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ABSTRACT: Selective predation of aposematic signals is expected to
promote phenotypic uniformity. But while these signals may be uni-
form within a population, numerous species display impressive var-
iations in warning signals among adjacent populations. Predators
from different localities who learn to avoid distinct signals while
performing intense selection on others are thus expected to maintain
such a geographic organization. We tested this assumption by placing
clay frog models, representing distinct color morphs of the Peruvian
poison dart frog Ranitomeya imitator and a nonconspicuous frog,
reciprocally between adjacent localities. In each locality, avian pred-
ators were able to discriminate between warning signals; the adjacent
exotic morph experienced up to four times more attacks than the
local one and two times more than the nonconspicuous phenotype.
Moreover, predation attempts on the exotic morph quickly decreased
to almost nil, suggesting rapid learning. This experiment offers direct
evidence for the existence of different predator communities per-
forming localized homogenizing selection on distinct aposematic
signals.

Keywords: aposematism, predation, polymorphism, poison dart frog,
spatial structure.

Introduction

Aposematism occurs when defended prey advertise their
unpalatability to predators by displaying conspicuous col-
ors and patterns (i.e., warning signals; Ruxton et al. 2004).
This evolutionary strategy has been documented in a va-
riety of animal taxa, including gastropods, millipedes, in-
sects, amphibians, fishes, snakes, and birds (Ruxton et al.
2004).

Theory predicts that the effectiveness of a warning signal
is dependent on the ability of predators to associate the
prey’s conspicuousness with its unprofitability (Mappes et
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al. 2005). Hence, by providing predators with an indicator
that defenses are present, the education of potential pred-
ators in recognizing and avoiding the warning signal is
facilitated (Ruxton et al. 2004; Mappes et al. 2005).

While in most cases predators learn to avoid the most
abundant warning signal, rare and novel phenotypes are
not recognized as unpalatable and are therefore quickly
counterselected, thereby maintaining the uniformity of the
warning signals (Benson 1972; Mallet and Barton 1989;
Kapan 2001; Pinheiro 2003). Although many organisms
display monomorphic warning signals locally, impressive
geographic variations of aposematic signals have been doc-
umented, sometimes at a scale of only a few kilometers.
For instance, the Neotropical butterflies Heliconius mel-
pomene and Heliconius erato, which are Miillerian mimics,
exhibit up to 30 different combinations of color and pat-
tern throughout their range (Jiggins and McMillan 1997).
Similar mosaics have also been documented in other mi-
metic communities such as millipedes (Marek and Bond
2009), burnet moths (Turner 1971), cotton stainer bugs
(Zrzavy and Nedved 1999), net-winged beetles (Bocak and
Yagi 2009), and frogs (Symula et al. 2001), as well as in
nonmimetic species (Noonan and Gaucher 2006; Wang
and Shaffer 2008).

Although the mechanisms remain uncertain, theoretical
models (Joron and Iwasa 2005; Sherratt 2006) suggest that
localized positive frequency-dependent predation, if strong
enough, could explain the maintenance of geographic mo-
saics characterized by the aposematic signals being locally
monomorphic but displaying differences between locali-
ties. Such selection would lead to situations where pred-
ators from different localities recognize and avoid distinct
warning signals. Previous studies, principally performed
within a single aposematic signal’s distribution or under
laboratory conditions, have reported a higher predation
rate of the exotic or novel warning signals compared with
that of the local warning display, suggesting that predators
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have the ability to discriminate between distinct warning
signals (Benson 1972; Mallet and Barton 1989; Kapan
2001; Pinheiro 2003; Harper and Pfennig 2007; Noonan
and Comeault 2009; Borer et al. 2010; Kikuchi and Pfennig
2010).

