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Aposematic organisms couple conspicuous warning signals with a
secondary defense to deter predators from attacking. Novel signals of
aposematic prey are expected to be selected against due to positive
frequency-dependent selection. How, then, can novel phenotypes
persist after they arise, and why do so many aposematic species
exhibit intrapopulation signal variability? Using a polytypic poison
frog (Dendrobates tinctorius), we explored the forces of selection
on variable aposematic signals using 2 phenotypically distinct
(white, yellow) populations. Contrary to expectations, local phe-
notype was not always better protected compared to novel phe-
notypes in either population; in the white population, the novel
phenotype evoked greater avoidance in natural predators. Despite
having a lower quantity of alkaloids, the skin extracts from yellow
frogs provoked higher aversive reactions by birds than white frogs
in the laboratory, although both populations differed from con-
trols. Similarly, predators learned to avoid the yellow signal faster
than the white signal, and generalized their learned avoidance of
yellow but not white. We propose that signals that are easily
learned and broadly generalized can protect rare, novel signals,
and weak warning signals (i.e., signals with poor efficacy and/or
poor defense) can persist when gene flow among populations, as
in this case, is limited. This provides a mechanism for the persis-
tence of intrapopulation aposematic variation, a likely precursor to
polytypism and driver of speciation.
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Aposematism is a widespread defensive strategy whereby or-
ganisms use conspicuous signals (i.e., color, sound, odor) to

warn predators of secondary defenses (1), which are often
chemical in nature (i.e., alkaloids, cardiac glycosides, venom) (2).
In principle, aposematic signaling should be subject to strong,
positive frequency-dependent selection (+FDS). This is because,
in order to function efficiently, predators must recognize and
avoid the aposematic signal, and thus novel signals will be se-
lected against due to their rarity. Indeed, theoretical work (3–5),
as well as laboratory (6, 7) and field experiments (8–10) support
this hypothesis. However, there are numerous examples in na-
ture where aposematic species display intrapopulation (11–14)
or interpopulation (14–16) phenotypic variation (polymorphism
or polytypism, respectively). While polytypic species may adhere
to expectations of strong +FDS if predators’ ranges do not include
multiple phenotypically distinct populations, polymorphism would
appear to violate the expectations of +FDS (3, 17, 18).
While the origins of polytypism are subject to rigorous debate,

one likely avenue for a species to evolve polytypism is to first begin
with polymorphism (19, 20). Founding propagules from polymorphic
source populations may, through founder effect (21) or differential
selection (22), allow for interpopulational differentiation, possibly
even speciation. Therefore, understanding how polymorphism can
persist is pivotal to understanding how and why polytypic species
occur (23). Wright’s shifting balance theory (24) has been invoked as

a possible explanation for the existence of polytypism in aposematic
signals (4, 21, 25) as the phenotypic differences among populations
may represent different phenotypic optima for communicating
unprofitability of prey to their potential predators based on
local environmental conditions. Under Wright’s shifting bal-
ance, polytypy may arise due to localized patterns of selection
for local optima. It is worth noting that polytypic populations
may not only reflect populations in which each has reached a
locally distinct phenotypic optimum, but also instances in which
populations have not yet reached an adaptive peak (4, 25), or
have become “stranded” on suboptimal peaks of the fitness
landscape (4, 22).
In order to understand the origin of polytypy, we might first

consider how novel aposematic phenotypes persist within a pop-
ulation by examining the underlying mechanisms that promote or
constrain diversity in aposematic signals. Species that are both
polymorphic and polytypic are ideal subjects to explore the fac-
tors that promote or constrain phenotypic diversity within and
among populations (Table 1). With these, we can examine how
natural populations of predators react to novel phenotypes and
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how they react to, and learn, aposematic signals. By examining
2 populations of the dyeing poison frog (Dendrobates tinctorius)
from northeastern French Guiana that differ in color, but not
pattern (Fig. 1A and SI Appendix, Fig. S1), we sought to explore
patterns of natural selection by avian predators and infer the
conditions necessary to sustain the evolution of novel signals. In
this study, we tested the responses of wild avian predators to
novel phenotypes in situ, and used ex situ experiments with
model predators to explore learning and response to visual and
chemical signals. Coupled with analysis of toxin profiles and
population genetic patterns, these findings present a multifac-
eted perspective of a complex evolutionary phenomenon and
reveal a mechanism for the diversification of aposematic signals
and the species that bear them (Table 1).

Results
Gene Flow Between Populations.Analysis of sequence data obtained
from our 3-enzyme restriction-site–associated DNA (3RAD) librar-
ies yielded 1,505 loci that included at least 1 SNP. For both pop-
ulations, estimated migration rates (26) were found to be <0.0001
(Fig. 1A), effectively indicating complete genetic isolation. Similarly,
analysis of population structure (27) best supported a model of
2 genetic populations with individuals from the yellow population
and the white population grouped separately with very little ge-
netic admixture (Fig. 1A).

Avoidance of Novel Phenotypes. According to previous work, birds
are the most likely selective agent driving phenotypic diversity in
these and other poison frogs (e.g., refs. 28–30). Thus, our results
focus only on avian attacks, although it is worth noting that our
models were also attacked by mammals and arthropods (SI Ap-
pendix, Fig. S2).
In the white population, we recovered 364 yellow-striped,

362 white-striped, and 367 solid white models for a total of
1,093 of the 1,136 models deployed. Of the 1,093 models,
9 yellow-striped, 23 white-striped, and 16 solid white models
were unambiguously attacked by avian predators, for an overall
attack rate of 4.39%. (SI Appendix, Fig. S2). In the yellow pop-
ulation, we recovered 439 yellow-striped, 439 white-striped, and
440 solid yellow models for a total of 1,318 of 1,378 models
deployed. Bird predators attacked 20 yellow-striped, 23 white-
striped, and 23 solid yellow models (SI Appendix, Fig. S2), for an
overall attack rate of 5.01%.

