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Abstract

Behavioural isolation from divergence in male advertisement calls and female
preferences is hypothesized to cause genetic divergence and speciation in the
Amazonian frogs Physalaemus petersi and P. freibergi, yet the importance of call
variation and landscape features in genetic divergence is unresolved. We
tested for correlations between genetic divergence at microsatellite loci and (1)
call variables; and (2) landscape variables among 10 populations of these frogs.
Genetic divergence was not correlated with geographical distance, rivers or
elevation. There was a strong positive relationship, however, between genetic
divergence and inter-population differences in one call variable, whine
dominant frequency. Effective population sizes varied among sites
(range = 15-846) and were often small, suggesting that genetic drift could
influence call evolution. Evidence for fine-scale genetic structure within sites
was also found. Our results support the hypothesis that behavioural isolation
from divergence in male calls and female preferences causes genetic

divergence and speciation.

Introduction

Numerous mechanisms have been hypothesized to cause
population divergence and speciation, here defined as
the evolution of reproductive isolation (Mayr, 1963).
Potential speciation mechanisms include geographical
barriers (Wallace, 1852; Mayr, 1963), divergent ecolog-
ical selection (Endler, 1977; Moritz et al., 2000) and
sexual selection (Fisher, 1930; Lande, 1981, 1982; West-
Eberhard, 1983), and genetic drift (Nei, 1976; Nei et al.,
1983). These mechanisms are often considered separately
in the context of three ongoing debates about speciation:
(1) the importance of geographical barriers; (2) the
importance of divergent selection vs. genetic drift; and
(3) the roles of ecological vs. behavioural isolation
(Coyne & Orr, 2004). As these mechanisms may operate
in concert in the same populations to cause speciation, or
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in different populations in different parts of a species’
range, however, they should be considered together
when evaluating speciation mechanisms. Furthermore,
to demonstrate that an isolating mechanism such as
behavioural isolation is leading to speciation, it is
necessary to show that the isolating mechanism restricts
gene flow. If an isolating mechanism does not restrict
gene flow, then it will not cause continued population
divergence and therefore will not complete the process of
cladogenesis (speciation). Studying genetic divergence
and speciation at this fine-scale, phylogeographical or
landscape level is a particularly powerful approach for
understanding speciation mechanisms (Panhuis et al.,
2001; Ritchie, 2007).

One isolating mechanism that continues to generate
interest is behaviour (Blair, 1958; Alexander, 1962;
Walker, 1974; Ryan & Wilczynski, 1988; Panhuis et al.,
2001; Coyne & Orr, 2004; Ritchie, 2007; Price, 2008).
Behavioural isolation evolves when male mating signals
and female preferences for these signals diverge among
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populations such that females prefer the local male signal
(e.g. Coyne & Orr, 2004). The mechanisms causing
divergence in male signals and female preferences may
include divergent sexual selection, divergent ecological
selection or genetic drift (Fisher, 1930; Lande, 1981,
1982; West-Eberhard, 1983; Coyne & Orr, 2004; Gavri-
lets, 2004; Ritchie, 2007). There are many examples of
divergent male signals and female preferences among
populations or incipient species (e.g. Ryan & Wilczynski,
1988; Seehausen et al., 1997, 1999; Gray & Cade, 2000;
Masta & Maddison, 2002; Coyne & Orr, 2004; Price,
2008). But only a handful of studies have shown that
signal and preference divergence is correlated with
restricted gene flow (Wilson et al, 2000; Boul ef al.,
2007; Ritchie et al., 2007), suggesting that populations
with different signals and preferences are diverging into
distinct species. Showing this correlation between
behavioural isolation and restricted gene flow is essential
to demonstrate that behavioural isolation is leading to
genetic divergence and speciation. Before prematurely
concluding that behavioural isolation is the cause of
genetic divergence, however, it is first necessary to assess
the relative contribution of other factors such as geo-
graphical isolation, either by distance or by landscape
features, to genetic divergence.

There is a long-standing interest in the importance of
geographical barriers, such as rivers, and ecological
gradients, such as elevation, in driving genetic diver-
gence and speciation (Wallace, 1852; Mayr, 1963;
Endler, 1977; Moritz et al., 2000; Coyne & Orr, 2004).
The field of landscape genetics focuses on understanding
the effects of such landscape features on gene flow and
genetic divergence (Manel et al, 2003; Storfer et al,
2007; Holderegger & Wagner, 2008). Geographical bar-
riers may restrict gene flow, allowing populations to
diverge (genetically or phenotypically) due to divergent
selection or drift, whereas ecological gradients may cause
population divergence and speciation via divergent
selection in the presence of gene flow. Evidence that
rivers act as barriers is mixed and varies depending on
river width and species (da Silva & Patton, 1993; Gascon,
1996; Gascon et al., 1996, 1998, 2000; Lougheed et al.,
1999; Hall & Harvey, 2002; Aleixo, 2004; Cheviron et al.,
2005). The importance of elevational gradients in genetic
divergence has not been tested as extensively, but also
varies among studies (Patton & Smith, 1992; da Silva &
Patton, 1993; Graham et al., 2004; Dingle et al., 2006).
Despite the importance of both landscape features and
mating signal variation, relatively few studies have
simultaneously tested their relative contributions to
genetic divergence and speciation (Wilson ef al., 2000;
Lampert et al., 2003; Lovette, 2004; Ryan et al., 2007).