A few studies have also investigated the differences in
the discriminative behavior of predators from different
localities. For instance, it has been shown in Heliconius
butterflies (Mallet and Barton 1989) and alpine leaf beetles
(Borer et al. 2010) that, when reciprocally transplanted in
an adjacent locality dominated by another aposematic sig-
nal, the exotic signal experiences more predation attempts
than the local aposematic signal. However, even if the
exotic aposematic signal is more frequently attacked, it is
not known whether it loses or retains its aposematic ad-
vantage over nonconspicuous sympatric taxa. Including a
nonconspicuous signal in these studies would provide a
means to weigh the selection pressure and help explain
why uniformity of warning signals is observed instead of
a nonequilibrium polymorphism. Despite having been
tested in only a single locality, Noonan and Comeault
(2009) did present empirical evidence that an exotic apo-
sematic signal originating from a remote and isolated lo-
cality loses its aposematic advantage. However, little is
known about the strength of the discriminative behavior
of predators between adjacent localities, where predators
may encounter the exotic aposematic signals more often
due to the possible passage of both the predator and the
prey between localities.

Interestingly, some of these experiments have demon-
strated that predation of the novel aposematic morphs
mostly occurred shortly after these individuals were re-
leased into the habitat, thus suggesting rapid avoidance
learning by predators (Mallet and Barton 1989; Kapan
2001). Laboratory experiments have confirmed the ca-
pacity of predators (i.e., birds) to learn to recognize and
subsequently avoid the novel aposematic signals on which
they were trained (Alatalo and Mappes 1996; Mappes and
Alatalo 1997; Riipi et al. 2001; Pinheiro 2003; Rowland et
al. 2007). However, whether the spatial structure of apo-
sematic signals is the result of the differential learning
experiences of the natural predator communities has not
yet been confirmed.

This study focuses on the ability of predators from ad-
jacent localities to discriminate between distinct warning
signals. To ascertain the discriminative behavior of the
predator, predation on artificial prey models correspond-
ing to either the local or the exotic aposematic signal will
be compared within and between two sites harboring dif-
ferent aposematic signals. In contrast to previous studies,
we will use nonconspicuous models to weigh selection on
both aposematic phenotypes (in order to determine
whether they retain their aposematic advantage when

transplanted). The learning capacity of predators will be
ascertained according to changes in the predation rate over
time.

At the edge of the Andes and the Amazonian lowlands
in Northern Peru resides the small poison dart frog Rani-
tomeya imitator. This frog, while monomorphic within a
given locality, displays highly variable and distinct apo-
sematic signals among different localities. In the higher
elevations of the Cainarachi Valley, R. imitator possesses a
green reticulated pattern on a black background on the
head, dorsum, and flanks, and the legs and ventral area
have smaller blue-green reticulations on a black back-
ground. Ten kilometers to the East, in the lowland near
the city of Yurimaguas, R. imitator displays a head, dorsal,
and flank pattern consisting of thin longitudinal yellow
stripes on a black background, while the legs and ventral
area have a blue-green reticulation on a black background.
Such systems, possessing adjacent phenotypically fixed
aposematic signals, appear ideal for ascertaining the role
of predators in the maintenance of geographically struc-
tured aposematic signals.

Material and Methods

The field experiments were conducted in the Department
of San Martin (Peru) just before the start of the rainy
season (December 2009). Two sites separated by ~15 km
were chosen for this study. At the first site, a high-elevation
valley (06°25'17.0"S, 076°17'28.4"W; altitude, 514 m), Rani-
tomeya imitator displays a vivid green reticulated dorsal
pattern on a black background. The second site is situated
in the lowland (06°17'23.0"S, 076°13'43.9"W; altitude, 192
m), and here R. imitator displays a dorsal gold striped
pattern on a black background.

