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abstract: While divergent ecological adaptation can drive specia-
tion, understanding the factors that facilitate or constrain this pro-
cess remains a major goal in speciation research. Here, we study two
mimetic transition zones in the poison frog Ranitomeya imitator, a spe-
cies that has undergone a Müllerian mimetic radiation to establish four
morphs in Peru. We find that mimetic morphs are strongly phenotyp-
ically differentiated, producing geographic clines with varying widths.
However, distinct morphs show little neutral genetic divergence, and
landscape genetic analyses implicate isolation by distance as the primary
determinant of among-population genetic differentiation. Mate choice
experiments suggest random mating at the transition zones, although
certain allopatric populations show a preference for their own morph.
We present evidence that this preferencemay bemediated by color pat-
tern specifically. These results contrast with an earlier study of a third
transition zone, in which a mimetic shift was associated with reproduc-
tive isolation. Overall, our results suggest that the three knownmimetic
transition zones inR. imitator reflect a speciation continuum, which we
have characterized at the geographic, phenotypic, behavioral, and ge-
netic levels. We discuss possible explanations for variable progress
toward speciation, suggesting that multifarious selection on both mi-
metic color pattern and body size may be responsible for generating
reproductive isolation.

Keywords: mimicry, ecological speciation, landscape genetics, mate
choice, approximate Bayesian computation.

Introduction

Divergent selection among populations inhabiting differ-
ent ecological conditions has been shown to generate re-
productive isolation (Hatfield and Schluter 1999; Jiggins
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et al. 2001; Nosil et al. 2003; McKinnon et al. 2004; Cham-
berlain et al. 2009), a process known as ecological specia-
tion (Schluter 1996; Nosil 2012). Despite wide apprecia-
tion for the role of divergent adaptation in speciation, our
understanding of the factors that promote or inhibit incip-
ient population divergence remains limited. Studies have
found that, while divergent selection can often initiate spe-
ciation, there is substantial variability among natural sys-
tems in how far speciation has progressed (Funk et al. 2006;
Rosenblum 2006; Mallet et al. 2007; Hendry et al. 2009; Nosil
et al. 2009; Seehausen 2009; Merrill et al. 2011; Rosenblum
and Harmon 2011). This variability in stage of speciation is
often referred to as the “speciation continuum,” and a major
goal in speciation research is to understand the conditions
that influence progress along this continuum.
Comparative studies based on natural replicates of pop-

ulation divergence offer a powerful approach for under-
standing the conditions that facilitate or constrain ecolog-
ical speciation (Jiggins et al. 2004; Rosenblum 2006; Berner
et al. 2009; Rosenblum and Harmon 2011). One approach
involves studying multiple species that have diverged across
a common ecological setting, revealing inherent properties
of species that facilitate or constrain ecological speciation.
For example, in a study of replicated ecological divergence
of three lizard species across a common ecological gradient
(a white sands/dark soil ecotone), Rosenblum and Harmon
(2011) found that population divergence was strongest in a
habitat-specialist species with low dispersal rates and weakest
in a generalist species with high dispersal rates, suggesting
that variation in dispersal rates among species may explain
differentialprogress towardspeciation.Alternatively, by study-
ing a single species (or species pair) that has undergone repli-
cated divergence across a range of ecological settings, we can
understand how ecological differences can facilitate or con-
strain speciation (Jiggins et al. 2004; Berner et al. 2009; See-
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hausen 2009). A good example of this approach is the cichlid
species pair Pundamilia pundamilia and Pundamilia nyererei,
in which reproductive isolation between the two species in-
creases with increasing water clarity (Seehausen et al. 2008;
Seehausen 2009). By identifying additional examples of rep-
licated ecological divergence, we can better understand the
properties of species and environments that are conducive
to ecological speciation.

Hybrid zones (also referred to as contact zones, transi-
tion zones, or clines, depending on the context) have been
important for speciation research, as they often reflect a
balance between the diversifying effects of local adaptation
and the homogenizing effects of gene flow and migration
(Barton and Hewitt 1985). Because hybrid zones occur be-
tween species or populations that can still exchange genes,
they provide insight into reproductive barriers that arise
early in the process of speciation. Three general mecha-
nisms are thought to produce stable clines: (1) environ-
mental ecotones, (2) heterozygote disadvantage, and (3) pos-
itive frequency dependence (Haldane 1948; Endler 1977;
Szymura and Barton 1986; Mallet and Barton 1989). A cline
formed from an ecotone reflects local adaptation of a single
species to distinct, abutting environments (e.g., the White
Sands lizards mentioned above). In a cline formed by hetero-
zygote disadvantage, selection against recombinants in the
zone center acts as a hybrid sink, which can slow gene flow
between parental forms (Barton and Hewitt 1985). Finally,
positive frequency-dependent selection can lead to stable
clines between distinct forms. As with clines formed by het-
erozygote disadvantage, clines based on positive frequency
dependence are not regulated by external environmental
factors and thus may move over time (Barton and Hewitt
1985).

Aposematic signals represent a clear example of a trait
that is under frequency-dependent selection (Endler and
Greenwood 1988; Greenwood et al. 1989). Signals under pos-
itive frequency dependence are predicted to be uniform (Joron
andMallet 1998), bringing into question the initial source of
signal divergence among populations. In certain cases, such
asMüllerianmimicry, signal divergence is predicted if differ-
ent populations are subject to selection to resemble different
model species. Thus, Müllerian mimicry is an intriguing
mechanism driving population divergence, in that we fre-
quently observe (1) signal uniformity within populations
and (2) signal divergence between populations. Divergence
in mimicry appears to be responsible for speciation in the
Heliconius butterflies in many cases (Jiggins 2008) and may
also have driven speciation in certain groups of reef fish
(Puebla et al. 2007). The dendrobatid poison frogRanitomeya
imitator is a Müllerian mimic (Symula et al. 2001; Stuckert
et al. 2014a, 2014b) that has undergone rapid diversification
in color pattern to establish four distinct morphs in north-
central Peru (Twomey et al. 2013). Based on previous re-
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search (Yeager 2009; Yeager et al. 2012; Twomey et al. 2013)
and ongoing fieldwork, a relatively clear geographic picture
of the R. imitatormimicry system is emerging. There are four
mimetic morphs of R. imitator, each of which resembles a
distinct model species (fig. 1). The geographic distributions
of each morph appear to form a mosaic, with narrow transi-
tion zones forming where mimetic morphs come into con-
tact. Thus far we have found three such transition zones
(fig. 1), all of which involve a transition between the striped
morph and some other morph. The mimetic radiation of R.
imitator represents an excellent system in which to study
the role of mimicry in speciation for several reasons. First,
the initial source of mimetic divergence is relatively clear,
in that various morphs of a single species have diverged to
resemble different model species. Second, all the mimetic
morphs belong to a single species; thus, we can study repro-
ductive barriers that arise in the earliest stages of population
divergence. Third, there is replicated ecological divergence
in R. imitator, in that there are three known instances of
mimetic divergence between the striped morph and another
morph. Fourth, different mimetic morphs appear to have un-
dergone varying levels of morphological divergence, which
allows us to address whether the strength or diversity of color
pattern divergence is positively correlated to the strength of
reproductive isolation.
The main purpose of this article is to study two mimetic

transition zones in R. imitator to address whether mimetic
divergence is driving reproductive isolation between dif-
ferent mimetic morphs. Specifically, we characterize the
extent of mimetic, genetic, and behavioral divergence across
these transition zones. In a previous study (Twomey et al.
2014a), we used a combination of color pattern quantifica-
tion, cline analysis, mate choice experiments, and landscape
genetics to study reproductive isolation across the striped-
varadero transition zone. In that study, we found that mi-
metic divergence appears to have led to a breakdown in
gene flow between morphs, possibly facilitated by assorta-
tive mating, which is consistent with the idea that mimetic
divergence is driving ecological speciation in this system.
In this study, we use the same methods to study two addi-
tional transition zones (banded-striped and spotted-striped;
fig. 1) to determine whether mimetic divergence has led to
reproductive isolation more generally. From earlier results,
if mimetic divergence is driving reproductive isolation, we
predict that (1) phenotypic clines should be relatively narrow
(!4 km), (2) mimetic morphs should demonstrate genetic
divergence (above what is predicted by geographic distance
alone), and (3) different mimetic morphs should exhibit
mating preferences toward their own morph. As we now
have data on three independent cases of mimetic divergence
within a single species, we can compare all three transition
zones, which allows us to investigate the factors explaining
differential progress toward speciation.
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Methods