We found a significant interaction between population and
color, such that the novel color (yellow) in Matoury was pro-
portionately less attacked than the local one (white) (estimate ±
SE = −1.131 ± 0.509, z = −2.224, P = 0.026), but not between
population and pattern (estimate ± SE = −0.542 ± 0.458, z =
−1.183, P = 0.237) (Fig. 1B). However, the overall attack rate
was not significantly different for the 2 populations (estimate ±
SE = 0.3516 ± 0.3145, z = 1.118, P = 0.2635), and birds exhibited
no differential avoidance of color (estimate ± SE = 0.147 ±
0.314, z = 0.469, P = 0.639) or pattern (estimate ± SE = 0.144 ±
0.313, z = 0.461, P = 0.645).

Avoidance Learning and Generalization. With model predators, we
found a significant interaction between color and chloroquine
concentration affecting the latency to attack (Cox regression:
estimate ± SE = 0.653 ± 0.289; z = 2.26; P = 0.024). Similarly,
the interaction between color and chloroquine concentration
had a significant effect on the number of trials in which the
chicks attacked the mealworm (estimate ± SE = 0.564 ± 0.239;
z = 2.36; P = 0.018). Based on this, mealworms with a high
chloroquine concentration (highly unpalatable) presented on the

Table 1. Summary table of the questions, predictions, and supporting literature used for this study

Questions Study Prediction of effect on phenotypic diversity Theory support

Is there gene flow between
populations?

Genetic (ddRAD) test of
population connectivity

Constrain: The homogenizing effects of genetic
exchange hinder phenotypic divergence

(91, 92)

How do predators respond to
known and novel signals in the
2 populations?

Plasticine clay models in the field Constrain: Positive frequency dependent selection
will act against novel phenotypes.

(10, 93)

Plasticine clay models in the field Promote: Neophobia/dietary conservatism
will make predators weary about novel forms,
allowing them to thrive

(41–44)

How do predators learn to avoid
different phenotypes, and when
learned, do they extend
experience to novel signals?

Learning and generalization
assays using naïve model
predators

Constrain: Predator learning will favor known
phenotypes and select against novel forms

(81, 94, 95)

Do alkaloid profiles vary between
populations?

Alkaloid characterization between
populations

Promote: Differential alkaloid profiles will
correspond to differential unpalatability and
promote signal honesty

(33, 96)

Does predator response vary in
relation to different alkaloid
profiles?

Behavioral response to known
amounts of alkaloids by model
predators

Promote: Differential predator response to
unpalatability will promote signal honesty

(34, 40)

These questions seek to better understand the overall question of how phenotypic diversity can persist in aposematic species.
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Fig. 1. Distribution, population structure, and predation in the studied
populations. (A) Map in northeastern French Guiana of the 2 populations
displaying migration rate (m) between the 2 populations, white (W) and
yellow (Y), and population admixture with each bar representing an indi-
vidual, and (B) distribution of attacks on clay models within the 2 pop-
ulations. Local/novel indicates local or novel colors to the respective
population. *P < 0.05; NS, nonsignificant results.
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white signal were more likely to be attacked, elicited a shorter
latency to attack (Fig. 2A), and were subject to a higher number
of attacks across trials (Fig. 2B) in comparison to highly un-
palatable mealworms offered in association with a yellow signal.
However, whether or not the chicks learned the offered signal
depended only on the signal color (estimate ± SE = 2.398 ±
0.870; z = 2.755; P = 0.006), and not on the chloroquine con-
centration (estimate ± SE = 0.878 ± 0.780; z = 1.125; P = 0.260).
Thus, chicks that were offered mealworms in association with a
yellow signal were more likely to learn to avoid them, regardless
of distastefulness.
Chloroquine concentration had no effect on generalization of

the alternative signal (estimate ± SE = −0.911 ± 0.999; z =
−0.911; P = 0.362), but signal color did (estimate ± SE = 1.950 ±
0.974; z = 2.001; P = 0.045), such that chicks that had learned to
avoid yellow were more likely to also avoid white than the con-
verse (Fig. 2C).

Population Variability of Alkaloids. We found that the white pop-
ulation has a higher amount of alkaloids than the yellow pop-
ulation (white mean ± SE: 471 ± 80 μg per frog skin; yellow
mean ± SE = 249 ± 33 μg per frog skin; generalized linear model
[GLM]: estimate ± SE = 244.45 ± 105.33, z = 2.321; P = 0.036),
but the amount of alkaloids does not depend on the frog’s size
(estimate ± SE = 21.47 ± 20.85; z = 1.030; P = 0.321). Alkaloid
composition was also significantly different between the 2 pop-
ulations (global R = 0.783; P ≤ 0.001) (Fig. 3). The white pop-
ulation possessed 49 different alkaloids (with multiple isomers for
some) representing 11 different structural classes. These included
8 alkaloids unique to the white population that had not previously
been isolated from poison frogs. The yellow population possessed
46 different alkaloids (with multiple isomers for some) represent-
ing 12 different structural classes. This also included 9 alkaloids
unique to the yellow population that had not previously been iso-
lated from poison frogs (SI Appendix, Table S1). One yellow in-
dividual had 8 times more alkaloids than the population average
(yellow outlier = 2,040 μg per frog skin), likely the result of mea-
surement error, and this outlier was excluded from analysis.

Unpalatability. We conducted 2 skin content assays to assess un-
palatability: 1 that examined natural variation of skin contents

among individual frogs (unpalatability assay A) and a second
that controlled for skin content composition (via dry mass) to
examine how composition affected response (unpalatability assay B).
Skin extracts were added to oats and given to birds to gauge
behavioral response (Methods). In unpalatability assay A, we
found both populations to elicit significantly higher beak wiping
(yellow: estimate ± SE = 1.627 ± 0.485; z = 3.35; P < 0.001;
white: estimate ± SE = 1.318 ± 0.461; z = 2.856; P < 0.01) (Fig.
4A) than the ethanol-soaked oats, but no differences between the
2 populations. Oats coated with the yellow population extracts
were eaten significantly less than control oats (estimate ± SE =
−0.6807 ± 0.2827; z = −2.408; P = 0.016) (Fig. 4C), while those
coated with extracts from the white population did not differ
from controls. These results seem to point at both populations
being unpalatable to some extent, but a tendency for the frogs
from the Kaw Mountains (yellow) to be less palatable than those
from Matoury (white).
Unpalatability assay B revealed that birds exposed to skin