Two sister species of Amazonian frogs, Physalaemus
petersi and P. freibergi, provide an excellent opportunity to
test the roles of signal variation and landscape features in
genetic divergence. In both species, call divergence and
behavioural isolation are implicated in speciation, with
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Fig. 1 Spectrograms of simple calls from La Selva and Yasuni and
a complex call from Yasuni. Simple calls consist of two components,
a prefix and a whine. Complex calls have an additional third
component, the squawk.

striking divergence in male advertisement calls observed
over small spatial scales and short evolutionary time
scales (Boul ef al., 2007; Guerra & Ron, 2008). One axis
of call variation is call type. In some populations, males
can only produce simple calls, consisting of two call
components, a prefix and a whine (Fig. 1). In other
populations, males also produce complex calls that
include a third call component, the squawk (Fig. 1).
Another axis of call variation is dominant frequency of
simple calls. Phonotaxis experiments demonstrated that
females strongly prefer the simple calls of local males
over the calls of foreign males when the calls of local and
foreign males differ in dominant frequency, demonstrat-
ing behavioural isolation (Boul ef al., 2007; Guerra &
Ron, 2008). As dominant frequency is a salient feature in
anuran call recognition (e.g. Ryan & Wilczynski, 1988),
this leads to a simple prediction. If divergence in call
dominant frequency and preferences for dominant fre-
quency is causing genetic divergence and speciation,
then there should be a positive correlation between
genetic divergence and inter-population differences in
dominant frequency.

Boul et al. (2007) demonstrated that divergence in call
dominant frequency and female preferences in P. petersi
is correlated with reduced gene flow between La Selva
(with simple calls and high dominant frequencies on the
north side of the Rio Napo) vs. Yasuni and Tiputini (with
complex calls and low dominant frequencies on the
south side of the Rio Napo; Figs 1 and 2). A large
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Fig. 2 Map of Physalaemus petersi (a) and
P. freibergi (b) sites sampled and included
in the analyses. In (a), white = 0-200 m
elevation; light grey = 201-500 m;
medium grey = 501-2000 m; and dark
grey = 2000 + m. In (b), grey = forest;
black = river; and white = beach. Insets in
upper right of each panel show the areas
detailed in maps (indicated with grey rect-
angles).
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Amazonian tributary, the Rio Napo, however, divides La
Selva from Yasuni and Tiputini, confounding the
potential contribution of behaviour and landscape fea-
tures to genetic divergence. A phylogeographical analysis
found no evidence that the Rio Napo is a barrier (Funk
et al., 2007), but this study was based on a single locus,
mtDNA. Thus in P. petersi, phonotaxis experiments have
shown strong behavioural isolation between populations
with different calls, but it is still unclear whether call
divergence and behavioural isolation is resulting in

© 2009 THE AUTHORS. J. EVOL. BIOL. 22 (2009) 1839-1853

genetic divergence and cladogenesis. To understand the
mechanisms causing divergence in P. petersi, the effects of
call variation and landscape features on genetic diver-
gence need to be tested simultaneously using multiple
nuclear loci.

We investigated patterns of genetic variation at micro-
satellite loci among populations of P. petersi and P. frei-
bergi to test factors related to genetic divergence. Our
specific objectives were to: (1) test whether genetic
divergence among populations is related to landscape
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features, including geographical distance, intervening
rivers or elevational differences; and (2) test whether
genetic divergence is related to call variation, specifically
call type and dominant frequency. By simultaneously
testing both landscape and call effects on genetic diver-
gence, we were able to assess their relative importance in
speciation.

Materials and methods

Study species

Physalaemus petersi (Jiménez de la Espada, 1872) and
P. freibergi (Donoso-Barros, 1969) are pond-breeding,
rainforest frog species in the family Leptodactylidae.
Physalaemus petersi is found north of the Rio Marafion and
Rio Amazonas in eastern Ecuador, north-eastern Peru,
and south-eastern Colombia; P. freibergi is found south of
these rivers in Amazonian Brazil, south-eastern Peru and
Amazonian Bolivia (Funk et al, 2008). Physalaemus
freibergi was placed in the synonymy of P. petersi by
Cannatella & Duellman (1984) based on morphology and
was then resurrected based on limited molecular and call
data (Cannatella efal, 1998). Recently, differences
between these species have been defined in more detail
based on molecular, morphological and behavioural data
(Funk et al., 2007, 2008).