The methods of this article largely follow those of Twomey
et al. (2014a). That study focused on a single mimetic tran-
sition zone in Ranitomeya imitator. Here, we focus on two
additional transition zones. Therefore, for consistency and
to facilitate direct comparisons among all three transition
zones, the description of the methods here closely follows
that in Twomey et al. (2014a). All data are deposited in
the Dryad Digital Repository: http://dx.doi.org/10.5061
/dryad.95tv3 (Twomey et al. 2016).
Sample Collection and Description of Transects

For the color pattern analysis across the banded-striped
transect, we sampled 125 R. imitator from 11 localities
in the departments of San Martín and Loreto, Peru (table
A1; tables A1–A7 available online). These localities form
a roughly southwest-northeast linear transect along the
HuallagaRiver (fig. 1), approximately from the townof Sauce,
in San Martín, to the lowlands near the city of Yurimaguas.
For genetic analyses, we sampled 158 R. imitator from 11 lo-
calities. We included an additional 91 samples from 11 local-
ities from Twomey et al. (2013) and 36 samples from one lo-
cality from Twomey et al. (2014a), for a combined data set
of 285 individuals from 16 localities (table A1).We calculated
transect position for each sampling locality as the straight-
line distance from the estimated center of the transition zone.
Localities southwest of this point were given a negative sign
and those northeast of this point a positive sign. The initial
center point (latitude 26.55847, longitude 275.95177) used
in this calculation was based on field observations where
an apparent shift in color pattern occurred. Therefore, in
our cline analyses, center estimates close to 0 indicate that
the inferred cline center was consistent with our field obser-
vations. For details on cline fitting, see appendix, available
online.

For the color pattern analysis of the spotted-striped tran-
sect, we sampled a total of 140 R. imitator from eight local-
ities in San Martín and Loreto (table A2). With the excep-
tion of the Pinto Recodo locality, these localities form a
roughly linear transect running south to north, extending
approximately from the city of Tarapoto to the lowlands
near the city of Yurimaguas. For the genetic analysis of this
transect, we sampled 82 R. imitator from seven localities. In
addition, we included 33 samples from three localities from
Twomey et al. (2013) and 36 samples from one locality from
Twomey et al. (2014a), for a combined data set of 151 indi-
viduals from eight localities (table A2). As with the previous
transect, we calculated transect position for sampling local-
ities as the straight-line distance from an estimated transi-
tion zone center (for the spotted-striped transect, this cen-
ter point was 26.36297, 276.29397).
This content downloaded from 150
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We also took color pattern measurements from the fol-
lowing model species and populations: seven individuals of
lowland Ranitomeya variabilis from Pongo de Cainarachi
(the model for the striped morph of R. imitator), seven in-
dividuals of highland R. variabilis from San Jose (the model
for the spotted morph of R. imitator), and six individuals
of Ranitomeya summersi from Sauce (the model for the
banded morph of R. imitator).
Color and Pattern Data

Frog color (hue and brightness) was quantified by measur-
ing the spectral reflectance at specific points on the dorsum
of each frog. One measurement was taken on each side (i.e.,
right and left) of the head, mid-body, and rear-body and
the dorsal surfaces of the right and left thighs, for a total of
eight spectral-reflectance measurements per frog. Spectral-
reflectance measurements were taken with an Ocean Op-
tics USB4000 spectrometer equipped with a LS-1 tungsten-
halogen light source and Ocean Optics Spectrasuite software.
We used a black plastic tip on the end of the probe to ensure
thatmeasurements were taken at a consistent distance (3mm)
and angle (457) relative to the skin. To account for lamp drift,
we measured a white reflectance standard (Ocean Optics
WS-1-SL) after every other frog. Raw spectra were processed
in AVICOL software, version 6 (Gomez 2006), using Endler’s
segment model (Endler 1990) calculated between 450 and
700 nm. This model calculates brightness (Qt), chroma (C),
hue (H), brightness in the yellow-blue range, and brightness
in the red-green range. After processing inAVICOL, readings
were averaged within body regions (head, body, and legs).
To quantify pattern, we used dorsal photographs and an

automated feature extraction method to extract a suite of
pattern descriptor variables. All photos were taken on a white
background with a Canon Rebel XS digital single-lens reflex
camera equipped with a Canon EF 100-mm macro lens
and the camera flash. Image descriptors were automatically
extracted from images of every individual and collected in a
feature matrix.We extracted three types of descriptors: color/
noncolor ratio, gradient orientation histograms, and shape
index histograms (Koenderink and van Doorn 1992; Dalal
and Triggs 2005; Larsen et al. 2014). These descriptors cap-
ture zeroth-, first-, and second-order image structure, re-
spectively.We used a spatial pooling scheme to collect infor-
mation separately at four interest points: left leg, right leg,
posterior dorsum, and anterior dorsum. At each of these in-
terest points, pattern variation occurs on a distinct scale, so
the descriptors were extracted according to a scale-space for-
mulation (Lindeberg 1996). Color/noncolor ratios were ex-
tracted for every interest point on a single scale, gradient ori-
entation histograms for every interest point on two different
scales and two orientation bins (horizontal and vertical), and
shape index histograms were extracted for the legs on two
.216.068.200 on May 23, 2016 13:24:10 PM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



ABCDEF
G

16
H

3
2

1

5689111315

P
er

u

st
ud

y 
ar

ea

M
im

ic
ry

 c
om

pl
ex

R
. s

um
m

er
si

R
. f

an
ta

st
ic

a

R
. v

ar
ia

bi
lis

 
(lo

w
la

nd
)

R
. i

m
ita

to
r

va
ra

de
ro

st
rip

ed

sp
ot

te
d

ba
nd

ed

R
. v

ar
ia

bi
lis

(h
ig

hl
an

d)

m
od

el
 s

pe
ci

es

C
hi

pa
ot

a

Ta
ra

po
toM

ic
ae

la
 B

as
tid

as

S
an

 G
ab

rie
l d

e 
Va

ra
de

ro

4
7

10

12

14

Yu
rim

ag
ua

s

st
rip

ed

va
ra

de
ro

sp
ot

te
d

ba
nd

ed

25
 k

m

S
au

ce

P
in

to
 R

ec
od

o

P
on

go
 d

e 
C

ai
na

ra
ch

i

S
an

 J
os

e

A
ch

in
am

is
a

C
al

la
na

ya
cu

C
hi

pe
sa

R
ic

ar
do

 P
al

m
a

Va
qu

er
o

This content downloaded from 150.216.068.200 on May 23, 2016 13:24:10 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



Speciation in Ranitomeya imitator 209
scales in five bins equidistantly spaced between 2p/2 and
p/2. This sums to a total of 4 � (11 2 � 21 2 � 5)p 60 fea-
tures per individual.

To reduce the multivariate color and pattern data to a
single descriptive metric for each body region, we used ker-
nel discriminant analysis (Mika et al. 1999), with individu-
als of the model species representing the training groups
used for classification. In both sampling transects, the phe-
notypic transition in R. imitator involves a shift from the
striped morph (which mimics lowland R. variabilis) to ei-
ther the spotted morph (which mimics highland R. varia-
bilis) or the banded morph (which mimics R. summersi).
Therefore, for the spotted-striped transect, the populations
of the model species used for classification were highland
R. variabilis and lowland R. variabilis; for the banded-
striped transect, the model species used were R. summersi
and lowland R. variabilis. This procedure assigns a dis-
criminant score to each R. imitator individual on the basis
of its similarity to either model species and thus can be
thought of as a mimicry score. The analysis can be con-
strained to include only subsets of the variables to derive
separate color and pattern metrics for different parts of
the body. We derived color and pattern metrics for two
body regions: dorsum and legs. The multivariate color and
pattern data are high-dimensional representations of the in-
dividuals, compared to the number of individuals, wherefore
we introduced regularization of the solution, adjusted by the
regularization parameter l. Kernel methods represent the
multivariate observations by the interobservation distances,
defined by a kernel. We used a Gaussian kernel with width
g (table A3). The parameters l and g were selected to mini-
mize the intralocation variance of the R. imitator discrimi-
nant scores while keeping themwithin the range of themodel
species’ discriminant scores. The formulation of kernel dis-
criminant analysismakes it impossible to inspect the loadings
as one would do in linear discriminant analysis to determine
variable importance. To determine which variables were rel-
evant for the discriminant analysis, we calculated the mutual
information between each of the original variables {x1, . . . , xp}
and the discriminant scores (metric) z. Mutual information
(MI) is defined as

MI(x, y)p
H(x)1H( y)2H(x, y)