To test whether the observed geographic structure in
aposematic signals is the result of the discriminative be-
havior of predators and whether this behavior is the result
of the natural predators’ ability to learn to recognize apo-
sematic signals, clay frog models were placed in the habitat
(Saporito et al. 2007; Noonan and Comeault 2009). These
models, measuring 18 mm in length (i.e., snout-vent
length), were made of colored Funstuff Plastimodal mod-
eling clay molded with a plaster mold, and portions of
toothpicks were used to make the front legs in order for
the models to have a more natural posture. These models
were hand-painted with Delta Ceramcoat acrylic paint to
mimic the two distinct combinations of colors and patterns
found among the two mimetic populations of R. imitator.
A model of a nonaposematic brown frog with an appear-
ance similar to the daytime coloration of some species of
frogs in the genus Eleutherodactylus was used as a control
to weight selection (fig. 1). At both sites, 300 models of
each color and pattern combination (i.e., 900 models) were
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Figure 1: The two aposematic phenotypes of Ranitomeya imitator (upper row) and their respective clay models below (lower row, left and
right), as well as a nonconspicuous frog model (lower row, middle) used to measure predation rates.

randomly placed along trails, with a minimum distance
of 5 m between them. To mimic the habitat use of R.
imitator, the models were positioned on living understory
leaves ranging from 0.5 to 2 m in elevation and were
secured using a toothpick so they would not fall in the
event of wind, rain, or predation attempts. The models
were checked for predation attempts at 24-h intervals dur-
ing the 72 h for which they were left at the sites. In order
to standardize, between days, the disturbance to predators
that was caused by our visits to the sites, each daily visit
occurred at the same time that we had initially placed the
models (11 a.m.) and we always followed the same route,
taking approximately the same amount of time to do so
every day (i.e., ~6 h). At each visit, attacked and destroyed
models were removed and missing models of each phe-
notype were counted.

Predation marks on malleable models were analyzed in
respect to the color and pattern combination and the na-
ture of the predator (Brodie 1993; Kuchta 2005; Saporito
et al. 2007; Noonan and Comeault 2009). For each site,
variation in predation pressure between the different phe-
notypic models was compared globally and after each of
the 24 h observation, using a global x” test of independence
on global or novel attack frequencies. When significant,
the Freeman-Tukey (FT) deviates were compared with a

o = 0.05 criterion corrected for multiple comparisons us-
ing the Bonferroni method in order to identify which
model phenotype experienced significantly more or fewer
predation attempts than expected under the null hypoth-
esis of equal attack probabilities. The same statistical ap-
proach was used to ascertain the learning capacity of pred-
ators; variation in the frequency of new attacks for each
of the three daily intervals and for a given model phe-
notype was analyzed using a global x” test of independence
followed by a Bonferroni-corrected Freeman-Tukey de-
viates test. A file containing these data has been deposited
at Dryad (http://dx.doi.org/10.5061/dryad.kr812).

Results

Of the 900 models placed at each site, 94 models (10.4%)
at site 1 and 126 at site 2 (14.0%) were missing or had
been partly destroyed by ants or roaches and were excluded
from the analyses. Ant bite marks are characterized by two
symmetrical incisions and vary greatly in size and number
on an individual model, while roach bite marks, although
tiny, usually completely destroy a model due to their large
numbers (the resulting model has a porous appearance).
Of the remaining clay replicas, 127 models (15.8%) at site
1 and 102 models (13.2%) at site 2 displayed marks of
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attacks by predators. Attacks by avian predators were rec-
ognizable by the pair of U-shaped marks left on opposite
sides of the models (e.g., Brodie 1993) or by stab marks
on the dorsum of the model (e.g., Kuchta 2005). Because
of the small size of these models, many models bearing
the marks of bird attacks were torn in half. Other forms
of attack included variably deep puncture marks or missing
body parts without any recognizable marks on the re-
maining body; these were categorized as unknown pred-
ator attacks.

At both sites, attack rates of avian predators for the
different phenotypic clay models were significantly differ-
ent (x3 > 15.662; P <.001; fig. 2a). However, the attacks
made by unknown predators did not appear to signifi-
cantly differ between model phenotypes (x; < 2.411; P>
.299; fig. 2a), although this might be a result of low sta-
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tistical power due to the low number of unknown predator
attacks that were observed.