extracts from the yellow population showed aversive behavior
(beak wiping) at a significantly higher rate than those exposed to
the ethanol control (estimate ± SE = 1.250 ± 0.520, z = 2.400,
P = 0.016) (Fig. 4B) and to the extracts of white frogs (estimate ±
SE = 1.030 ± 0.380, z = 2.669, P = 0.008) (Fig. 4B), suggesting
that yellow frogs are more unpalatable. These differences were
not influenced by the quantity of alkaloids found in frogs’ skin
(estimate ± SE = 0.189 ± 0.226, z = 0.838, P = 0.402). Beak
wiping in response to the extracts of white frogs did not differ
from the ethanol-only control oats (estimate = 0.153 ± 0.520, z =
0.293, P = 0.769), and neither population differed from the
controls in the proportion of oats eaten by the birds (Fig. 4D).
Together, these 2 assays suggest that both populations have
enough alkaloids to negatively affect avian predators (unpalat-
ability assay A), but the yellow population appears to have more
aversive compounds (unpalatability assay B) despite its lower
quantity of alkaloids.
To facilitate synthesis of the results of our 5 assays, we sum-

marize them in Table 2 and reference the assay number in the
discussion below.
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Fig. 2. Results of the learning (A and B) and generalization (C) experiments
for white and yellow models. Chickens (G. gallus domesticus) were exposed
to either the yellow or white treatment which were each split into a high
(10%) and low (5%) chloroquine treatment. The results are characterized by
(A) mean latency to attacking distasteful prey and (B) number of trials in
which a bird attacked a mealworm. (C) Bars in white represent the pro-
portion of birds that learned avoidance of the white signal and were ex-
posed to a novel yellow signal while the yellow bars are the opposite
(learned yellow, exposed to novel white). These bars represent both low and
high chloroquine treatments combined. Boxes denote the median and the
25th and 75th percentiles of data distribution. Vertical lines indicate data
range, and circles represent outliers in data distribution. Significant differ-
ences between treatments are denoted by *P < 0.05 and nonsignificant (NS).
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Discussion
Aposematic signals under strong +FDS are expected to quickly
reach an adaptive peak (4). Poor or ineffective signals should, in
turn, quickly be selected against as the population is driven to an
optimal signal given the ecological and evolutionary conditions
present. We provide evidence that, while having a selective dis-
advantage in the field (assay 2) and the laboratory (assay 3), a
poor aposematic signal can persist in the absence of gene flow
(assay 1). This research supports the idea of shifting balance (24)
as a possible explanation for the existence of polytypic pop-
ulations. The yellow and white populations examined here ap-
pear to represent different adaptive optima based on local
conditions. While the Matoury (white) population possesses a
less effective aposematic signal, this may represent a suboptimal
“adaptive peak” rather than a “valley.” Given the asymmetry
between the 2 populations in terms of protection afforded to
novel signals (assays 2 and 3), our research highlights a plausible
scenario whereby a novel white signal may have evolved within a
yellow population and subsequently was isolated through sto-
chastic processes (i.e., genetic drift, founder effects, and so
forth). Following this, the white population, which was limited by

gene flow, climbed a suboptimal adaptive peak among neigh-
boring populations, resulting in fixation of the white phenotype.
We emphasize, however, that the origin of the white phenotype
is currently unknown but does warrant further research.
In examining the Kaw and Matoury populations, we have

demonstrated that a weak aposematic signal can persist and,
further, how novel signals could persist in a population despite
expectations of strong +FDS operating against individuals that
display such signals. The 2 populations examined here have
virtually no gene flow between them (assay 1), suggesting that
more adaptive alleles from the yellow population are not in-
undating the population and overwhelming the weak white signal
(assay 3). We found that predators have greater difficulty
learning avoidance of the white signal (assay 3), and those that
do are less likely to generalize novel signals (assay 3). Further-
more, we showed that yellow signals elicit a stronger aversive
response in model predators than white signals. This apparent
weakness of the white signal is not overcome by the presence of
greater quantities or diversity of alkaloid defenses (assays 4 and
5). While we found differences in alkaloid quantity between the
2 populations (assay 4), with higher amounts in the white pop-
ulation, we found no effect of alkaloid quantity influencing avian
behavior (assay 5). Alkaloid quantities ranged from 104 μg per
frog skin to 833 μg per frog skin (Fig. 3), yet these did not have an
effect on predator behavior. The observed differences in our un-
palatability assays (Fig. 4) are thus likely the result of different
compositions between populations, which we demonstrate are
distinct from one another (Fig. 3). Coupled with the interaction
observed in the chloroquine learning experiments (assay 2), we
can conclude that increased unpalatability (assay 5) can augment
the effectiveness of a strong warning signal, and that there is likely
a subset of the alkaloids present in these frogs that is driving
predator response. We demonstrate that a weak signal cannot be
overcome simply by a stronger defense, and conversely, a strong
signal can further be enhanced by an increased defense (assay 3).
Prior research has focused on toxicity of alkaloids via injec-

tions (31, 32), even suggesting that unpalatability cannot be
empirically assessed for toxins (33). Researchers are beginning to
work on unpalatability assays of anuran toxins in invertebrates
(34–36), but our unpalatability assay provides a practical as-
sessment of distastefulness, as opposed to toxicity (33), of anuran
alkaloids in avian predators in a controlled manner, without
having to use live frogs (33, 37). While informative, toxicity as-
says do not give an evolutionary context to defensive compounds
as predators experience these alkaloids through taste, not via
toxicity effects in the bloodstream (38). Experiments with live
frogs, on the other hand, do not account for interindividual or
interpopulational differences in toxin profiles (as sampling
complete alkaloid profiles is not possible with live frogs) or al-
kaloid amount, which we have found not to relate directly to
unpalatability. Our findings suggest that relationships between
toxicity and coloration (i.e., refs. 32 and 39) may actually be
more complex than previously proposed or nonexistent all to-
gether. This finding aligns with a recent study on nudibranchs,
where it has become clear that toxicity and taste must be dis-
entangled for a better understanding of chemical defenses in
aposematic species (40). To this end, we also demonstrate that it
is possible to quantitatively assess variation in unpalatability
among skin secretions independent of alkaloid content. Future
studies would benefit from greater within-population sampling to
better characterize the extent of intrapopulation variation in the
amount of toxic compounds present.
With our findings we also show how experienced model avian