H(x)1H(y)
,
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whereH(x) andH(x, y) are marginal and joint entropies, re-
spectively. Entropy is a measure of the amount of informa-
tion contained in a signal, and MI is a measure of the simi-
larity between two such signals or variables. To estimate the
entropy of a signal, the probability distribution of the signal
must be estimated; for this purpose we used kernel density
estimation (also known as Parzen windows). The MIs be-
tween the variables were used to define each of the six met-
rics, and the resulting metric can be seen in figures A1 and
A2 (figs. A1–A8 available online). The values MI(xi, z) are
normalized such that MI(xi, xi)pMI(z, z)p 1.
Landscape Genetics

Tissue samples for genetic analysis (toe clips) were taken
with sterile surgical scissors and preserved in 96% ethanol
before extraction. We amplified the following microsatellite
loci: RimiA06, RimiA07, RimiB01, RimiB02a, RimiB07,
RimiB11, RimiC05a, RvarD01, RimiD04, RimiE02a, and
RimiF06, following extraction and amplification protocols
described in Brown et al. (2009), with the exception that
567C was used as the annealing temperature for RimiB07,
RimiC05a, and RimiE02a and 547C was used for RvarD01.
Forward primers were labeled with a fluorescent tag for visu-
alization (6-FAM, NED, PET, or VIC). Loci were amplified
individually and multiplexed for sequencing. Sequencing
was done on an ABI 3130 sequencer, and fragment sizes were
analyzed with GeneMapper software (Applied Biosystems).
We used MICRO-CHECKER software, version 2.2.3 (van
Oosterhout et al. 2004), to check for the presence of null
alleles. One locus (RimiE02a) showed evidence for high
null-allele frequencies (mean across populations 1 0.10),
and this locus was omitted from further analyses. Another
locus (RimiB01) did not amplify for most of the banded
populations and was omitted from the banded-striped tran-
sect analysis.
We used the program Structure, version 2.3.4 (Pritchard

et al. 2000), to investigate population genetic structure
along each transect from the microsatellite data. This pro-
gram employs a Bayesian clustering algorithm to assign in-
dividuals probabilistically to each of K populations, where
K, the number of populations, is unknown. The program
was run with a burn-in of 50,000 generations and 500,000
subsequent generations for one to five genetic clusters
Figure 1: Müllerian mimicry and variation in Ranitomeya imitator. Lower left: Depiction of the mimicry complex, showing four mimetic
morphs of R. imitator and corresponding model species. Upper right: Map of Peru showing study area. Center: geographical distribution of
mimetic morphs of R. imitator and sampling localities. Orange dots show R. imitator populations included on the banded-striped transect;
green dots show R. imitator populations included on the spotted-striped transect; black dots represent towns. Population numbers/letters
correspond to tables A1 and A2, available online, respectively. Note that the Micaela Bastidas population (population H/16) is included
in both transects. The gray boxes show the three mimetic transition zones studied here. Note that the spotted and banded morphs come
into close contact but do not form a transition zone, which is apparently due to geographic isolation from the Huallaga River.
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(Kp 1–5), with five replicates at each value of K. The pro-
gram used the admixture model with correlated allele fre-
quencies. No prior information on sampling location was
used in the model. To determine the number of clusters that
best describe the data, we used the method described in
Evanno et al. (2005), which is based on the second-order rate
of change of the log likelihood. This method was imple-
mented in Structure Harvester (Earl and vonHoldt 2012).

We conducted landscape genetic analyses to quantify the
relative effects of geographic distance and color pattern dis-
tance on genetic distance between populations. Under an
isolation-by-distance (IBD) scenario, geographic distance
alone will account for much of the observed genetic dis-
tance between populations. If mimetic divergence is also
an isolating barrier (i.e., isolation by adaptation, or “IBA,”
which would be expected under morph-based reproductive
isolation), then population-wise mimetic divergence should
also account for a significant proportion of the observed ge-
netic distance between populations. We used a multiple-
matrix regressionmethod (Wang 2013) in order to quantify
the relative effects of two distance matrices (geographic dis-
tance and color pattern distance) on the genetic-distance
matrix. This method incorporates multiple regression, such
that the relative effects of two or more predictor variables
on genetic distance can be quantified, as can the overall
fit of the model. Results consist of regression coefficients
(b) and associated P values. Regression coefficients here
are denoted bD (for geographic distance) and bCP (for color
pattern distance) and are thus measures of the relative im-
portance of IBD and IBA, respectively. We ran the multiple-
matrix regression analyses with 10,000 permutations, using
the R script provided inWang (2013). Our distance matrices
consisted of one measure of geographic distance (Euclidean
distance), onemeasure of genetic distance (Nei’sD), and one
measure of color pattern distance (difference in discriminant
score; see below). For the geographic-distance matrix, we
calculated pairwise straight-line distance between popula-
tions. For the genetic-distance matrix, we calculated Nei’s
D between all pairs of populations in GENALEX, ver-
sion 6.5 (Peakall and Smouse 2006). To generate the color
pattern distance matrix, we calculated pairwise differences
in population mean discriminant scores from the kernel
discriminant function analysis. Because this analysis takes
into account features of the model species, it can be thought
of as a composite difference in mimetic color pattern. We
conducted landscape genetic analyses separately for each
transect.

To estimate cline shape for the microsatellite data on
each transect, we used the first major axis from a factorial-
correspondence analysis (FCA) calculated with the software
GENETIX, version 4.5 (Belkhir et al. 1996). This method is
conceptually similar to principal-components analysis, ex-
cept that it takes into account features of genetic data such
This content downloaded from 150
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as heterozygosity and homozygosity. The program was run
without any prior population information on the samples.
Divergence-Time Estimates Using Approximate
Bayesian Computation

As the amount of reproductive isolation between popula-
tion pairs should increase with time since divergence, we
estimated divergence times between morphs to determine
whether this could explain variation in reproductive isola-
tion. To do this, we used approximate Bayesian computa-
tion (ABC) in the program DIYABC 2.0.4 (Cornuet et al.
2008, 2014). This program simulates coalescent-based data
sets, which are then summarized using a set of summary
statistics and compared to the observed data set. Our goals
for this analysis were (1) to estimate the relative likelihoods
of different demographic scenarios and (2) to estimate pa-
rameters (i.e., divergence times) for the best-supported de-
mographic scenarios. For this analysis, we used a reduced
microsatellite data set containing the following four pop-
ulations, representing the “pure” mimetic morphs: Micaela
Bastidas (striped morph), Sauce (banded morph), San Jose
(spottedmorph), and Varadero (varaderomorph; data from
Twomey et al. 2014a). We tested 31 possible topologies,
seven of which contained recent admixture events to ac-
count for ongoing gene flow between populations. For the
initial analysis, we tested five groups of five scenarios each
and one group with six scenarios, simulating 500,000 data
sets for each scenario. Scenarios were assigned to groups ran-
domly. Within each group, posterior probabilities of sce-
narios were calculated with the logistic-regression approach,
with 2% of the subsets of the closest simulated data (Cornuet
et al. 2008). We then ran a second analysis, where we tested
the six best scenarios (as identified from the first analysis;
fig. A3) against each other, simulating 1 million data sets
per scenario. All scenarios used in these analyses are available
in the Dryad Digital Repository: http://dx.doi.org/10.5061
/dryad.95tv3 (Twomey et al. 2016). Scenarios used a single
parameter for effective population size, 1–3 parameters esti-
mating divergence times, and an admixture rate parameter
(in admixture scenarios). Details on priors, summary statis-
tics, model checking, and parameter estimation are given in
the appendix.
Mate Choice: Free-Release Trial Protocols
and Statistical Analysis

For details on mate choice collecting localities and animal
husbandry, see the appendix. To test for morph-based mat-
ing preferences, we conducted triad mate choice experi-
ments, in which we introduced two females (one of each
morph) into the terrarium of a given male and measured
the amount of courtship time between the male and the
.216.068.200 on May 23, 2016 13:24:10 PM
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Speciation in Ranitomeya imitator 211
same-morph female versus that between the male and the
alternate-morph female. In R. imitator, courtship starts
when a calling male approaches a female. The female can
reciprocate interest by following the male to an oviposition
site while the male continues calling, or she can otherwise
show no interest (Brown et al. 2008a). Our mate choice ex-
periments facilitated these behaviors in that a male was free
to initiate courtship with either female and the female was
free to reciprocate interest or reject the male. Initiation of
courtship is readily observable in captivity, as males produce
a rapid courtship call and/or begin to walk with a staccato-
like rhythm in the vicinity of the female. Therefore, when a
male displayed either of these behaviors near a female, this
marked the initiation of courtship. Courtship was judged
to have ended under either of the following conditions:
(1) the male moves away and the female does not respond,
or (2) the female moves away and themale does not respond.
Using these criteria, we measured in each trial the total
amount of courtship time between themale and each female.
These trials were initiated by placing two females into the ter-
rarium of a male at the same time. Trials were filmed for 1 h.
After the trial, the same females were then released into a ter-
rarium of a male of the other morph and again filmed for 1 h
(see below for justification of paired-samples design). To ac-
count for any order effects, the morph of themale tested first
was randomly selected. In cases where the male or one or
more females were unresponsive (e.g., by hiding in the gravel),
trials were repeated at a later date. Terraria were illuminated
with a full-spectrum ZooMed AvianSun 5.0 UVB 26-W com-
pact fluorescent bulb. To allow the full spectrum of light into
the terrarium,we used a custom-built terrarium covermade of
ultraviolet-transparent acrylic.