Avian predation pressure appears geographically struc-
tured, as at both sites the distinct local aposematic signal
(FT £ —2.791; P< .05; fig. 2a) experienced nearly one-
fourth of the predation attempts that the geographically
adjacent and exotic warning signals did (FT > 2.496; P <
.05; fig. 2a). The observed frequency of attacks on the
brown model is intermediate between the local and exotic
aposematic signals and does not deviate from expected
values (FTy,, = —0.363 at site 1; FT,,,, = —0.155 at site
2; P> .05 at both sites; fig. 2a). As such, at the first site
(fig. 2a), the frequency of avian predation attempts was
highest on the yellow-striped (i.e., exotic) models (26.6%),
followed by the brown models (14.2%), and the green-
reticulated phenotype (i.e., local) was the least-frequently

B Site 2
B Avian attacks
Unknown predators
1 attacks
~ Green Yellow Brown
reticulated striped
. Site2

= Green reticulated model

Yellow striped model

Brown model

48 h

Figure 2: Predation frequency on clay models representing a nonconspicuous phenotype (brown) and two aposematic phenotypes (green
reticulated and yellow striped) of Ranitomeya imitator at two sites characterized by distinct aposematic signals. a, Frequency of predation
attempts by avian (dark gray) and unknown (light gray) predators on the different models. b, Frequency of avian predation attempts, as a

function of time for each clay model phenotype.



attacked (7.2%). At the second site (fig. 2a), the green-
reticulated models (i.e., exotic) were the most frequently
attacked (18.9%), followed by the brown (12.7%) and the
yellow-striped (i.e., local; 8.2%) models.

The changes in attack frequency on the different models
over time are illustrated in figure 2b. At both sites, the
attack rate on the local aposematic signal was low and did
not significantly change during the 72-h trial (x; <
3.828; P > .148). However, for both the exotic aposematic
signal and the brown model, attack frequency significantly
varied (x> 11.493; P <.003); at both sites, the majority
of attacks occurred during the first 24 h of the trial
(FT > 2.302; P < .05 at both sites) and quickly decreased,
before stabilizing between 24 and 72 h (fig. 2b; table 1).
As such, while the difference in predation rates between
the three types of clay model is highly significant after 24
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h (x3>21.261; P<.001), it decreases to a similar level
after 72 h (x3 < 3.742; P> .154; table 1).

Discussion

Our results demonstrate the ability of adjacent but distinct
predator communities to discriminate between different
conspicuous signals. The clay models displaying the local
combination of color and pattern experienced fewer pre-
dation attempts in each habitat. Since the local aposematic
signal present at the first site is exotic at the second site
and vice versa, our results both validate that the strong
homogenizing selection performed by predators can be
geographically localized and emphasize the selective ad-
vantage of carrying the right conspicuous signal.

Clay models with the exotic aposematic phenotype, on

Table 1: Test of Freeman-Tukey deviates in individual cells of contingency tables with
the number of avian attacks for each site over time for each model phenotype and for
each model phenotype at every 24-h observation

Site 1 Site 2

Attacked  Unattacked Attacked Unattacked

By model phenotype:
Green-reticulated model:
24 h N
48 h :
72 h :
Yellow-striped model:
24 h
48 h
72 h
Brown model:
24 h
48 h
72 h
By observation time:
After 24 h:
Green-reticulated model
Yellow-striped model

After 48 h:
Green-reticulated model
Yellow-striped model
Brown model

After 72 h:
Green-reticulated model
Yellow-striped model
Brown model

a

a

a

4.24
—3.08
—4.52

4.12
—4.06
—3.99

—5.19
3.52
Brown model 23

—.14
1.67
—1.75

: 3.92 —1.28

* —2.39 .56

! —4.82 .87
—1.635 : :
.82 ! :
1.05 ! !

—1.11 2.30 —.52

—.61 —1.74 .34

—.60 —1.23 .26

1.35 2.97 —1.02

—1.39 —3.21 .81

—.04 —.55 .19
.05 : :
_.24 a a
21 ? !

a a a

a a a

Note: Absolute values larger than the criterion with Bonferroni correction for six simultaneous tests

(1.52) are in bold. These values identify the cells for which the number of observations significantly
(P<.05) differs (is either higher or lower, as shown by the sign) from the corresponding expected

frequencies.