predators respond to novel signals after learning either yellow or
white frog patterns (assay 3). Predators were more likely to avoid
attacking a novel signal if they had previously learned to avoid
yellow signals. Importantly, this is corroborated by our field ex-
periments with wild predators and clay models in the yellow
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Fig. 4. Results of unpalatability experiments using blue tits (C. caeruleus)
when comparing natural variation of skin contents (unpalatability assay A: A
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Beak wiping is significantly higher in response to extracts from both pop-
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represent outliers in data distribution. Differences denoted by ***P < 0.001;
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population (assay 2) where, counter to expectations of anti-
apostatic selection (6), we observed no difference in attack rates
between known and novel phenotypes. This indicates that the
experienced predators in these areas are likely to avoid attacking
novel signals, thereby allowing novel signals to persist in the
population (if/when they evolve), likely due to phenomena such
as neophobia or dietary conservatism (41–44). Interestingly, in
Matoury we observed that the local (white) form is attacked
significantly more than the novel, yellow-striped form, which,
based on our laboratory experiments, can be explained by the
difficulty predators have in learning avoidance of the white form
and, when they do learn to avoid white, they were less likely to
extend that avoidance to novel forms (assay 3). Avian predators’
avoidance of novel yellow-striped models in the Matoury area
could further be explained by our laboratory experiments where
birds had greater latency to attack yellow models, suggesting that
neophobia may play a role in protecting novel yellow signals.
The most obvious question from the above results is: Why does

the white population persist despite possessing a weak aposematic
signal? If there was an exchange of alleles between the white and
yellow populations, we would expect strong selection against white
coloration and the population should quickly become fixed for
yellow stripes. However, we observe virtually no gene flow be-
tween the 2 populations, and as a result, the individuals in the
white population present a suboptimal aposematic signal (45, 46),
which may be traversing from 1 adaptive peak to another, climbing
a “yellow peak,” or be atop a suboptimal peak, unable to cross a
fitness valley to a more fit yellow phenotype. It is also important to
note that our laboratory experiments do demonstrate that avian
predators can learn to avoid the suboptimal (white) aposematic
signal and that the skin secretions of the Matoury population are
distasteful, so while it may not be as efficient a signal as yellow, it
does offer some protection. In fact, it has been previously sug-
gested that weak signals could evolve and be maintained if pred-
ators are variable in their response toward defended prey (18, 47,
48), and if accompanied by a behavioral adaptation (49). Indi-

viduals in the white population, for example, appeared to be more
secretive and less bold than individuals in the yellow population.
This behavior may aid in the persistence of this population despite
their suboptimal signal.
Our research provides important insight into the origin and

persistence of aposematic signals. Notably, we provide a rea-
sonable mechanism by which a novel signal, even a weak one,
persists via broad generalization of existing/known signals, de-
spite the expectation of +FDS. While we did not observe white
individuals in the yellow population, our results support the idea
that if novel signals were to arise in the yellow population, they
would be protected by the strong yellow signal. This possibility is
supported by the existence of phenotypic polymorphism in some
yellow populations of D. tinctorius, where a variety of patterns
indicates that phenotype is not constrained (13), and that pred-
ators may indeed generalize among them (30). Interestingly,
such color pattern variation in populations with white in their
signals has never been reported. Consequently, this system may
support the idea of an adaptive landscape. It is important to note
that while this is but 1 scenario highlighting how a multipeaked
adaptive landscape could be responsible for poor signals, there
may be others that warrant further research.
Much of our knowledge on the evolution of polymorphism/

polytypism in aposematic taxa has largely focused on mimicry
complexes. In these instances, Batesian (33, 50–52) and Müllerian
(5, 37, 53–56) mimics can diversify as selection matches them to
models and both can drive one another to new phenotypes. These
systems, understandably, allow researchers to investigate mecha-
nisms promoting phenotypic diversity. While this is an important
mechanism in driving phenotypic variation in defended prey species,
our findings differ in that we provide a mechanism for the origin
and persistence of intrapopulation polymorphism in the absence of
a model species. As many aposematic species are not involved in
mimicry complexes, this finding, in particular, is important for our
understanding of how aposematic signals evolve and diversify.

Table 2. Summary of results from the different assays conducted for this study

Study Questions Species tested Results and conclusions

Assay 1: Population genetics Is there gene flow between yellow
and white?

White and yellow D. tinctorius Fig. 1A; Virtually no migration (m
< 0.0001) between populations

Assay 2: Clay models How do predators respond to
known and novel signals in the
yellow and white populations?

Native avian predator community Fig. 1B; White stripes attacked
more in white stripe population;
no differences among models in
yellow population

Assay 3: Learning experiments How do predators learn to avoid
yellow and white, and when
learned, do they extend
experience to novel signals?

Naïve chickens Fig. 2; Naïve predators learned to
avoid yellow faster, hesitate
longer, and extend experience
to novel signals when compared
to white

Assay 4: Alkaloid profiles Do alkaloid profiles vary between
populations?

White and yellow D. tinctorius Fig. 3 and SI Appendix, Table S1;
Populations are distinct in their
alkaloid composition (number,
type, quantity). Wide variation
in alkaloid profiles observed
among populations.

Assay 5: Unpalatability Does predator response vary in
relation to different alkaloid
profiles?