Together, P. petersi and P. freibergi form a clade that is
the sister-group of P. pustulosus, the Tingara frog (Ron
et al., 2005, 2006). These three species form a well-
supported clade (clade name Edentulus) that is the sister-
group of a clade (clade name Duovox) containing all
other species in the P. pustulosus species group. Although
Nascimento et al. (2005) resurrected the genus Engystom-
ops tor the P. pustulosus species group, that action is not

consistent with their own analysis of relationships. Ron
et al. (2006) also followed the use of Engystomops. One of
the authors of the latter paper (D.C.C.) agrees that
resurrection of Engystomops as a genus was unjustified
and has a larger manuscript in preparation on the
molecular systematics of Physalaemus. Therefore the use
of Physalaemus is continued here.

Sampling

We collected tissue samples (liver, muscle and toe-clips)
from 10 sites and recorded calls from eight sites of
Physalaemus petersi and P. freibergi from May to June 2004
and January to February 2005 (Table 1, Fig. 2). We refer
to these as sites rather than populations because we did
not want to assume a priori that sites were equivalent to
randomly-mating populations. At Puyo and Tiputini, one
toe-clip was taken from each frog that was then returned
where it was found as these populations were part of
ongoing mark-recapture and monitoring studies. Tissue
samples were stored in 95% ethanol, tissue buffer or
were frozen. This work was performed under Institu-
tional Animal Care and Use Committee (IACUC) proto-
cols 00010401 and 03021701.

Eight P. petersi sites and two P. freibergi sites were
sampled. At each site, frogs were sampled from breeding
ponds and along forest trails in an approximately 1-2 km
diameter area. An exception was La Selva, Ecuador
(Fig. 2a), where frogs were sampled from a single
breeding aggregation spanning an approximately 50 m
stretch of lake edge. To test the effects of landscape
features such as rivers and elevational differences on
genetic divergence, sites were sampled on opposite sides
of major Amazonian rivers (the Rio Napo for P. petersi
and the Rio Tambopata for P. freibergi; Fig. 2) and across

Table 1 Sites, coordinates in decimal degrees, elevation, mean call parameters, and genetic parameters of Physalaemus petersi

and P. freibergi included in study.

Coordinates Call parameters Genetic parameters
Elev Call dom  Whine dom
Species Site Latitude Longitude (M) n Call type  freq (Hz)  freq (Hz) n He Rs
P. petersi Puerto Bolivar -0.0886 -76.1419 240 0 NA NA NA 15(NA) 079 7.2
Puyo —-1.4431 -77.9967 954  6* Simple 628 517 38 (0) 064 7.8
Cando -1.0669 -77.9331 702 15  Simple 578 519 25 (0) 055 4.9
Jatun Sacha Biological Station -1.0667 -77.6000 450 8  Simple 620 603 118 0.64 6.1
La Selva Lodge -0.4889 -76.3747 226 24  Simple 743 700 30 (100 032 24
Tiputini Biodiversity Station -0.6372 -76.165 208 10 Complex 445 438 30(10) 070 7.2
Estacion Cientifica Yasuni -0.6781 -76.3967 250 15 Complex 436 474 30 (0) 075 7.3
Amazon Conservancy for Tropical -3.2694 -72.9028 102 0 NA NA NA 30 (NA) 066 7.2
Studies (ACTS)
P. freibergi  Tambopata Research Centre (TRC) -13.1351 -69.6064 167 7  Simple 541 404 30 (7) 0.82 9.2
South side of Rio Tambopata across  —13.1434  -69.5975 201 7  Simple 575 472 30 (7) 0.83 95

from TRC (STRC)

*Call parameters for Puyo are from Guerra & Ron (2008). N is the number of individuals for call or genetic analysis. The number of
recorded males that were also used for genetic analysis is shown in parentheses by the genetic sample size for each site. Hg, expected

Hardy-Weinberg heterozygosity; Rs, allelic richness; NA, not applicable.
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most of the elevational range of P. petersi (from 102 m at
the Amazon Conservancy for Tropical Studies, Peru to
954 m at Puyo, Ecuador, close to the species” maximum
elevation of 1069 m; Funk ef al., 2008). Although we
were only able to sample two P. freibergi sites, they were
located on opposite sides of the Rio Tambopata, providing
an independent test of the importance of rivers in
restricting gene flow. We collected tissues from a total
of 269 individuals from 10 sites (a mean of 26.9
individuals per site) and recorded calls from a total of
86 males from seven sites (a mean of 12.3 males per site;
Table 1). At some sites, the genetic and call data were
collected from the same individuals (Table 1).