* Contingency tables for which the overall null hypothesis of complete independence of observations

was not rejected.
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the other hand, experienced more attacks than those dis-
playing the brown phenotype and up to four times more
attacks than those harboring the local warning signal.
These differences in predation rates are most likely ex-
plained by the geographically adjacent exotic combination
of vivid colors and patterns being easily detected by pred-
ators but not initially recognized as being aposematic. As
such, these unrecognized phenotypes are at a great selective
disadvantage, as they lack the protection conferred by
crypsis (Mallet and Singer 1987; Mallet and Joron 1999)
and, due to their conspicuousness, are more easily detected
by naive predators. A similar selection against exotic warn-
ing coloration has been demonstrated in Heliconius but-
terflies (Benson 1971; Mallet and Barton 1989; Mallet et
al. 1990; Kapan 2001).

Avian predators have been shown to possess the relevant
memory pattern to perform such a strong and directed
selection (Langham 2004; Thalainen et al. 2008). Indeed,
marks left on clay models indicate that selection pressure
on the aposematic signals was mostly performed by avian
predators, which are known to be common predators of
frogs in the tropics (Stiles and Skutch 1989; Poulin et al.
2001; Saporito et al. 2007; Noonan and Comeault 2008).
Moreover, a difference in the predation rate according to
phenotype was apparent only on models attacked by birds.
Birds, which are known for their ability to differentiate
colors (Poulin et al. 2001), appear to be the main predators
performing selection on visual aposematic signals. This
confirms that the inferior number of attacks on the local
conspicuous signal is the result of avoidance (Saporito et
al. 2007; Noonan and Comeault 2009).

Unknown assailants accounted for the rest of the attacks
on the models. While it is possible that some of these
attacks were caused by birds, we also documented punc-
ture marks likely left by snakes or spiders (Saporito et al.
2007). In other similar studies, attacks by rodents (i.e.,
incisor bite marks) usually accounted for a significant pro-
portion of the marks left on the models (Brodie 1993;
Kuchta 2005; Saporito et al. 2007; Noonan and Comeault
2009). The absence of attacks in this study by rodents,
which usually leave easily recognizable marks, is most
likely the result of placing the clay models on understory
leaves, which made them less accessible to roaming ter-
restrial rodents and more easily detected by avian
predators.

While the clay models used in our experiments lacked
the toxicity and natural behavior of live Ranitomeya imi-
tator, the changes in predation rate over time appear to
be consistent with the expectations that the discriminative
behavior of predators is the result of learned avoidance.
At both sites, the majority of attacks recorded on the non-
profitable models harboring the exotic aposematic signal
occurred during the first 24 h and quickly decreased to

nearly nil after 48—72 h. Similar observations have been
reported for live aposematic Heliconius butterflies,
whereby predators were less likely to attack individuals
after having sampled a few unpalatable prey of the same
phenotype (Langham 2004; Rowland et al. 2007; Mallet
2010). A similar trend was found with the brown models
being attacked significantly more often during the first 24
h of this experiment. Although these models were built to
resemble nontoxic frogs that are normally well camou-
flaged in leaf litter or on tree bark, they did not benefit
from their usual cryptic appearance since they were placed
on green understory leaves; this explains the high number
of attacks observed. The decrease in attack rate is consis-
tent with avian predators having the ability to learn to
recognize and subsequently avoid novel nonprofitable prey
items, as is expected for aposematism (Ruxton et al. 2004;
Sherratt 2008).

It is interesting to note that the rate of attack on the
local aposematic signal, while low, did not significantly
change over time and is consistent with the expectation
that the predator community has already learned to rec-
ognize that signal (Pinheiro 2003; Langham 2004; Thalai-
nen et al. 2008). However, despite being low, models with
the local aposematic signal did experience predation at-
tempts. In the absence of innate avoidance, many hy-
potheses have been suggested to explain this incomplete
avoidance such as predator error (Lynn 2005), the presence
of naive predators (Saporito et al. 2007), forgetting (Speed
2000), ongoing learning (Noonan and Comeault 2009),
and continued testing (Beatty et al. 2004; Noonan and
Comeault 2009).