Blue tits Fig. 4; Populations contain
alkaloids more aversive than
controls, but yellow appears to
have more effective secondary
defenses Skin secretions
significantly different from
controls, but variably different
among populations, depending
on concentration/proportions
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Given theoretical constraints imposed by selection, the exis-
tence of polymorphic aposematic signals is a difficult phenom-
enon to explain (but see ref. 57 for a review where this paradigm
is challenged). Herein, we have documented 2 mechanisms that
can promote phenotypic diversity within and among populations.
Polymorphism in aposematic signals may not be selectively dis-
advantageous due to broad generalization by predators that have
learned to avoid a sufficiently strong signal, and weak signals may
occur at high frequencies (up to fixation) when gene flow among
populations is limited. Novel aposematic signals can indeed per-
sist, and some signals, despite being weak, may endure and even
become fixed in a population. Together, these findings contribute
to our understanding of the forces generating the diverse array of
aposematic signals seen across the animal kingdom.

Methods
Field Sampling. The 2 focal populations were Matoury, French Guiana
(4.897°, −52.350°), where frogs have white stripes, and the Kaw Mountains
(4.542°, −52.158°), French Guiana, where frogs have yellow stripes, hereafter
referred to as white and yellow, respectively. These sites were chosen be-
cause frogs have the same pattern (stripes on a black body with blue legs)
but differ in the color of their stripes (white and yellow) (Fig. 1A). We col-
lected frogs from white (n = 10) and yellow (n = 8) populations in 2013 and
2014. Notably, we initially collected 2 frogs from the Kaw Mountains in
2013, which were used for molecular analysis, but to increase sample size for
alkaloid variability, we collected 6 additional frogs in 2014. Frogs were killed
by deep-freezing to avoid possible contamination from killing agents (58).
Livers were preserved in 95% ethanol, and whole skins were preserved in
100% methanol for subsequent alkaloid analysis. Skins were stored in 4-mL
glass vials with PTFE caps.

Gene Flow between Populations. To assess gene flow between populations,
we examined thousands of variable sites (SNPs) across the D. tinctorius ge-
nome that could then be used to estimate population demography. To do
this, we employed the 3RAD method of refs. 59 and 60. Samples were
digested in a reaction that contained 100 ng of DNA, 20 units of each of
3 restriction enzymes (XbaI, EcoRI-HF, and NheI-HF; New England Biolabs),
1× NEB Cutsmart Buffer, 1 μL of both a forward and reverse double-stranded
adapter at 5 μM and water to 15 μL total volume. Enzymes were chosen
based on an in silico digest of the genome of Xenopus laevis, which sug-
gested these enzymes would produce ∼3,500 unique loci within the desired
size range of 300 to 350 bp. Each adapter contained a 6- to 9-bp barcode and
each sample was assigned a unique forward and reverse barcode combina-
tion. Digestions were carried out at 37 °C for 1 h and followed immediately
by the addition of ligation mix. As adapters were already present in di-
gestion reactions, the ligation mix consisted of 1.5 μL of 10 mM rATP (New
England Biolabs), 0.5 μL 10× ligase buffer (New England Biolabs), 100 units
T4 DNA Ligase (New England Biolabs), and water to 5 μL. Ligation reactions
were incubated for 2 cycles of 22 °C for 20 min and 37 °C for 10 min followed
by 20 min at 80 °C. Ligated samples were then cleaned by mixing with
1.2 volumes of Sera-mag Speedbeads (Fisher Scientific; prepared as in ref.
61), 2 washes of 70% ethanol, and eluted from beads with 20 μL of IDTE pH 8
(Integrated DNA Technologies). Samples were then amplified in 20-μL re-
actions with 10 μL of postbead template, 1× HIFI Buffer (Kapa Biosystems),
0.75 μL dNTPs (Kapa Biosystems), 0.5 μL HIFI DNA polymerase (Kapa Bio-
systems), 0.5 μM iTru5 and iTru7 primers containing sample-specific 8-bp
barcodes, and H2O to 25 μL total volume. Library amplification began with
3 min at 95 °C followed by 16 cycles of 98 °C for 20 s, 55 °C for 15 s, and 72 °C
for 30 s, followed by a 5-min extension of 72 °C.

Success of individual PCRs was determined by gel electrophoresis. When
digestion, ligation, and amplification were successful, 10 μL from each PCR
were pooled into sets of 24. Each pool was concentrated down to 30 μL using
a Qiagen PCR purification column and then run in a single lane of a 1.5%
Pippin Prep gel cassette (Sage Science) selecting for fragments sized 400
to 450 bp. Selected sized fragments were removed from Pippin elution
wells and used directly in qPCR library quantification (Kapa Biosystems) and
Illumina Sequencing on a NextSEq. 500 to obtain single-ended, dual-indexed
reads of 75 bp. Libraries were sequenced in the National Center for Natural
Products Research, University of Mississippi.

Raw reads were downloaded from Basespace using basespacerundownloader
(Illumina) and demultiplexed using BCL2FASTQ (Illumina) allowing up to 2-bp
errors in barcodes as our barcodes had 3-bp degeneracy built in. After
demultiplexing, each sample was trimmed from the beginning of each read to

remove remaining internal (adapter) barcode and restriction site overhang. All
samples were then trimmed to 58 bp in length to prevent downstream diffi-
culties in assignment of homology. Loci were identified within individuals and
aligned among individuals using pyRAD (62).

Population Genetic Analysis. We used the SNP data with the Bayesian co-
alescent program G-PhoCS (Generalized Phylogenetic Coalescent Sampler)
(26) to estimate rates of migration between the 2 populations. Six in-
dependent, simultaneous runs were conducted, each with a 500,000 Markov
chain Monte Carlo iterations, which were then compiled for a total of
3,000,000 iterations. We used a 10% burn-in independently for each run,
which resulted in 2,700,000 iterations from which summary statistics were
calculated. We defined a constant mutation rate in order to conduct these
analyses as a constant mutation rate would be a null assumption when
lacking data, suggesting fluctuating mutation rates over evolutionary his-
tory (26). Bidirectional migration rates between the 2 populations were then
calculated in G-PhoCS. We examined population structure between the
2 populations using snmf function in the LEA R package (27). We tested from
1 up to 10 populations and ran 1,000,000 iterations.