Call analysis

Advertisement calls were recorded with a Sennheiser
SE66 microphone (frequency response 40-20 000 Hz) or
a Sony ECM-MS 907 microphone (frequency response
100-15 000 Hz), a Sony WM-D6C professional analogue
tape recorder (frequency response 40-15 000 Hz) (Sony
Electronics Inc., San Diego, CA, USA) and metal cassette
tapes. Calls were digitized and analysed using batch
processing in StgNaL (Engineering Design, Belmont, MA,
USA). Batch processing enforces a degree of standardi-
zation that is sometimes lost when calls are analysed
individually. Only one randomly chosen call from each
male was analysed to avoid pseudo-replication. Calls
were examined prior to analysis to make sure they had a
high signal to noise ratio (i.e. no interference from calls
from other males). As preference based on spectral
aspects of the whine is well known in P. pustulosus
(Ryan, 1980; Wilczynski et al., 1995; Bosch et al., 2000),

Genetic and call divergence in frogs 1843

we focused on call dominant frequency (dominant
frequency of the prefix and whine) and whine dominant
frequency (dominant frequency of the whine only). The
significance of differences in the dominant frequency of
calls and whines among sites was tested using ANova.
We also tested the correlation between call and whine
dominant frequency among individuals using a Pearson
correlation.

Microsatellite genotyping

We analysed genetic variation at nine variable microsat-
ellite loci (Table 2). DNA extraction, PCR, and fragment
analysis were performed as described previously (Boul
et al., 2007). Microsatellite primers were developed from
pooled P. petersi and P. freibergi genomic DNA by Genetic
Identification Services (Chatsworth, CA, USA). Primer
sequences, PCR annealing temperatures, and GenBank
accession numbers are shown in Table 2. PCR fragments
were analysed on an ABI 3100 capillary DNA sequencer
(Applied Biosystems Inc., Carlsbad, CA, USA) and frag-
ment data were scored using GENEMARKER vs. 1.3 (Soft
Genetics, LLC, State College, PA, USA). Previously
genotyped individuals were included on all plates as size
standards to make sure that loci were scored consistently
among experiments.

Genetic analysis

Standard population genetic analyses

We first used standard population genetic analyses to test
the quality of our data and estimate within-population
genetic variation. Exact probabilities for Hardy—-Weinberg

Table 2 Primer sequences of nine variable microsatellite loci that were used to examine genetic variation in Physalaemus petersi and P. freibergi.

No. alleles GenBank

Locus Repeat motif Primer sequences (5-3") Allele size (mean per site) T4 (°C) accession no.

Ppet1 (TAGA)g F-GAGGCACTTCATCTACACAGTC 254 30 (5.4) 57 DQ995212
R-CCGCCACATACACTTGTC

Ppet4 (CA)12 F-ATCCAACCGTAAATCACAA 157 18 (4.2) 55 DQ995213
R-GCAAGTCTCCTCACACTATTG

Ppet7 (TAGA)1sTACAA(TAGA) 15 F-CCTTGGAGTCTTTGTCATTG 235 51 (14.3) 57 DQ995214
R-CACCACTTTCGTTTTTGAAC

Ppet11 (TG)21 F-ACCATTAAAGAACATCCACCAC 128 21 (8.9 56 DQ995215
R-AAGAGCAGATCCTGCAAGAG

Ppet114 (TG)13 F-TTGGTCCTGTGATGTCAGTG 280 24 (5.5) 58 DQ995216
R-GACTCCGATTGGTTTGTCTC

Ppet118 (TAGA)s TTAGATAA(TAGA) 10 F-GAACTGGGATGGATGATAGAC 196 43 (12.4) 57 DQ995217
R-GAGGCTGCATATAATGGAATT

Ppet123 (TCTA)25 F-CATTTTTTTATCCACGCTGAAC 264 36 (7.6) 58 GQ281739
R- GGGTGCTCAGAAGCAATACTAG

Ppet125 (TCTA)27TCAA(TCTA) 25 F-CCTTGAAGTATTGATTGAGGAT 389 86 (14.6) 58 DQ995218
R-TAGGCAATGAGCATAAGACAG

Ppet131 (TAGA)24 F-GGAACAACAAGTACACATCAAA 287 60 (14.6) 57 DQ995219

R-TGGGTTACAATGAGCAGTG

Repeat motif and allele size (number of bp) refer to alleles of the sequenced clones. The total number of observed alleles and the mean number
of alleles per site were calculated from all 209 P. petersi and all 60 P. freibergi individuals included in the study. T, annealing temperature.