Regardless of an apparent rapid learning, selection on
unrecognized (i.e., exotic or novel) signals by predators
can be intense. Mathematical models and empirical data
have shown that predators sample a fixed number of un-
palatable prey that is independent of the prey’s density
before the predators learn to reject them (Miiller 1878;
Ruxton et al. 2004; Sherratt 2006; Rowland et al. 2007;
Mallet 2010). Consequently, the more abundant a signal,
the lower the per capita mortality will be; hence, the rare
aposematic signals will experience greater mortality
(Greenwood et al. 1989; Kapan 2001; Lindstrom et al.
2001; Thalainen et al. 2008). As such, if individuals with
novel aposematic signals appear in small numbers in a
population, either because of migration or due to muta-
tions, the rapid selection performed by predators will most
likely prevent the spread of the exotic alleles underlying
these phenotypic novelties within the population. Under
this scenario, phenotypically distinct populations experi-
encing purifying selection pressures are expected to be
highly isolated from each other. These conclusions are in
accordance with research on mimetic Heliconius butter-
flies, which has demonstrated that selection across pop-



Predation of Aposematic Signals 000

ulations in the context ()f aposematism and Mulleriarl-’ Borer, M., T. van Noort, M. Rahier, and R. E. Naisbit. 2010. Positive
mimicry can promote population divergence and even spe- frequency-dependent selection on warning color in alpine leaf bee-

.. .. tles. Evolution 64:3629-3633.
ciation (Jiggins et al. 2001).
. U 88 .. . ) . . ... =* Brodie, E. D. III. 1993. Differential avoidance of coral snake banded
Ranitomeya imitator is known to be involved in Miil-

patterns by free-ranging avian predators in Costa Rica. Evolution

lerian mimicry with up to four species of Ranitomeya, and 47:227-235.

it displays a similar level of phenotypic variability among=+ Chouteau, M., K. Summers, V. Morales, and B. Angers. 2011. Ad-
populations. While the directionality of the mimetic re- vergence in Miillerian mimicry: the case of the poison dart frogs
lationship is unknown (Chouteau et al. 2011), the intense of Northern Peru revisited. Biology Letters 7:796-800.

selection performed by predators appears to explain tht-' Greenwood, J. J. D.,.P. A. Cotton, and'D. M. Wilson. 1989. .Frequency'f—

homogenization of warning signals at a local scale as well depe.ndent selection on aposematic prey: some experiments. Bi-
. . C . ological Journal of the Linnean Society 36:213-226.

as the maintenance of the geographic organization of apo- o

J o . robman, A. B. 1978. An alternative solution to the coral snake
sematic signals between localities. Such selection contra- mimic problem. Journal of Herpetology 12:1-11.

dicts early views on mimicry, suggesting that convergencc=+ Harper, G. R., and D. W. Pfennig. 2007. Mimicry on the edge: why

of conspicuous coloration is an adaptation to the nonbiotic do mimics vary in resemblance to their model in different parts
environment (Grobman 1978). of their geographical range? Proceedings of the Royal Society B:
In conclusion, we have empirically confirmed that avian Biological Sciences 274:1955-1961.

=+ Thalainen, E., L. Lindstrom, J. Mappes, and S. Puolakkainen. 2008.
Can experienced birds select for Miillerian mimicry? Behavioral
Ecology 19:362-368.

ggins, C. D., and W. O. McMillan. 1997. The genetic basis of an

predators can recognize and avoid distinct aposematic sig-
nals at different sites while performing intense selection
on the novel phenotypes, possibly as a result of learning_, Ji

experience. This selective predation between close geo- adaptive radiation: warning colour in two Heliconius species. Pro-
graphical populations is consistent with theoretical models ceedings of the Royal Society B: Biological Sciences 264:1167-1175.
explaining the maintenance of a geographic organizatior =* Jiggins, C. D., R. E. Naisbit, R. L. Coe, and J. Mallet. 2001. Repro-
of aposematic Signals’ as any migrant or offspring deviating ductive isolation caused by colour pattern mimicry. Nature 411:

302-305.
=+ Joron, M., and Y. Iwasa. 2005. The evolution of a Miillerian mimic
in a spatially distributed community. Journal of Theoretical Bi-
ology 237:87-103.
=+ Kapan, D. D. 2001. Three-butterfly system provides a field test of
Miillerian mimicry. Nature 409:338-340.
=+ Kikuchi, D. W,, and D. W. Pfennig. 2010. Predator cognition permits
We thank J. Brown, D. Cossios, M. McClure, V. Morales, imperfect coral snake mimicry. American Naturalist 176:830-834.
K. Summers, and J. Yeager, whose help has made this™* Ku.chta, S. R. 2005. Experinllental supportﬂfor aposer'nati.c col‘ora‘tion
project possible. We would also like to thank P. Legendre 1fn the. sa.lamanfder }.Egzsatma eschsch(?ltzzz xa.nthoptzca: implications
for his help with statistics. This research was supported or mimicry of Pacific newts. Copeia 2005:265-271.

by th 1Sci d . . h ,l-’ Langham, G. M. 2004. Specialized avian predators repeatedly attack
y the Natura Sciences an Engineering Researc Counci novel color morphs of Heliconius butterflies. Evolution 58:2783—

from the predators’ recognized warning signal will most
certainly experience an increased risk of mortality.

Acknowledgments

and the Group of Interuniversity Research in Limnology 2787,

and Aquatic Environment (to M.C.). Research permits fo:=* Lindstrom, L., R. V. Alatalo, A. Lyytinen, and J. Mappes. 2001. Strong

Peru were provided by the Instituto Nacional de Recursos antiapostatic selection against novel rare aposematic prey. Pro-

Naturales (permit 0122-2010-AG-DGFFS-DGEFES). ceedings of the National Academy of Sciences of the USA 98:9181—
9184.

=+ Lynn, S. K. 2005. Learning to avoid aposematic prey. Animal Be-
haviour 70:1221-1226.

Literature Cited =+ Mallet, J. 2010. Shift happens! shifting balance and the evolution of

=+ Alatalo, R. V., and J. Mappes. 1996. Tracking the evolution of warning diversity in warning colour and mimicry. Ecological Entomology
signals. Nature 382:708-710. 35:90-104.

=+ Beatty, C. D., K. Beirinckx, and T. N. Sherratt. 2004. The evolutio.™ Mallet, J., and N. H. Barton. 1989. Strong natural selection in a
of Miillerian mimicry in multispecies communities. Nature 431: warning-color hybrid zone. Evolution 43:421-431.
63—67. =+ Mallet, J., and M. Joron. 1999. Evolution of diversity in warning

=+ Benson, W. W. 1971. Evidence for the evolution of unpalatability color and mimicry: polymorphisms, shifting balance, and speci-
through kin selection in the Heliconiinae (Lepidoptera). American ation. Annual Review of Ecology and Systematics 30:201-233.
Naturalist 105:213-226. =+ Mallet, J., and M. C. Singer. 1987. Individual selection, kin selection,

= . 1972. Natural selection for Miillerian mimicry in Heliconius and the shifting balance in the evolution of warning colours: the
erato of Costa Rica. Science 1976:936. evidence from butterflies. Biological Journal of the Linnean Society

=+ Bocak, L., and T. Yagi. 2009. Evolution of mimicry patterns in Met- 32:337-350.

riorrhynchus (Coleoptera: Lycidae): the history of dispersal and  Mallet, J., N. Barton, G. Lamas, J. Santisteban, M. Muedas, and H.
speciation in Southeast Asia. Evolution 64:39-52. Eeley. 1990. Estimates of selection and gene flow from measures



000 The American Naturalist

of cline width and linkage disequilibrium in Heliconius hybrid the evolutionary ecology of crypsis, aposematism, and mimicry.
zones. Genetics 124:921-936. Oxford University Press, Oxford.