Avoidance of Novel Phenotypes. Plasticine clay model experiments are com-
monly used to assess predator responses to novel aposematic signals (e.g.,
refs. 29 and 63–65). These allow observation of predation attempts and
provide insight into selection pressures on various phenotypes. We con-
structed 45-mm-long (snout to vent) replica frogs using Van Aken polymer
modeling clay (29, 66), which does not harden and retains evidence of pre-
dation attempts. We poured melted clay into silicone molds made from plastic
model replicas (67). In order to assess how predators responded to novel colors
and patterns, we created models as follows. In the white population, we
deployed models with the local color (white), that could have either the local
pattern (stripes) or a new pattern (solid white), and also individuals with the
local pattern (stripes), but a different color (yellow). Conversely, in the yellow
population, we had a novel color (white) with the local pattern (stripes), but
also the local color (yellow) both with the local pattern (stripes) and a novel
pattern (solid yellow). All models had blue legs (as do both populations sam-
pled), and the stripes were placed on a black body. Both dendrobatid frogs
and the polymer clay have been shown to lack UV reflectance (28). Both stripes
and eyes were created with clay and affixed to models (63).

Models were placed along transects on which 3 model types were ran-
domized with 1 model every 5 m (29, 68). The 3 model types for each location
were local color and pattern, local color and novel pattern, local pattern and
novel color, ensuring that at least 1 component of the aposematic signal was
familiar to predators. Transects were separated by at least 100 m. We placed
7 transects from 495 m long to 1.5 km long in the white population and
13 transects from 495 m long to 1.5 km long in yellow population. Models
(1,378 and 1,136 in the yellow and white populations, respectively) were left
for 72 h to allow for predation attempts (29, 63). Following this period, we
collected models and determined which ones had been attacked by avian
predators. Avian attacks were recognized by a characteristic U or V shape, as
well as stab marks. We focused on attacks by avian predators because they
are likely the most important in driving phenotypic diversity in conspicuous
signals given their ability to discern different colored phenotypes (69, 70).
The nonavian organisms that attack plasticine models, namely arthropods
and mammals, are also capable of seeing at least differences in brightness,
but mostly forage following chemical cues, making the biological interpre-
tation of their attacks difficult (71, 72). Similarly, snakes, which are some of
the few known predators of poison frogs (73, 74), can also see color, but
they are highly motivated by movement and chemical cues, making it highly
unlikely that they would attack clay models.

Clay Model Data Analysis. If models had multiple bite marks, they were scored
as a single predation attempt as we were not able to determine whether
1 predator attacked multiple times or multiple predators attacked once (29).
Missing models were excluded from the analysis (43 of 1,136 and 57 of
1,378 for white and yellow, respectively). We used a general linear mixed
model (GLMM) with binomial distribution to compare predation attempts
among phenotypes (novel/local pattern, novel/local color) at both sites to
determine whether aposematic signal is a predictor of predation risk, using
transect ID as a random factor. Thus, we used color novelty (y, n), pattern
novelty (y, n), and population (w, y) as independent variables, and tested for
their effect on whether each model was attacked (1) or not (0). Therefore,
local or novel traits to the avian community are what are notable in this
analysis rather than individual clay model phenotypes.
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Avoidance Learning and Generalization. As avian predators are the likely
drivers of aposematic signal evolution in D. tinctorius (29, 30, 63), we used a
model avian predator, the domestic chicken (Gallus gallus domesticus), to
assess how naïve predators learn and extend experience (generalize) with
aposematic signals. Chickens are well-known for their capabilities of rec-
ognizing and learning different colors quickly (75), and thus widely used in
this type of experiment (33, 37, 76–79). We trained naïve 1-wk-old chickens
to eat mealworms (Tenebrio molitor) from a Petri dish with an image of a
frog beneath the dish. Frogs were printed illustrations that were brown
(control) or had white or yellow stripes on a black body and blue legs, similar
to the clay models (SI Appendix, Fig. S3). White and yellow colors were taken
from photographs of frogs in the white and yellow populations, re-
spectively, using the color dropper tool in Photoshop. Unmodified meal-
worms were served in association with the control, brown frog, whereas
mealworms associated with white- or yellow-striped frogs were tainted with
a distasteful chloroquine solution. Using this design, we measured predator-
learning rates for white-striped and yellow-striped frogs and then explored
their response to similar, but novel aposematic signals. To make mealworms
distasteful, we soaked them in a chloroquine diphosphate (98%, Arcos Or-
ganics) solution, which is an alkaloid and known to be distasteful, but not
harmful, to birds (80, 81). Over successive trials, we examined whether chicks
would learn to avoid distasteful mealworms associated with an aposematic
signal, with learning defined as 3 consecutive refusals of a distasteful
mealworm (82). Once a chick learned to avoid a particular aposematic signal,
it was presented with the other signal (e.g., trained to avoid yellow stripes,
presented with white stripes). We further examined the effect of distaste-
fulness level on learning by varying levels of distastefulness by training
chicks with mealworms that had been soaked in either a 5% or 10% chlo-
roquine solution for 1 to 3 h. Chicks were equally divided (n = 15 per
treatment; 60 chicks total) into 4 different treatments: 5% chloroquine with
a yellow signal, 5% chloroquine with a white signal, 10% chloroquine with a
yellow signal, and 10% chloroquine with a white signal. Thus, we were able
to explore avoidance in the context of associated color or distastefulness
(chloroquine concentration). The trials were done in 30-cm × 60-cm wooden
compartments under full spectrum lights. Chicks were placed individually
into a compartment and allowed to habituate for 2 h. Chicks were food-
deprived during this acclimation period to ensure motivation to feed during
the trials. Once in the compartment and after the 2-h acclimation period,
training consisted of teaching the chicks to eat a dried mealworm from a
Petri dish on top of an illustration of a brown frog on a tan background. The
training phase was completed once the chick had eaten 3 consecutive times,
after which we allowed the birds to rest for a period of 5 min.