Although it would have been desirable to match the two
females for mass, this was not feasible because of substan-
tial mass differences among populations. For example, the
allopatric striped population has an average female mass
of 0.56 g (Twomey et al. 2014a), whereas the allopatric
banded population has an average female mass of 0.65 g
(np 14). To control for differences between females, we
used a paired-samples experimental design whereby a given
pair of females was presented to a male of each morph. This
design addresses the question of how changing male morph
type alters courtship probabilities when female identity is
held constant.

To analyze the free-release mate choice data, we used gen-
eralized linear mixed models (GLMMs) in the glmmADMB
package (Skaug et al. 2011) in R, version 3.0.2 (R Develop-
ment Core Team 2005), with an underlying beta-binomial
error distribution to test whether the timemales spent court-
ing each female morph was influenced by male population
origin. We used “male origin” as a fixed effect and “pair
ID” (i.e., a unique identifier assigned to each female pair)
as a random effect to account for the paired-samples exper-
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imental design. The significance of male origin was deter-
mined with x2 tests comparing models where male origin
was either included or excluded as a parameter.
For the banded-striped transition zone, we essentially

ran two distinct experiments: one where frogs originated
from allopatric populations and one where frogs originated
from transition zone (parapatric) populations. In the for-
mer experiment, frogs originated from Sauce (allopatric
banded) or Micaela Bastidas (allopatric striped); in the lat-
ter experiment, frogs originated from Chipaota (transition
zone banded) or Achinamisa (transition zone striped; fig. 1).
Because of this design, it is not appropriate to make direct
comparisons between two populations of the same morph
because male origin is confounded with female origin (i.e.,
it is not possible to assign variation in preference strength
tomale origin, as females came fromdifferent sites in the dif-
ferent experiments). Therefore, our design allowed for two
comparisons: allopatric banded versus allopatric striped
and transition zone banded versus transition zone striped.
Under a scenario where mate preferences have diverged in
allopatry, we expect allopatric populations to show stronger
assortative mating than transition populations. Alternatively,
if mate preferences are enhanced at the transition zone (e.g.,
because of reinforcement), we expect that assortative mating
should be strongest between the two transition populations.
Here, we ran two separate GLMMs, one for each experiment.
For the spotted-striped transition zone, because we used

a single spotted population for mate choice trials, our ex-
periment addresses whether preferences in the allopatric
striped population (Micaela Bastidas) and the transition
zone striped population (Pongo) are different from each
other. This design also allows us to address preferences in
the spotted population under two conditions: when the striped
female was from a transition zone population and when the
striped female was from an allopatric population. For this
experiment, we ran a single overall GLMM (i.e., across all
three populations).
To assess whether color pattern alone mediates assorta-

tive mating, we ran mate choice experiments using plastic
frog models painted with banded or striped color patterns.
Here, we tested only male preference, as females typically
reacted aggressively toward plastic models. For details on
the plastic-model experiments, see the appendix.
Results

Color Pattern and Microsatellite Cline Analysis:
Banded-Striped Transect

For the banded-striped transect, we found evidence of a
sigmoidal cline in all four color pattern metrics (dorsal
color, dorsal pattern, leg color, and leg pattern; figs. 2,
A4a; table A6). Moving along the transect from the banded
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to the striped morph, we found a rapid shift in dorsal color
(orange to yellow), dorsal pattern (stripes running across
body to stripes running along body), leg color (orange to
blue), and leg pattern (stripes running along the leg to a re-
ticulated pattern; figs. 2, A4a). These shifts occurred over
a narrow geographic zone near Chipesa, Callanayacu, and
Ricardo Palma. With the exception of leg color, all color
pattern metrics had a center parameter estimate close to
0 (table A6), indicating that the statistically inferred center
of the transition zone occurred close to our initial estimate
of the transition zone center. The leg color cline, however,
appeared to be shifted 1.5–3 km into the striped-morph side
of the transition zone, and the 95% confidence interval for
the center parameter does not include 0 (table A6). There
was variation in the widths of the color pattern clines, rang-
ing from narrow (1.16 km for dorsal color) to relatively
wide (8.97 km for leg pattern).
We can inspect themutual-information (MI) plots (fig. A1)

to determine the contribution of the original color pattern
variables to the respective discriminant scores. This reveals
which specific aspects of the color pattern shift along the tran-
sect. For dorsal color, the highest MI with the discriminant-
function metric was for body hue (H body), followed by
brightness in the red-green range of the head (LMhead), head
chroma (i.e., color purity; C head), and head hue (H head).
For leg color, all variables except leg brightness (Qt legs)
showed high MI with the leg color metric. On the basis of
these results, aspects of color (hue, in particular) contributed
substantially to both the dorsal-color and leg color metrics,
whereas brightness contributed relatively little. For dorsal
pattern, all variables except color/noncolor ratios (c3bwratio
and c4bwratio) and gradient orientation histograms where
the extraction parameter b was equal to 0 showed high MI
with the dorsal-pattern discriminant metric. For leg pattern,
several metrics showed moderately high MI, with many of
the gradient orientation histograms showing higher MI, on
average, than the shape index histograms.
dorsal color

Position on transect (km)

b) Banded-striped transition

a) Spotted-striped transition

c) Striped-varadero transition
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Figure 2: Cline comparison between three mimetic transition zone
in Ranitomeya imitator: a, spotted-striped transition zone; b, banded
striped transition zone, and c, striped-varadero transition zone. Data
from transition zone c are adapted from Twomey et al. (2014a; data
available at Dryad Data Repository, http://dx.doi.org/10.5061/dryad
.rd586; Twomey et al. 2014b). In all panels, clines are plotted along
the sampling transect (X-axis, in km). Color pattern metrics were de-
rived from a kernel discriminant analysis; the Y-axis thus represents
discriminant scores (except for microsatellite clines; see below). For
the spotted-striped transition (a), values closer to 11 indicate closer
similarity to highland Ranitomeya variabilis and those closer to 21
similarity to lowland R. variabilis. For the banded-striped transition
(b), values closer to 11 indicate closer similarity to R. summersi
and those closer to 21 similarity to lowland R. variabilis. For the
striped-varadero transition (c), values closer to 11 indicate closer
similarity to lowland R. variabilis and those closer to 21 similarity
to Ranitomeya fantastica. For the microsatellite clines, the Y-axis is
defined as the first axis from a factorial-correspondence analysis. For
all panels, the clines represent the best-fit lines from the best-supported
model according to theAkaike information criterion corrected for small
sample size.
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The factorial-correspondence analysis (FCA)on themicro-
satellite data generated four main axes, which together ac-
counted for 54.1% of the genetic variation. Most of this was
captured by axes 1 and 2, which accounted for 20.6% and
16.8% of the genetic variation, respectively. For the cline anal-
yses, we analyzed only the first major axis from the FCA. We
did, however, visually inspect FCA axes 2–4 and found that
they showed no clear trend across the transect. Our cline
analysis of FCA axis 1 showed that the data were best ex-
plained by a sigmoidal model of variation along the transect
(table A6; fig. A4a). However, the point estimate for cline
width was so wide (106.97 km) that the resulting model
was effectively linear (fig. A4a). Furthermore, the center es-
timate for the microsatellite cline was highly discordant
(247.68 km) relative to center estimates from the color pat-
tern metrics.