© 2009 THE AUTHORS. J. EVOL. BIOL. 22 (2009) 1839-1853

JOURNAL COMPILATION © 2009 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



1844 W. C. FUNK ET AL.

proportions and linkage disequilibrium were calculated
using GENEPOP 3.4 (Raymond & Rousset, 1995). Micro-
CHECKER was used to test for null alleles (van Oosterhout
et al., 2004). Expected heterozygosities (Hg), the number
of alleles per locus and allelic richness (Rs) were
calculated with MicROSATELLITE ANALYZER 4.05 (Die-
ringer & Schlotterer, 2003). Allelic richness is the
number of alleles per locus corrected for differences in
sample sizes among sites (El Mousadik & Petit, 1996).

Tests for genetic structure within sites

Recent research on Amazonian frogs demonstrated
genetic substructure over small distances of 200-
4000 m (Elmer et al, 2007). Therefore, we tested for
genetic substructure within each of our sampling sites
using a Bayesian clustering approach implemented in
STRUCTURE 2.2 (Pritchard ef al., 2000). We did not have
coordinates for each individual, so we did not use
analyses that require this information. STRUCTURE esti-
mates the number of populations (K) in a sample by
minimizing deviations from Hardy—Weinberg proportions
and linkage equilibrium within populations and then
assigns individuals to one or more of these populations
(k). The estimation procedure consists of iterations for
different values of K and then comparing the estimated
log probability of the data under each K, In [Pr(XIK)],
called In P(D) in StrucTturRE. We used the admixture
model that assumes gene flow among populations and
correlated allele frequencies. We performed 20 runs for
each K, from K = 1-3, and calculated the mean In P(D)
across runs for each K (e.g. Waples & Gaggiotti, 2006).
For each run, we used a burn-in (the number of steps to
run the simulation before collecting data) of 30 000 and a
total run length of 100 000 which gave consistent results
across runs. We ran this analysis separately for each site
with a sample size of 30 or more (Puyo, La Selva, Tiputini,
Yasuni, ACTS, TRC, STRC; Table 1, Fig. 2).

Tests of population bottlenecks and estimation

of effective population sizes

Because we observed low levels of within-population
genetic variation at some sites (see Results), we used
bottleneck tests and estimated effective population sizes
(Ne) to test whether bottlenecks or small effective
population sizes were potentially responsible for low
genetic variation. Estimation of N, is also relevant for
understanding divergence in male calls and female
preferences as drift in small populations is expected to
increase phenotypic divergence. These analyses were
conducted for all sites except Jatun Sacha in which the
sample size was small (Table 1). We tested for recent
population bottlenecks following Cornuet & Luikart
(1996). This method, implemented in program BoTTLE-
NECK 1.2.02 (Piry et al., 1999), is based on the predicted
loss of rare alleles in recently bottlenecked populations. It
uses a single population sample to test whether there has
been a recent reduction in allelic variation. Simulations

(Cornuet & Luikart, 1996; Williamson-Natesan, 2005),
theory (Garza & Williamson, 2001) and case studies
(Cornuet & Luikart, 1996; Beebee & Rowe, 2001;
Goossens et al., 2006; Spear et al., 2006) all show that
this is the best method for detecting recent, low-magni-
tude declines in N.. The stepwise mutation model (SMM)
and two-phase mutation model with 12% multi-step
mutations were used to generate null distributions under
mutation-drift equilibrium, as these models span the
range of mutation models considered reasonable for
microsatellites (Shriver et al., 1993; Di Rienzo et al., 1994;
Garza & Williamson, 2001). We tested the sensitivity of
bottleneck tests to loci with possible null alleles by
repeating these tests without loci identified by Micro-
CHECKER as potentially having null alleles at the given
site.

We estimated N. for each site using approximate
Bayesian computation with the program on~esamp
(Tallmon et al., 2004, 2008). This program uses eight
summary statistics with a known relationship with N. and
approximate Bayesian computation to estimate N, from a
single sample of microsatellite data. It has been shown to
be robust under a wide range of population parameters
(Tallmon et al.,, 2004, 2008). We used a liberal prior of
2-1000 for the upper and lower bounds for N.. A
conservative prior of 4-500 was also used for one
randomly chosen site, Puerto Bolivar, to test the sensi-
tivity of the results to the prior. We also tested the
sensitivity of N, estimates to loci with potential null alleles
by repeating onesamp without loci identified by Micro-
CHECKER as possibly having null alleles at the given site.

Tests of factors related to genetic divergence

Weir & Cockerham’s (1984) pairwise Fst values and the
significance of allelic differentiation among sites were
calculated in Gexeror. Critical o values for pairwise tests
of allelic differentiation were determined using a sequen-
tial Bonferroni adjustment (Rice, 1989).