The avoidance-learning trials consisted of the consecutive presentation of
mealworms on a Petri dish on top of an illustration of D. tinctorius on a tan
background. (i.e., a frog with either white or yellow dorsal stripes) (SI Ap-
pendix, Fig. S3). We recorded the latency (i.e., the time until the chick
approached and picked up the mealworm) and noted any behavioral re-
action to the distastefulness of the mealworm after tasted or eaten. Such
behaviors most often involved beak wiping and head shaking. Each trial ran
for 5 min, followed by 5-min rest, after which a new Petri dish with an
unpalatable mealworm was offered. This procedure was repeated until the
chick refused to eat the mealworm over 3 consecutive trials, at which point
the chick had learned the signal. The test ended either when chicks
“learned” the signal or proceeded through 10 trials, whichever came first. If
chicks proceeded through 10 trials without 3 consecutive refusals, they were
considered to not have learned the signal. When a chick did not eat the
chloroquine-soaked mealworm on the D. tinctorius pattern, a palatable
mealworm was offered on the neutral (brown frog) background, which the
chick did not associate with an unpleasant experience. In that way, we made
sure that the chicks had refrained from eating the treated mealworm be-
cause of an association with the warning signal, rather than satiation. In
5 cases, chicks stopped eating and subsequently refused the palatable
mealworms, and as a result were excluded from analysis. In these cases, we
tested additional chicks to ensure each treatment had 15 replicates. We
registered the number of trials that it took for each chick to learn to avoid
an aposematic (white or yellow) signal.

The next step was to run a generalization trial, which aimed to test
whether, once a signal was learned, the aversion would be extended to other
signals. Therefore, after the 3 trials in which the chick would refrain from
eating the presented mealworm, chicks were given a 5-min rest, and then a
new unpalatable mealworm was presented in association with the other
(white/yellow) aposematic signal. The unpalatable mealworm had the same
chloroquine concentration on which the chick was originally trained. Chicks
that had learned to avoid yellow-striped frog images were presented with a
mealworm atop a white-striped frog image, and vice versa. We recorded the

chicks’ response both as a binary variable (whether the mealworm was eaten
or not) and the hesitation time. Generalization trials were only conducted
on chicks that learned to avoid a signal in the first set of trials. Chicks were
considered to have generalized avoidance to the novel signal if they avoided
the first presentation of the novel signal. This situation best simulates
choices wild predators that have learned to avoid a locally common apose-
matic signal would make when encountering a novel signal. All trials, both
avoidance learning and generalization, were filmed in order to extract de-
tails on the chick’s behavior afterward. See SI Appendix, Fig. S3 for a sche-
matic on how the learning and generalization experiments were conducted.

Learning Experiment Data Analysis. We analyzed the data from the learning
experiments using a GLMM in 2 ways. First, we used a survival analysis (Cox
regression) to examine the effect of color and chloroquine content (5% vs.
10%), and the interaction between the 2, on the latency to attack (i.e., time to
event) eachmealworm. Chick IDwas included in themodel as a random factor
to account for repeated presentations to the same individual. Then, for each
chick, we counted the number of trials in which the mealworm was attacked,
to amaximumof 10, andwhether or not the chicks learned to avoid the signal
they were presented (as defined by 3 consecutive refusals). In the first case,
we used a Poisson error distribution, whereas in the second we used a bi-
nomial distribution. In both cases, our predicting variables were color,
chloroquine concentration, and the interaction between the 2. Finally, we
used a last GLMM to test whether the chloroquine concentration and the
color of the signal learned predicted whether or not the chicks would
generalize their learned aversion to the alternative signal. All analyses were
done in R (83), with the RStudio interface and using the packages lme4 (84)
and coxme (85).

Population Variability of Alkaloids. Whole frog skins were collected from
18 specimens (8 yellow, 10 white) and stored in 4 mL of methanol. Alkaloids
were extracted and analyzed from skins using the procedure outlined in ref.
34, which is described here briefly. One milliliter of each methanol extract
was transferred into a 10-mL conical vial and 10 μg of nicotine as an internal
standard [(-)-nicotine ≥ 99%, Sigma-Aldrich] and 50 μL of 1N hydrochloric
acid (to acidify the solution) were added. Each sample was then mixed and
evaporated with nitrogen gas to a volume of 100 μL. Subsequently, each
sample was diluted with 200 μL of deionized water. The samples were then
extracted with 4 300-μL portions of hexane. The resulting hexane (organic)
layer was disposed of and the remaining aqueous layer was basified with
saturated sodium bicarbonate. Basicity was tested with pH paper. Once the
pH was greater than 7, each sample was extracted with 3 300-μL portions of
ethyl acetate. Anhydrous sodium sulfate was added to the newly extracted
mixture to remove any excess water. The remaining samples were carefully
evaporated to dryness with nitrogen gas. Alkaloid fractions were resus-
pended in 100 μL of methanol and stored at −20 °C.

Gas chromatography-mass spectrometry (GC-MS) was performed for each
individual frog on a Varian Saturn 2100T ion-trap MS instrument, which was
coupled to a Varian 3900 GC with a 30-m × 0.25-mm inner diameter Varian
Factor Four VF-5-ms fused silica column. GC separation of alkaloids was
achieved using a temperature program from 100 to 280 °C at a rate of 10 °C
per minute with helium as the carrier gas (1 mL/min). Each alkaloid fraction
was analyzed in triplicate with electron impact MS and once with chemical
ionization (CI) MS with methanol as the CI reagent.

Individual alkaloids of D. tinctorius were identified based on comparison
of MS properties and GC retention times with those of previously reported
alkaloids in dendrobatid frogs (86). Alkaloid quantities for each individual
frog were calculated by comparing the average observed peak area of in-
dividual alkaloids to the average peak area of the nicotine standard from
the triplicate electron ionization-MS analyses using a Varian MS Workstation
v.6.9 SPI. Only alkaloids that were present in quantities of ≥0.5 μg were in-
cluded in the analyses (34). We compared average alkaloid quantity between
populations with a GLM with Gaussian distribution using the frog’s body size as
a covariate. Differences in alkaloid composition among individual frogs from
each population were graphically visualized using nonmetric multidimensional
scaling (nMDS), and statistical differences were examined with a 1-way analysis
of similarity (ANOSIM). nMDS and ANOSIM statistics were based on Bray–Curtis
similarity matrices, and were performed in PRIMER-E (v5).