On the basis of our results from global regression, the
best-supported model was one where all four color pattern
metrics andmicrosatellite clines had unique center and width
parameters. In other words, because parameters were con-
strained to be equal among different clines, there was always
a substantial reduction in model fit. However, upon compar-
ing AICc (Akaike information criterion corrected for small
sample size) values, we see that all models where the micro-
satellite cline was constrained to have a common width or
center with the color pattern clines resulted in substantially
worse fits thanmodels where themicrosatellite cline was un-
constrained (table A4). For example, in table A4,models b–d
all involved constraining the microsatellite cline to share a
parameter with the color pattern clines, whereas in models
e–g the microsatellite cline was free to take on its own inde-
pendent parameter values. We see that by relaxing the
constraints on the microsatellite cline (models e–g), we ob-
tained a much better model fit (average AICc p 21,406.12)
than when microsatellites and color pattern metrics were
constrained simultaneously (models b–d, average AICc p
21,337.30), corresponding to a DAICc of 68.82. From this,
and the point estimates for cline parameters, we can con-
clude that the microsatellite cline has a shape and position
very different from those of the color pattern clines and is
effectively linear across the transect. Finally, we see that it
is possible to constrain color pattern clines to have equal
width with only amodest reduction in fit (DAICc p 5.86; ta-
ble A4, model f). Therefore, while the best-supported model
may be one where each color pattern metric has a unique
width, constraining the widths to be equal still gives a rea-
sonable fit.
Color Pattern and Microsatellite Cline Analysis:
Spotted-Striped Transect

For the spotted-striped transect, only dorsal color and
dorsal pattern showed sigmoidal variation along the sam-
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pling transect, whereas leg color and leg pattern were best
described by a linear model (figs. 2, A4b; table A7). These
results fit with our observations made during field sam-
pling, as there was a clear shift in dorsal color (green to
yellow) and dorsal pattern (spotted to striped) between
the two morphs, whereas the color and pattern of the legs
showed no clear transition. The center estimate for dorsal
color was close to 0 (20.17 km); however, the center of the
dorsal-pattern cline appeared to be shifted north toward
the striped morph (center p 7.96 km). In addition, the
width estimates between the dorsal color and dorsal pat-
tern were distinct, with dorsal color showing a much
narrower cline (2.94 km) than dorsal pattern (14.31 km).
Therefore, our data suggest that, along the transect toward
the striped morph, dorsal color shifts earlier and more
abruptly than dorsal pattern. This discordance between color
and pattern clines is exemplified at the sampling locality Up-
per Pongo 1 (km 1.44 on fig. A4b).We see that Upper Pongo 1
has a dorsal-color value typical of the striped morph (i.e., yel-
low); however, the dorsal pattern value is more typical of the
spotted morph.
In the mutual-information (MI) plots (fig. A2) for the

two variables showing sigmoidal variation, we see that var-
iation in the red-green spectrum of the head (LM head) and
body (LM body) and head hue (H head) all showed highMI
with the dorsal-color metric. For dorsal pattern, most of the
variables showing high MI were those extracted from the
lower dorsum (prefix c3), whereas those extracted from
the head (prefix c4) showed relatively low MI. Taking these
results together, we can conclude that the clinal shift in
color pattern is primarily due to hue variation on the dor-
sum and patterning variation on the lower dorsum.
The factorial-correspondence analysis (FCA)on themicro-

satellite data generated four main axes, which together de-
scribed 77.5% of the genetic variation. Most of this variation
was captured by axes 1 and 2, which accounted for 30.3%
and 21.3% of the genetic variation, respectively. With re-
spect to axis 1, two clusters are evident: Micaela Bastidas (al-
lopatric striped; fig. 1, population H) and all other popula-
tions. With respect to axis 2, the Pinto Recodo population
forms its own cluster (allopatric spotted; fig. 1, population A).
These results are consistent with the Structure results (fig. 3b):
when two populations were allowed, Micaela Bastidas was
distinct from all other populations, and when three or more
populations were allowed, Pinto Recodo was recovered as a
distinct group. We performed clinal analyses on FCA axis 1
and found that the data best fit a sigmoidal model of variation
along the transect (figs. 2b, A4b; table A7). However, the
estimates for center (43.26 km) and width (29.93 km) were
highly discordant relative to the color pattern clines and
showed wide confidence intervals (table A7).
The global regression analysis shows that the best-

supported model was one where each variable (dorsal color,
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dorsal pattern, and microsatellite FCA axis 1) has unique
center and width parameters. However, by inspecting the
AICc values of each model, we found that constraining
the microsatellite cline along with the color pattern clines
(table A5, models b–d) greatly reduced model fit (DAICc p
74.0), compared to models where microsatellite clines were
unconstrained (table A5, models e–g). Also, constraining ei-
ther center or width to be equal among the color pattern
clines substantially reduced model fit (DAICc when centers
were constrained p 19.83, DAICc when widths were con-
strained p 15.27), indicating that the clines for these two
metrics have distinct shapes and positions.
Landscape Genetics

For the banded-striped transect, the best-supported num-
ber of populations in the Structure analysis was Kp 3
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(Delta K peak p 41.1). These three populations are Sauce
(banded morph, population 1 in fig. 3a), Micaela Bastidas
(striped morph, population 16 in fig. 3a), and a phenotyp-
ically heterogeneous central Huallaga group (populations 2–
15 in fig. 3a). Most of the genetic structure appears to be as-
sociated with geographic distance. For example, Sauce is on
the southern end of the transect and separated from the
nearest sampling locality (Vaquero) by a mountain range
rising to approximately 1200 m elevation (for comparison,
the highest recorded elevation for Ranitomeya imitator is
945 m). Similarly, Micaela Bastidas is on the northern end
of the transect, roughly 60 km from the nearest sampling lo-
cality. Therefore, the genetic distinctness of these two pop-
ulations is likely due to isolation by distance. The central
Huallaga group spans the banded-striped transition zone,
yet there is no discernible genetic structure across the pheno-
typic transition (fig. 3a). Using multiple-matrix regression
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
transition striped morphbanded morph

k=2

k=3

k=4

A B C D E F G
transition striped morphspotted morph

k=2

k=3

k=4

H

a) Banded-striped transition

b) Spotted-striped transition

Figure 3: Structure plots based on microsatellite data for the banded-striped transition zone (a) and the spotted-striped transition zone (b).
Vertical bars represent single individuals. Bar colors represent posterior probabilities of assignment to inferred genotypic group, where the
number of groups (K) was allowed to vary from 2 to 4. For the banded-striped transition, the best-supported number of groups was Kp 3;
for the spotted-striped transition, the best-supported Kp 2. Horizontal bars indicate mimetic morph (upper) and sampling locality (lower).
Sampling locality codes correspond to tables A1 and A2 and figure A1, available online.
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(Wang 2013), we determined that the geographic distance be-
tween populations was significantly correlated with genetic
distance (bD p 0.752, Pp .0018), whereas color pattern dis-
tance was not (bCP p 0.037, Pp .421). These results sup-
port an isolation-by-distance model of genetic divergence
among populations and provide quantitative support for
the interpretation of the Structure analysis.

For the spotted-striped transect, the best-supported num-
ber of populations in the Structure analysis was Kp 2 (Delta
K peak p 329.1). The two populations correspond to
Micaela Bastidas (striped morph, population H in fig. 3b)
and a larger group containing populations A–G (fig. 3b).
This latter group is distributed in the Cordillera Escalera
mountains and surrounding lowlands and includes pure
spotted populations (e.g., San Jose, population C) and pure
striped populations (e.g., Pongo, population G). Increasing
the values ofK to 3 or 4 revealed additional structure, in that
thePintoRecodo populationwas distinct; however, we did not
find any genetic structure across the phenotypic-transition
zone. Again, genetic structure was associated with geographic
isolation, as the geographically distant populations Micaela
Bastidas andPinto Recodowere distinct. Themultiple-matrix
regression analysis revealed a marginally significant correla-
tion between geographic distance and genetic distance (bD p
0.678, Pp .054) but no correlation between color pattern
distance and genetic distance (bCP p 20.317, Pp 0.274).
These results provide marginal support for an isolation-
by-distance model of genetic divergence among populations
and reject the isolation-by-adaptation hypothesis.
Approximate Bayesian Computation

The six demographic scenarios with the highest posterior
probabilities for each group are shown in figure A3. Most
of these scenarios share certain similarities; for example,
all six show relatively recent common ancestry between
the striped and spotted morphs, and five of the six sce-
narios show that the earliest splitting events involve the
banded and varadero populations (the exception being sce-
nario 27). Of these six scenarios, scenario 3 had, by far, the
highest posterior probability (pp; scenario 3 ppp 0.49 vs.
ppp 0.07–0.16 for all others) when we used the logistic-
regression comparison method. This scenario involves an
initial split between the varadero and banded populations,
with a later split between the striped and varadero popula-
tions and, finally, admixture between the striped, banded,
and spotted populations. Although this would suggest that
the divergence time between the varadero and striped pop-
ulations (t2; fig. A5) predates admixture between the striped,
spotted, and banded populations (t1; fig. A5), the 95% con-
fidence intervals (CIs) for these twoparameters broadlyover-
lap (t1 point estimate p 4,360 generations ago [95% CI p
This content downloaded from 150
All use subject to University of Chicago Press Term
881–11,200]; t2 point estimate p 9,400 generations ago
[95% CIp 2,020–19,000]).
Mate Choice: Banded-Striped

