers. obs.). As a result, the
majority of predator learned avoidance may nowibed byR. imitator. Furthermore, the

abundance of mimetic individuals in these populetimay lead to a decrease in overall toxicity
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(perhaps especially evidenthh imitatol) as a result of resource competition (Blount et al
2009). Frogs of the gen&anitomeyappear to eat primarily ants (AMMS, unpublishedajlat
which are extremely chitinous and likely energdlycaxpensive to digest. A decrease in
consumption of costly prey items, prey speciala@atior toxin sequestration could allow more
energy to be directed towards the energeticallgrsgiye process of monogamous biparental
care (Brown et al. 2010; Tumulty et al. in presSiture work should test the efficacy of this

hypothesis.

To our knowledge, these data represent the fifsgxental evidence for learned
avoidance by predators in the context of Mllen@micry in any anuran system. Further
research should focus on the relative toxicity &mvmodel and mimic species as well as the
suite of chemical toxins that they possess. Addglly, studies using both wild populations of
poison frogs and potential predators should be donederstand how native predators interact
with these species. Given the inherent variatiooreg populations of these frogs, this system

promises to provide interesting insights into mirpifor years to come.
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