Predator Response to Chemical Defenses. Prior research into dendrobatid
alkaloids has largely quantified toxicity through either LD50 (31) or sub-
cutaneous injections (32, 33) (but see refs. 34 and 35 for assays on alkaloid
unpalatability using arthropods as predators), which, while informative, are
limited in their evolutionary significance, as predators experience alkaloids
through ingestion, not injection into the bloodstream or musculature (38). In
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other studies (33, 37), naïve chickens have been offered live frogs, which
does not allow investigators to account for interindividual variation in toxin
profiles and alkaloid amounts. This is because the amount of alkaloids in
living frogs cannot be known and, thus, the most aversive response may be
assumed to result from the highest amount of alkaloids. Consequently, we
sought to examine unpalatability of skin extracts, as this is what drives
predator decision making, in a controlled manner. We used an additional
1 mL of the methanol extract from the same skins of the 18 assayed frogs
(10 white, 8 yellow) and prepared toxins for 2 unpalatability assays using
wild-caught blue tits (Cyanistes caeruleus), which have been shown to be
able to respond to subtle variations in animal chemical defenses (87, 88).
These methanol extracts were not fractionated and were simply whole ex-
tracts of skin contents.

We assessed skin contents in 2 ways. First, we took equal proportions of
methanol extracts (unpalatability assay A). This represents how predators
respond to natural variation among individuals. Our second assay (un-
palatability assay B) sought to examine how skin content composition af-
fected predator response by controlling for dry weight of the skin contents.
This aids in inferring how different alkaloid profiles coupledwith nonalkaloid
content impact predator response. We note, however, that predator re-
sponses could be skewed if nonalkaloid content varied among individuals (see
below). The 2 different assays were identical except for the skin secretion
toxin preparation. The purpose of doing 2 assays was to attempt to 1) un-
derstand how toxins influence predator response and 2) ensure that nontoxin
components of skin secretions do not disproportionately affect results and
mask potential aversion to the alkaloids. For each assay, we tested 1 frog
sample with 1 bird (white, n = 10, yellow, n = 8), with 6 control birds for the
first assay and 7 control birds for the second assay.

In unpalatability assay A, we diluted each methanol extract equally,
evaporating 1.0 mL of methanol to dryness under N2, and then reconstituted
with 0.5 mL ethanol regardless of dry mass. We added 15 μL of the recon-
stituted sample to each oat and allowed the oats to dry. These oats would
then be presented to birds. While this is a more realistic scenario of how
birds would respond to natural variation among these frogs, we sought to
control for dry mass in an effort to examine how composition affected re-
sponse. Thus, we conducted a second assay that controlled for dry mass.

For unpalatability assay B, we evaporated 1 mL of methanol extracts to
dryness and weighed to determine the approximate quantity of skin content
present for each sample (notably, this included everything in the methanol,
such as mucus, cholesterol, fatty acids, carotenoids, and so forth, which, while
not necessarily defensive in nature, their presence may impact the efficacy of
distasteful alkaloids). Samples were then reconstituted in a volume of ethanol
such that the concentration of toxin for each sample was the same based on
the mass of the dried sample (approximately 1:1 toxin mass to ethanol).
Toxins extracts were then transferred to oats (15 μL per oat) and allowed to
dry. This was in an effort to control for the quantity of toxins present in the
extracts and not allow individual variation in alkaloids quantity skew results.
However, if the mass of the nonalkaloid content varied among frogs, espe-
cially in a manner independent of alkaloid mass, this may have unintentionally
altered our concentrations among samples, eliciting nonbiologically relevant
behaviors among the birds.

Prior to experiments, blue tits were trained to eat untreated oats. After
training, birds were given oats to which toxins had been added following the
protocol described in Burdfield-Steel et al. (88). Aversive behavior (i.e., beak
wiping) and percentage of oat eaten were recorded.

For each assay, each of 2 oats were soaked with 15 μL of extract of 1 frog
skin and left for 24 h at room temperature to ensure that all ethanol had
evaporated. Two other oats were soaked—and subsequently allowed to dry
for 24 h—with 15 μL of pure ethanol and used at the beginning and end of
the experiment with each bird. The first ethanol-only oat needed to be
consumed entirely by the bird before the experiment could be initiated, to
ensure motivation to eat; the second ethanol-only oat was offered in the
final trial to ensure that the birds were not refusing to eat the oats coated
with toxins due to satiation or lack of motivation to eat in general. Birds in
the control treatment received oats soaked with pure ethanol for all trials in
order to compare directly the response of birds to oats containing frog
toxins versus oats with ethanol only.

Each oat (1 at a time) was presented on a hatch that had a visual barrier,
which allowed us to detect the exact moment at which the oat was seen, which
set the actual beginning of the trials. We measured the number of times the
bird wiped its beak, which is a known aversive behavior (89), and the per-
centage of the oat eaten. Birds were watched for a 2-min period after they
finished eating the oats, or for a maximum of 5 min in those instances in which
the oat was not fully eaten, to make sure that any delayed response to the oat
taste would not be missed. Data were analyzed using GLMM using the
package lme4 (84). We entered frog population as the predicting variable,
while number of times the beak was wiped and percentage of oat eaten were
entered as the response variables. Because the response of each bird was
measured twice, we included bird ID as a random factor. Given that the du-
ration was not the same for all trials, we used the function “offset” in R to
account only for the effect of population on our response variable once the
effect of duration was controlled for. These and all other statistical analyses
were done in R (83) using the RStudio interface (90), unless stated otherwise.

Ethics Statement. Chick and blue tit experiments were conducted under
University of Mississippi Institutional Animal Care and Use Committee pro-
tocols 14-025 and 14-026 and the Central Finland Centre for Economic De-
velopment, Transport, and Environment and license from the National
Animal Experiment Board (ESAVI/9114/04.10.07/2014), and the Central Fin-
land Regional Environment Centre (VARELY/294/2015), respectively.

Data Availability. Data supporting the findings reported in this study are
available from the data repository of the University of Jyväskylä (DOI:
10.17011/jyx/dataset/65263).
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