We had a total of 119 successful free-release trials across
the four sampled populations (allopatric banded, np 35;
transition zone banded, np 22; transition zone striped,
np 24; allopatric striped, np 38). In total, we recorded
40.35 h of courtship time across all trials, with an average
of 20.3 min of total courtship time per trial. Comparing al-
lopatric banded and allopatric striped populations (fig. 4a),
we found a significant effect of male origin on courtship time
(x2 p 8.03, df p 1,Pp .005), indicating that courtshippref-
erences were significantly different between these two pop-
ulations. This is likely due to the allopatric banded popula-
tion’s preference for its own morph, as the allopatric striped
population did not seem to show a preference toward either
morph, whereas the allopatric banded population showed
a significantly higher courtship time with its own morph
(fig. 4a).Wealso founda significant effect of pair IDoncourt-
ship time (x2 p 8.65, df p 1, Pp .003), indicating that fe-
male identity influences courtship preferences exhibited by
males. Comparing transition zone banded and transition
zone striped populations (fig. 4b), we found no significant
effect of male origin on courtship time (x2 p 3.32, df p 1,
Pp .069). In addition, we found no significant effect of pair
ID on courtship time (x2 p 1.86, df p 1, Pp .173).
For the plastic-model mate choice experiments, we had

a total of 85 successful trials across the four sampled pop-
ulations (allopatric banded, np 22; transition zone banded,
np 21; transition zone striped, np 22; allopatric striped,
np 20). We recorded a total of 18.39 h of interaction time
(i.e., time on platform), with an average of 18.4 min of inter-
action time per trial. We found no significant effect of male
morph on interaction time (x2 p 0.01, df p 1, Pp .929)
and no significant effect of transect position on interaction
time (x2 p 2.27, df p 1, Pp .132; fig. A6a). There was also
no significant interaction between male morph and transect
position with respect to interaction time (x2 p 0.46, df p 1,
Pp .495; fig. A6a). For calls (fig. A6b), there were fewer
(total np 56) successful trials (allopatric banded, np 17;
transition zone banded, np 11; transition zone striped,
np 12; allopatric striped, np 16) because males interacted
with plastic models but did not call in some trials. We
recorded a total of 2,003 calls directed toward plastic
models, with an average of 36 calls per trial. We found a sig-
nificant effect ofmalemorph on calling behavior (x2 p 5.43,
df p 1, Pp .0197), with banded males directing more calls
toward models with their ownmorphotype (fig. A6b). How-
ever, there was no significant effect of transect position
(x2 p 0.192, df p 1, Pp .661). Finally, there was no signif-
icant interaction between the effects of male morph and
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transect position with respect to calling behavior (x2 p 0.926,
df p 1, Pp .336).
Mate Choice: Spotted-Striped

For the spotted-striped mate choice experiment, we had a
total of 94 successful free-release trials across the three sam-
pled populations (spotted, np 40; transition zone striped,
np 29; allopatric striped, np 25). We recorded a total
of 34.92 h of courtship time across all trials, with an aver-
age of 22.3 min of total courtship time per trial. We found
a marginally significant effect of male origin on courtship
time (x2 p 4.93, Pp .0852) and a strong effect of pair
ID on courtship time (x2 p 10.16, Pp .0014). The mar-
ginal effect of male origin may be due to the apparent pref-
erence by each striped population for its own morph (fig. 5).
However, as the effect was not significant, we cannot con-
clude that mate preferences are different among popula-
tions tested in this experiment.
Discussion

Using quantitative analyses of color pattern in combina-
tion with cline analyses, we have demonstrated the exis-
This content downloaded from 150
All use subject to University of Chicago Press Term
tence of two narrow mimetic transition zones in the poison
frog Ranitomeya imitator. The banded-striped transition
zone is characterized by abrupt shifts in color and pattern
on both the dorsum and the hindleg. The widths of these
shifts varied substantially among different color pattern
metrics. Dorsal color showed the narrowest cline width of
1.16 km, whereas leg pattern showed the widest cline width
of 8.97 km. In the spotted-striped transition zone, the tran-
sition is characterized by an abrupt shift in dorsal color, a
relatively gradual shift in dorsal pattern, and a smooth (lin-
ear) shift in both leg color and leg pattern. Dorsal color
showed a relatively narrow cline 2.94 km wide, whereas
the cline in dorsal pattern was much wider, at 14.31 km.
One explanation for differences among cline widths on phe-
notypic traits is that the strength of selection differs across
the traits (Haldane 1948; Endler 1977; Mallet et al. 1990).
For a cline stabilized by positive frequency-dependent selec-
tion, the width of a cline can be expressed as wpKj=s1=2,
where j is dispersal distance, s is the selection coefficient, K
is a constant (here we used Kp 121=2, following Mallet and
Barton 1989), and w is the width of a cline (Endler 1977).
We can then calculate the strength of selection needed to
produce a cline of the observed width, given our dispersal
estimate (for R. imitator, 0.095 km/generation; see Twomey
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et al. 2014a). For the banded-striped transition zone, this
gives a selection coefficient on dorsal color of 8.03%, com-
pared to 0.13% for leg pattern. For the spotted-striped tran-
sition zone, dorsal color shows a narrower width (2.94 km)
than dorsal pattern (14.31 km), giving selection coefficients
on dorsal color and dorsal pattern of 1.25% and 0.05%, re-
spectively. We caution that these estimates are highly con-
tingent on the dispersal estimate for R. imitator, which
has never been measured directly but only inferred via pop-
ulation genetic methods. For example, a two-fold increase in
the dispersal estimate would increase the selection coeffi-
cient for dorsal color in the banded-striped zone to 32%.
Also, there is substantial uncertainty surrounding width es-
timates for many of the color pattern metrics. Including the
confidence intervals, the dorsal-color cline in the banded-
striped transect could be as wide as 8.08 km, while the
dorsal-pattern cline in the spotted-striped transect could
be as wide as 30.38 km.

In both transition zones, we generally saw higher esti-
mated selection coefficients for dorsal color than for dorsal
pattern, indicating that color may be under stronger selec-
tion than pattern for mimicry. For leg color and pattern,
we saw two distinct trends when comparing the two tran-
sition zones. In the banded-striped transition zone, both
leg color and leg pattern followed a clear sigmoidal cline,
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whereas in the spotted-striped transition zone, leg color
and pattern followed gradual, linear trends and were only
subtly different among the spotted and striped morphs of
R. imitator. This can probably be explained in terms of
model-species variation, as the highland and lowland
morphs of Ranitomeya variabilis have similar leg colora-
tion (greenish-blue reticulation), whereas lowland R. vari-
abilis and Ranitomeya summersi have distinct leg colora-
tion (greenish-blue reticulation vs. orange bands). For the
banded morph of R. imitator, it is perhaps surprising that
the color pattern of the legs so clearly corresponds to that
of R. summersi, given that the legs are a seemingly small
component of the overall mimetic signal. The most likely
explanation is that the legs are important for mimicry and
thus subject to selection for mimetic resemblance. Indeed,
leg color also seems to be important for mimicry in the
striped-varadero transition zone, as does the color of the
upper arms (Twomey et al. 2014a). An alternative possi-
bility is that the color patterns of both the legs and the
dorsum in the banded morph are controlled by the same
set of genes or that the dorsal-banding genes are epistatic
to the leg color genes.
Despite strong phenotypic differences across mimetic

transition zones, we found no associated genetic structure
across these zones. Rather, population genetic structure was
always associated with allopatric populations rather than
distinct phenotypes (fig. 3). This lack of mimicry-associated
genetic structure was also confirmed by our landscape ge-
netic analyses. For both transition zones we found that
among-population genetic distance was correlated with geo-
graphic distance but not with color pattern distance (fig. A7),
suggesting that color pattern divergence across these two
transition zones has not resulted in a barrier to gene flow.
These results stand in contrast to the results from the
striped-varadero transition zone (Twomey et al. 2014a),
where genetic divergence was correlated with both color pat-
tern distance and geographic distance. In another dendro-
batid species, Oophaga pumilio, Wang and Summers (2010)
found that genetic divergence was primarily associated with
divergence in dorsal coloration. One mechanism for morph-
associated genetic isolation is “immigrant inviability,” where
immigrant individuals are at a selective disadvantage because
of a phenotype-environment mismatch (Nosil et al. 2005).
This could come about in twoways. First, because aposematic
phenotypes are predicted to be under positive frequency-
dependent selection, individuals with the wrong phenotype
should experience higher predation risk. The possibility of
immigrant inviability via increased predation has been sup-
ported by a number of studies in dendrobatids (Noonan and
Comeault 2009; Chouteau and Angers 2011, 2012; Comeault
and Noonan 2011; Willink et al. 2014), where reciprocal
transplants of colored claymodels have generally found higher
attack rates on foreign than on local phenotypes. Second, im-
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migrants may be at a mating disadvantage, as several studies
in dendrobatids have found morph-based positive assortative
mating (Summers et al. 1999; Reynolds and Fitzpatrick 2007;
Maan and Cummings 2008; Richards-Zawacki and Cum-
mings 2011; Richards-Zawacki et al. 2012; Twomey et al.
2014a). In the case ofR. imitator, both transition zones studied
here are substantially wider (roughly 3–6 km) than the species’
estimated dispersal capabilities (0.095 km/generation), sug-
gesting that for a given individual, dispersal across morph
boundaries is not feasible. Rather, dispersal and gene flow be-
tween morphs most likely occur through the transition zone.
Interestingly, in a clay-model study of the spotted-striped
transition zone, Chouteau and Angers (2012) found that there
wasmuch lower predation overall (on anymorph) in the tran-
sition zone sites than in the striped and spotted populations.
This reduced predation pressure may facilitate the persistence
of nonmimetic hybrids.