Mantel tests (Mantel, 1967) and partial Mantel tests
(Smouse et al., 1986) were used to test the relationship
between genetic divergence [Fst/(1 — Fst); Rousset,
1997] and straight-line geographical distance, interven-
ing rivers, elevational differences, call type, differences in
call dominant frequency and differences in whine dom-
inant frequency among P. petersi sites using FSTAT vs.
2.9.3.2 (Goudet, 2002). Mantel tests were not used for
P. freibergi because several sites are required for this
analysis. If divergence in call dominant frequency and
preferences for dominant frequency is causing genetic
divergence, then there should be a positive relationship
between genetic divergence and differences in whine
and/or call dominant frequency among populations. This
prediction assumes that populations were originally
connected by some level of gene flow and that the
evolution of behavioural isolation subsequently
restricted gene flow in proportion to the level of call
and preference divergence. Because call recordings were
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not available for two P. petersi sites (Puerto Bolivar and
ACTS), separate analyses were conducted to test the
effects of landscape variables (geographical distance,
rivers and elevation) and call variables (call type, call
dominant frequency and whine dominant frequency) on
genetic divergence. The landscape analysis included all
eight P. petersi sites and the call analysis included the six
P. petersi sites with call data. As ACTS was a geographical
outlier (i.e. it was distant from the other seven sites), the
landscape analyses were also conducted without ACTS to
test the sensitivity of the results to inclusion of this site.
Call data for Puyo were taken from Guerra & Ron (2008).
Prior to Mantel tests, we tested whether natural-log-
transformation of predictor variables improved the linear
fit between genetic divergence and these variables by
calculating correlation coefficients with and without
transformation. Log-transformation improved the fit for
two variables, elevational differences and differences in
call dominant frequency. Thus the transformed values for
these variables were used in Mantel tests.

Partial Mantel tests were used to test the effects of
intervening rivers, elevational differences, call type,
differences in call dominant frequency and differences
in whine dominant frequency after removing the effects
of geographical distance. Although there is an unresolved
debate regarding the statistical validity of partial Mantel
tests (Raufaste & Rousset, 2001; Castellano & Balleto,
2002; Rousset, 2002), the validity of simple Mantel tests
is not in question (Raufaste & Rousset, 2001). Our
conclusions do not hinge on the results of the partial
Mantel tests (see Results and Discussion), but we still
include these results as partial Mantel tests remain a
standard analysis. We corrected critical « values for
multiple Mantel and partial Mantel tests using a sequen-
tial Bonferroni adjustment (Rice, 1989).

We tested the sensitivity of Mantel and partial Mantel
tests to loci with possible null alleles in two ways. First,
Mantel and partial Mantel tests were repeated using
genetic divergence estimates [Fsp/(1 — Fst)] calculated
without the two loci (Ppet118 and Ppet125) identified by
MicrRocCHECKER as potentially having null alleles in
multiple sites. Second, for each locus identified by
MICROCHECKER as potentially having null alleles in any
site (Ppetl, Ppet7, Ppetll, Ppetll8, Ppetl23, Ppetl25
and Ppetl31), Mantel and partial Mantel tests were
repeated using genetic divergence estimates calculated
without the given locus.

Results

Call variation among populations

All frogs at four P. petersi sites made simple calls (Puyo,
Cando, Jatun Sacha and La Selva) and at two sites
complex calls were also heard (Yasuni and Tiputini;
Table 1). Frogs at both P. freibergi sites made only simple
calls. There was also significant variation among P. petersi

© 2009 THE AUTHORS. J. EVOL. BIOL. 22 (2009) 1839-1853
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and P. freibergi sites (all eight sites with recordings) in the
dominant frequency of calls (Fg 79 = 9.85, P < 0.001) and
whines (Fs79 = 7.39, P < 0.001; Table 1). Mean call
dominant frequencies ranged from 436 Hz at Yasuni to
743 Hz at La Selva; mean whine dominant frequencies
ranged from 404 Hz at TRC to 700 Hz at La Selva. Call
and whine dominant frequencies were significantly
correlated (r = 0.851, P < 0.001).

Genetic analysis

Standard population genetic analyses

Only one out of 33 possible tests for departure from
linkage equilibrium was significant, less than the value
(1.65 = 0.05 x 33) expected to be significant by chance.
Thus loci were inferred to be independent. In Hardy—
Weinberg tests, there was significant homozygote excess
at all loci except Ppetll and Ppetll4 and at all sites
except La Selva, the one site in which only a single
breeding aggregation was sampled. MiCROCHECKER iden-
tified potential null alleles at all loci except Ppet4 and
Ppetl14 and at all sites except La Selva. For loci with
potential null alleles, the number of sites identified as
having null alleles at that locus was one (Ppet7 and
Ppetll), two (Ppetl23), three (Ppetl and Ppetl31), five
(Ppetl125) or six (Ppetl118). For sites with potential null
alleles, the number of loci identified as having null alleles
at that site was one (TRC and STRC), two (Puerto
Bolivar, Yasuni, and Tiputini), three (Cando, Jatun
Sacha, and ACTS) or four (Puyo).