=+ Mappes, J., and R. V. Alatalo. 1997. Effects of novelty and gregari =* Saporito, R. A., R. Zuercher, M. Roberts, K. G. Gerow, and M. A.
ousness in survival of aposematic prey. Behavioral Ecology 8:174— Donnelly. 2007. Experimental evidence for aposematism in the
177. dendrobatid poison frog Oophaga pumilio. Copeia 2007:1006—

=+ Mappes, J., N. Marples, and J. A. Endler. 2005. The complex business 1011.
of survival by aposematism. Trends in Ecology & Evolution 20 =* Sherratt, T. N. 2006. Spatial mosaic formation through frequency-
598-603. dependent selection in Miillerian mimicry complexes. Journal of
=+ Marek, P. E, and J. E. Bond. 2009. A Miillerian mimicry ring in Theoretical Biology 240:165-174.
Appalachian millipedes. Proceedings of the National Academy o.~* . 2008. The evolution of Miillerian mimicry. Naturwissen-

Sciences of the USA 106:9755-9760. schaften 95:681-695.
Miiller, . 1878. Uber die Vortheile der Mimicry bei Schmetterlingen.™* Speed, M. P. 2000. Warning signals, receiver psychology and predator
Zoologischer Anzeiger 1:54-55. memory. Animal Behaviour 60:269-278.
=* Noonan, B. P, and A. A. Comeault. 2009. The role of predator Stiles, E. G., and A. F. Skutch. 1989. A guide to the birds of Costa
selection on polymorphic aposematic poison frogs. Biology Letters Rica. Cornell University Press, Ithaca, NY.
5:51-54. =+ Symula, R,, R. Schulte, and K. Summers. 2001. Molecular phyloge-
=* Noonan, B. P, and P. Gaucher. 2006. Refugial isolation and secondary netic evidence for a mimetic radiation in Peruvian poison frogs
contact in the dyeing poison frog Dendrobates tinctorius. Molecular supports a Miillerian mimicry hypothesis. Proceedings of the Royal
Ecology 15:4425-4435. Society B: Biological Sciences 268:2415-2421.
=+ Pinheiro, C. E. G. 2003. Does Miillerian mimicry work in nature? Turner, J. R. G. 1971. Studies of Miillerian mimicry and its evolution
experiments with butterflies and birds (Tyrannidae). Biotropica in burnet moths and heliconid butterflies. Pages 224-260 in E. R.
35:356—364. Creed, ed. Ecological genetics and evolution. Blackwell, Oxford.
= Poulin, B., G. Lefebvre, R. Ibanez, C. Jaramillo, C. Hernandez, ane™ Wang, 1. J., and H. B. Shaffer. 2008. Rapid color evolution in an
A. S. Rand. 2001. Avian predation upon lizards and frogs in a aposematic species: a phylogenetic analysis of color variation in
Neotropical forest understorey. Journal of Tropical Ecology 17:21— the strikingly polymorphic strawberry poison-dart frog. Evolution
40. 62:2742-2759.

=+ Riipi, M., R. V. Alatalo, L. Lindstrom, and J. Mappes. 2001. Multiplc-’ Zrzavy, J., and O. Nedved. 1999. Evolution of mimicry in the New
World Dysdercus (Hemiptera: Pyrrhocoridae). Journal of Evolu-

benefits of gregariousness cover detectability costs in aposematic
tionary Biology 12:956-969.

aggregations. Nature 413:512-514.
=* Rowland, H. M., E. IThalainen, L. Lindstrom, J. Mappes, and M. P.
Speed. 2007. Co-mimics have a mutualistic relationship despite
unequal defences. Nature 448:64-67. Associate Editor: Edmund D. Brodie, III
Ruxton, G. D., T. N. Sherratt, and M. P. Speed. 2004. Avoiding attack: Editor: Mark A. McPeek

Cloud forests of the Cordillera Escalera, Peru, home to many poison dart frogs. Photograph by Mathieu Chouteau.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