Our free-release mate choice experiments indicate that
most of the populations studied here do not show any dis-
cernible preference for their ownmorph versus an alternate
morph. However, there was one exception: the allopatric
banded morph demonstrated a significant preference for
its own morph. Furthermore, as this preference for banded
frogs was not seen in the allopatric striped population, we
can conclude that this preference is not due to banded
females simply being more attractive (e.g., by virtue of their
larger body size). However, we found no preferences in the
transition zone populations, with both the transition zone
banded and striped morphs showing random courtship
with respect to morph type. This relaxed assortative mating
at the transition zone is consistent with the population ge-
netic results, which show a lack of genetic structure across
morph boundaries. Similarly, for the spotted-striped transi-
tion zone, we found that none of the three populations tested
showed a significant preference for either morph. There was
a general trend for striped frogs to prefer their own morph
(fig. 5), but this preference was not statistically significant.
This is also consistent with the lack of genetic structure across
the mimetic transition zone, which may be due to random
mating with respect to morph.

As the free-release trials allowed frogs to make court-
ship decisions using all available cues (e.g., color pattern,
acoustic, behavioral, olfactory), these trials provided an as-
sessment of the premating isolation between two morphs
when all potential cues were present. However, as these
trials did not isolate the cues used in mate choice, we con-
ducted additional mate choice experiments using plastic
frog models to determine whether assortative mating was
specifically based on color pattern. We found mixed results,
depending on our choice of response variable. When mea-
suring interaction time, we found no evidence for prefer-
ences in any population, but when measuring calling be-
havior, we found that banded males directed more calls
This content downloaded from 150
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toward banded models than toward striped models. Calling
behavior is a more stringent response variable, in that a
male could “interact”with amodel without necessarily show-
ing courtship interest. Interaction time was simply scored as
time spent on the model’s platform, with no information on
male orientation or interest, whereas calling is a behavior
specifically associated with courtship. On the basis of these
results, color pattern may be one of the cues involved in
mate choice in this system. Color pattern could represent
a “magic trait,” that is, a trait subject to divergent ecological
selection that also mediates mate choice (Gavrilets 2004).
Identifying such traits is of interest in speciation research,
as they are thought to facilitate speciation with gene flow.
In Heliconius butterflies, wing color pattern represents a
good example of a magic trait (Jiggins et al. 2001; Merrill
et al. 2012). Selection for Müllerian mimicry has caused
wing color patterns to diverge as different populations par-
ticipate in distinct mimicry rings, and there is substantial ev-
idence that wing color pattern itself mediates assortative
mating (Jiggins et al. 2001, 2004). However, even if color
pattern alone does contribute to assortative mating in the
banded-striped transition zone of R. imitator, the absence
of assortative mating in the free-release trials (where all cues
are present) indicates that color pattern differences may not
impede gene flow where the two distinct morphs come into
contact.
In a previous study on the striped-varadero transition

zone (Twomey et al. 2014a), color pattern clines were
narrower (approx. 1–4 km; fig. 2), there was strong genetic
structuring between morphs at the transition zone, and
the striped morph from the transition zone displayed a
significant mating preference for its own morph (table 1).
Thus, in the striped-varadero transition zone, it appears that
mimetic divergence has led to a breakdown in gene flow
between morphs, which may represent incipient ecological
speciation. In the two transition zones studied here, mi-
metic divergence has caused varying levels of phenotypic
differentiation but has not slowed gene flow between morphs.
Thus, theR. imitatormimicry system is useful for comparative
analyses of the factors influencing progress toward speciation,
given that we observe three transition zones at seemingly dif-
ferent stages of divergence (table 1; fig. 2). Furthermore, as
these mimetic populations are all members of the same spe-
cies, we can identify isolating barriers that arise in the early
stages of population divergence.
Differential Progress along the Speciation Continuum

Overall, these results strongly suggest the existence of a
“speciation continuum” among mimetic morphs of R. imi-
tator, which we have now characterized at the geographic,
phenotypic, behavioral, and genetic levels (table 1). In the
earliest stages of population divergence, here characterized
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by the spotted-striped transition zone, there is divergence
in mimetic color pattern but little else. Phenotypic clines
are seen in only two aspects of the color pattern; these clines
are relatively wide and do not show geographical coinci-
dence. In the next stage, here characterized by the banded-
striped transition zone, there are clines in several aspects of
the color pattern; these clines are generally narrower and
roughly geographically coincident. Mating preferences are
apparent, but only in allopatric populations: transition pop-
ulations show no preferences, and gene flow among morphs
is unimpeded. Finally, in the later stage, here characterized by
the striped-varadero transition zone, clines are very narrow,
apparent in several aspects of the mimetic color pattern, and
geographically coincident. Mating preferences exist at the
transition zone, and gene flow is restricted. In addition, there
is divergence in other traits (body size, advertisement calls)
that have clines geographically coincident with the color pat-
tern clines.

Given the wide range of examples highlighting the var-
iation in completeness of ecological speciation (see Nosil
et al. 2009 for a review), a key goal of speciation research
to understand the reasons for this variation. Factors influ-
encing progress toward speciation generally fall into two
classes: nonselective and selective (Nosil et al. 2009; Nosil
2012). Here, we discuss three nonselective factors (diver-
gence time, geographic barriers, and secondary contact)
and two selective factors (“stronger selection” and “multi-
farious selection”) to understand differential progress to-
ward speciation in R. imitator.

First, the amount of reproductive isolation between two
populations should increase with divergence time (Coyne
and Orr 1989; Sasa et al. 1998). Our results from the ABC
analysis suggest that divergence times between the four
mimetic morphs of R. imitator only partially explain var-
iation in reproductive isolation. The best-supported de-
mographic scenario (fig. A5) indicates recent admixture be-
tween the striped, spotted, and banded morphs (approx.
4,000 generations ago), with a somewhat older divergence
time between the varadero morph and other populations
(approx. 9,400 generations ago). However, confidence in-
tervals on these divergence-time estimates overlap widely,
and the branching order of these four populations is some-
what ambiguous (fig. A3). Furthermore, pairwise genetic
distances (Nei’sD) are higher between the banded and striped
populations (1.148) than between the varadero and striped
populations (0.492) or between the spotted and striped pop-
ulations (0.538). Overall, these results suggest that the diver-
gence time between the varadero and striped populations is
approximately equal to, or perhaps slightly older than, the di-
vergence time between the banded and striped populations
and that between the spotted and striped populations.