Within-population genetic variation varied substan-
tially among populations (Table 1). Expected heterozy-
gosity (Hg) ranged from 0.32 at La Selva to 0.83 at STRC.
Allelic richness (Rs) was lowest at La Selva (2.4) and
highest at STRC (9.5).

Genetic structure within sites

In the STRUCTURE analysis, each sampling site was
inferred (by posterior probability) to consist of one
population (K = 1) except for TRC where K =2 had a
slightly higher posterior probability (0.53). But even at
TRC, all individuals had approximately 50% membership
in both clusters, indicating lack of structure (Pritchard
et al., 2000). Thus StrucTUrRE did not find genetic
substructure within sites.

Bottlenecks and effective population sizes

No evidence was found for heterozygosity excess
(indicative of population bottlenecks) in any site
regardless of the mutation model. Under the SMM,
heterozygosity deficiency (indicative of population
expansion) was significant for Tiputini, ACTS and TRC
(P =0.027, 0.027 and 0.020 respectively). After remov-
ing loci with potential null alleles, heterozygosity
deficiency was no longer significant at Tiputini
(P = 0.078), but remained significant at ACTS and TRC
(P = 0.047 and 0.023).
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Table 3 Effective population size (N.)

o .
95% credible estimates from approximate Bayesian

Species Site Mean  Median limits computation in program oNesaMe.
Physalaemus petersi  Puerto Bolivar 34 34 20-84
Puyo 389 385 161-1864
Cando 41 41 25-125
La Selva Lodge 15 15 8-36
Tiputini Biodiversity Station 247 243 120-893
Estacion Cientifica Yasuni 256 263 134-829
Amazon Conservancy for Tropical Studies 406 416 192-2005
Physalaemus Tambopata Research Centre (TRC) 755 723 305-3171
freibergi South side of Rio Tambopata across 846 825 366-4034

from TRC

Effective population sizes estimated with onesamp
varied from a mean of 15 at La Selva to 846 at STRC
(Table 3). Changing the prior for the low and high values
of N. or removing loci with potential null alleles did not
change the results. The 95% credible limits for N,
overlapped between analyses with different priors and
with or without possible null alleles, demonstrating
relative insensitivity to the prior and to inclusion of loci
with possible null alleles.

Factors related to genetic divergence

Pairwise Fgsr values among P. petersi sites ranged from
0.046 between Tiputini and Yasuni to 0.514 between La
Selva and Cando (Table 4). Mean pairwise Fsr among
P. petersi sites was 0.280. Pairwise Fst between the two
P. freibergi sites, TRC and STRC, was 0.020. Allelic
differentiation between all pairs of sites was significant
(P < 0.001) after correcting for multiple tests.

Mantel and partial Mantel tests demonstrated that the
only predictor variable significantly related to genetic
divergence in P. petersi was inter-population differences
in whine dominant frequencies (Table 5, Fig. 3). In tests
focusing on landscape variables (geographical distance,
the Rio Napo and elevational differences), none of the
five tests was significant (regardless of whether or not
ACTS was included). In tests focusing on call variables
(call type, call dominant frequency and whine dominant
frequency) and geographical distance, only the Mantel
test of genetic divergence vs. differences in whine
dominant frequency and the partial Mantel test of the

multiple tests. The Mantel and partial Mantel tests of
genetic divergence vs. differences in call dominant
frequency were marginally significant. Removing loci
with potential null alleles did not change which Mantel
and partial Mantel tests were significant.

Discussion

Genetic divergence is more tightly related
to call variation than to landscape features

We found a strong, positive relationship between genetic
divergence and differences among sites in mean whine
dominant frequency in P. petersi. In both Mantel and
partial Mantel tests, differences in whine dominant
frequency explained over half the variation in genetic
divergence (53% and 56% of the variation respectively;
Table 5, Fig. 3). Moreover, as genetic divergence was not
significantly related to geographical distance, this result
does not depend on the partial Mantel test used to
control for geographical distance. Thus the debate
regarding the statistical soundness of partial Mantel tests
does not affect our conclusions. In addition, removing
loci with potential null alleles did not change the
significance of the relationship between genetic diver-
gence and differences in whine dominant frequency.
The positive relationship between genetic divergence
and differences in whine dominant frequency was
predicted based on female preferences tested with pho-
notaxis experiments (Boul ef al., 2007; Guerra & Ron,

same relationship were significant after correcting for 2008). In these experiments, females strongly

Table 4 Fgr estimates between Physalaemus
Puerto Bolivar Puyo Cando J. Sacha La Selva Tiputini Yasui petersi sites.