Second, geographic isolation may facilitate ecological
speciation when geographic barriers occur between eco-
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morphs. Populations that are divergent ecologically and
also separated by some geographical barrier should diverge
more readily than those where that geographic barrier is ab-
sent, as in the latter case divergent selection is no longer
counteracted by gene flow (Nosil 2012). This may be partic-
ularly relevant for clines stabilized by positive frequency-
dependent selection, which can form in seemingly arbitrary
geographic areas but can shift position over time and may
eventually become “trapped” at geographical barriers
(Bazykin 1969; Mallet 1986; Mallet and Barton 1989; Blum
2002). In R. imitator, we might therefore expect to see geo-
graphic barriers separating mimetic morphs, especially at
Varadero, where isolation is strongest. However, this is
not what we observe, as the transition zone at Varadero
occurs across approximately 1–2 km of unimpeded lowland
rainforest habitat. While there is a small river nearby, this
river is roughly 1 km south of the transition zone, and
striped populations on either side of the river are not genet-
ically isolated (Twomey et al. 2014a). In the banded-striped
transition zone, the much larger Huallaga River also does
not appear to be an important barrier. For example, in fig-
ure 3a, populations 6–7, 9–10, 11–12, and 14–15 are on op-
posite sides of the Huallaga River. However, farther up-
stream (outside the transition zone), this river may be a
barrier between the spotted and banded populations, as
we have found pure spotted and pure banded morphs oc-
curring on north and south sides of the river, respectively.
We have not found intermediates between the banded
and spotted morphs, which may suggest that these two
morphs are somewhat isolated.
Third, historical allopatry between ecomorphs may also

promote speciation (Rundle and Nosil 2005). In this view,
previously isolated populations with subsequent secondary
contact should exhibit greater reproductive isolation than
populations that were isolated for a shorter time or were
never isolated at all. As isolated populations are no longer
subject to the homogenizing effects of gene flow, over time
these populations may diverge in seemingly arbitrary char-
acters. Thus, a signature of secondary contact between popu-
lations is congruent clines in many characters, not just those
subject to divergent ecological selection (Coyne and Orr
2004). The striped-varadero transition zone is unique in that,
in addition to clines in color pattern elements, there are con-
gruent clines in advertisement calls, body size, and micro-
satellites (Twomey et al. 2014a). Compared to the two other
transition zones, the striped-varadero zone is therefore the
most suggestive of secondary contact. However, distinguish-
ing whether hybrid zones are due to primary divergence
or secondary contact is difficult (Barton and Hewitt 1985),
and late-stage primary transition zones could show clines at
neutral loci (and presumably neutral traits), provided that di-
vergent selection is strong enough to pose a barrier to gene
flow (Feder and Nosil 2010). In terms of biogeographical ev-
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idence, there is nothing to suggest any historical isolation at
the striped-varadero transition zone, as there are no major
rivers or mountains in the area. Thus, whether the striped-
varadero transition zone is a result of primary divergence or
secondary contact remains unknown. Overall, genomic stud-
ies could be useful to better understand demographic influ-
ences (e.g., divergence times, bottlenecks, historical allopatry)
on variation in reproductive isolation in this system.

We focus on two selective hypotheses explaining prog-
ress toward speciation. The “stronger-selection” hypothe-
sis predicts that speciation is facilitated by strong selection
on a single trait, whereas the “multifarious-selection” hy-
pothesis predicts that speciation is facilitated by divergent
selection on multiple independent traits (Nosil et al. 2009;
Nosil and Harmon 2009). In the latter case, the total
strength of divergent selection should be higher when ad-
aptation occurs along multiple independent niche axes, in
which case multifarious selection more readily drives spe-
ciation by increasing the total strength of selection (Nosil
and Harmon 2009). Assuming a constant strength of se-
lection, multifarious divergence may drive widespread ge-
nomic divergence as multiple loci are “pulled apart” by di-
vergent selection, whereas strong selection on a single trait
increases per-trait selection coefficients, facilitating diver-
gence with gene flow (Mallet 2006). The “stronger-selection”
hypothesis has received support in studies finding positive
correlations between reproductive isolation and divergence
in one phenotypic trait, for example, body size (McKinnon
et al. 2004; Funk et al. 2006) or color pattern (Jiggins et al.
2004; Maan and Cummings 2008). In the context of our
study, the “stronger-selection” hypothesis generates a clear
prediction, which is that the magnitude of mimetic diver-
gence will be positively correlated to levels of reproductive
isolation.We can use the difference between the ymax and ymin

parameters fromour clinal analyses of color pattern to obtain
an overall magnitude of mimetic shift across each transition
zone. The difference between these parameters represents
the overall cline height and therefore can be thought of as
a mimicry effect size. If we do so, the banded-striped transi-
tion zone has the largest magnitude of mimetic divergence,
1.80, followed by the spotted-striped transition zone (1.35)
and the striped-varadero transition zone (0.45). Thus, under
the “stronger-selection” hypothesis, we would predict the
banded-striped and spotted-striped transition zones to be
the most reproductively isolated and the striped-varadero
transition zone to be the least reproductive isolated, which
is opposite from our observations. It is important to point
out that this assumes that mimetic color pattern is effectively
a single trait, which may not be the case. If different compo-
nents of the mimetic color pattern are under independent
genetic control, they may be better thought of as several dif-
ferent traits all undergoing divergent selection. Under the
“multifarious-selection” hypothesis, we would therefore pre-
This content downloaded from 150
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dict that reproductive isolation should be positively corre-
lated with the number of color pattern traits under divergent
selection. If we treat each color patternmetric as an indepen-
dent trait, then in the spotted-striped transition zone diver-
gent selection is acting on two traits (dorsal color and dorsal
pattern), in the striped-varadero transition zone on three
traits (arm color, leg color, and body pattern), and in the
banded-striped transition zone on four traits (dorsal color,
dorsal pattern, leg color, and leg pattern). From this, we
would predict the banded-striped transition zone to show
the strongest reproductive isolation, which is again not what
we observed. However, as we do not know how many inde-
pendent genetic loci are involved in the color pattern shift
at each transition zone, we do not know whether the shifts
should be treated as one or many axes of divergence.
One observation related to multifarious selection is that

there is evidence of a shift in body size at the striped-varadero
transition zone (Twomey et al. 2014a), while the other two
transition zones show no such shift (fig. A8). Thus, at the
striped-varadero transition zone, divergent selection may
be acting on bothmimetic color pattern and body size, versus
color pattern only at the banded-striped and spotted-striped
transition zones. Divergence in body size is frequently impli-
cated in the evolution of reproductive isolation (McKinnon
et al. 2004; Bolnick et al. 2006; Funk et al. 2006), and thus
the observed reproductive isolation at the striped-varadero
transition zone may have arisen from the combined effects
of divergence in both mimicry and body size. While we do
not yet understand the adaptive significance (if any) of the
body-size shift at the striped-varadero transition, there are
several intriguing possibilities that warrant further research.
First, Twomey et al. (2014a) suggested that body size could
be related to mimicry, as Ranitomeya fantastica (the model
species of the larger varadero morph of R. imitator) is some-
what larger than R. variabilis (the model species of the
smaller striped morph). Another possibility is that size rep-
resents an adaptation to distinct habitat types present in this
area, although this would be independent of any shift in ele-
vation, as only the spotted-striped transition occurs along an
elevation gradient. During our fieldwork in the Varadero re-
gion, we mostly found the smaller striped morph in dis-
turbed habitats, while the larger varadero morph was mostly
found in undisturbed primary rain forest. While this could
be a coincidence (given that the striped morph occurs in
closer proximity to a human settlement), there are at least
two ecological explanations for a habitat-related shift in body
size. First, if disturbed habitats contain a poorer available diet
relative to undisturbed habitats, the body-size shift may rep-
resent a plastic developmental response due to nutritional
differences between the two habitats. Second, as R. imitator
uses small phytotelmata (water bodies formed in plants)
for reproduction, if breeding plant communities differ be-
tween the two habitats such that smaller plants (and phy-
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totelmata) are found in the disturbed habitat while larger
plants are found in the undisturbed habitat, body size could
represent an adaptation for using smaller versus larger phy-
totelmata. While we do not have data on phytotelm size
across the striped-varadero transition, it appears that smaller
phytotelmata (e.g.,Calathea spp.) predominate on the striped
side of the cline while larger phytotelmata (e.g., Heliconia
spp.) seem to be more common on the varadero side of the
cline.

It is still unknown to what extent, if any, body size dif-
ferences are responsible for reproductive isolation. While
we have provided evidence that color pattern alone may
be an important cue used in mate choice in the banded-
striped transition zone, it is unknown whether the isola-
tion seen at Varadero is due to differences in color pattern,
body size, or a combination of the two. We note that the
population that shows the mating preference (striped tran-
sition) is actually the smaller morph (fig. A8c); therefore, if
preference were based on body size, it would have to be a
preference shown by the striped morph for smaller-sized
frogs. Future studies on the striped-varadero transition
should investigate whether body size is an adaptive trait
subject to divergent selection and whether color pattern
and/or body size is a cue that mediate assortative mating.

Given these results, we can conclude that the striped-
varadero transition zone is unique in at least two ways:
(1) it is the only transition zone with evidence of assortative
mating at the interface between distinct morphs, and (2) it
is the only transition zone showing a shift in a trait possibly
unrelated to mimicry (body size). The latter result lends
support to the “multifarious-selection” hypothesis, which
stipulates that ecological speciation is facilitated when di-
vergent selection acts on multiple independent traits. Fur-
ther, our results suggest that while color pattern diverges re-
peatedly, genome-wide divergence occurs only when there
is assortative mating at a transition zone as well as diver-
gence in multiple independent traits (e.g., body size, adver-
tisement calls). These results underscore the importance of
assortative mating as an early-evolving barrier that may be
important in the early stages of population divergence.
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