Puyo 0.185

Cando 0.254 0.107

J. Sacha 0.206 0.108 0.177

La Selva 0.397 0.435 0.514 0.479

Tiputini 0.155 0.250 0.286 0.239 0.465

Yasuni 0.131 0.246 0.289 0.236 0.449 0.046

ACTS 0.116 0.322 0.373 0.302 0.533 0.240 0.300

J. Sacha, Jatun Sacha; ACTS, Amazon Conservancy for Tropical Studies. Allelic differentiation

was significant between all population pairs.
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Table 5 Results of simple and partial Mantel
tests (with geo dist in parentheses) to inves-
tigate the relationship between genetic dis-
tance, landscape variables and call variables
in Physalaemus petersi.

Fig. 3 Plot of Fs1/(1 — Fsr) against different
predictor variables in Physalaemus petersi: geo
dist = geographical distance (km) between
sites; Rio Napo = same vs. opposite side of
the Rio Napo; elev diff = difference in ele-
vation (m); call type = same vs. different call
type; diff call dom Hz = difference

in mean dominant frequency of calls (pre-
fix + whine); and diff whine dom Hz = dif-
ference in mean whine dominant frequency.
Elev diff and diff call dom Hz were natural-
log-transformed to improve the linear fit
between Fsp/(1 — Fst) and these variables.
Only the relationship between Fst/(1 — Fsr)
and diff whine dom Hz was significant in
Mantel tests (indicated with regression line).

Genetic and call divergence in frogs 1847

Predictor variables No. sites Mantel test predictor variables r P

Landscape 8 geo dist 0.138 0.485
river -0.019 0.925
In elev diff -0.049 0.803
river (geo dist) -0.013 0.952
In elev diff (geo dist) -0.114 0.560

Call 6 geo dist 0.200 0.474
call type 0.012 0.965
In diff call dom Hz 0.620 0.012
diff whine dom Hz 0.727 0.002
call type (geo dist) —-0.047 0.870
In diff call dom Hz (geo dist) 0.592 0.019
diff whine dom Hz (geo dist) 0.748 0.001

Fsr/(1 — Fsr) was used as genetic distance (Rousset, 1997).

Geo dist, geographical distance (km) between sites; river, same vs. opposite side of Rio Napo;
elev diff, difference in elevation (m); call type, same vs. different call type; diff call dom Hz,
difference in mean call (prefix + whine) dominant frequency; diff whine dom Hz, difference
in mean whine dominant frequency; r, standardized Mantel test statistic which is equivalent
to a Pearson product-moment correlation coefficient.

P was estimated from 10 000 randomizations.

Elev diff and diff call dom Hz were natural-log-transformed to improve the linear fit between
Fst/(1 = Fsr) and these variables.
Controlled variable (geographical distance) in partial Mantel tests in parentheses.

P values significant after correcting for multiple tests are shown in bold.
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dominant frequency. In contrast, there was not a
significant relationship between genetic divergence and
call type. This is also consistent with preference tests
showing no significant difference in preference for
complex calls between populations with different call
types (Boul et al., 2007).

As our results are correlative, we have not directly
demonstrated the causal relationship between genetic
and call divergence. Another possibility is that restricted
gene flow among sites caused by geographical barriers
has allowed call frequencies to diverge. The observation
that genetic divergence was not related to geographical
distance, intervening rivers or elevational differences
indicates, however, that these landscape features do not
restrict gene flow. This suggests that divergence in male
calls and female preferences may be the causative
mechanism driving genetic divergence. Additional pho-
notaxis experiments could be used to test whether the
positive relationship between genetic divergence and
differences in whine dominant frequency is caused by
divergence in female preferences and male calls. If this
hypothesis is correct, then the strength of female pref-
erences for local calls should be proportional to the
difference in whine dominant frequency between local
males and males from the given foreign population. This
could be tested using synthesized calls based on the mean
call parameters of ditferent populations throughout the
species’ range as done for P. pustulosus (Ryan et al., 2007).

The lack of landscape effects on genetic divergence is
consistent with a previous mtDNA phylogeographical
study of many of the same populations of P. petersi and
P. freibergi (Funk et al., 2007), but is in contrast to other
studies that have shown strong landscape effects on
population structure in some amphibians (e.g. Funk
et al., 2005a; Spear et al., 2005; Giordano et al., 2007).
Funk efal. (2007) found no significant relationship
between genetic divergence (measured as sequence
divergence) and the Rio Napo or the Rio Tambopata or
between genetic divergence and elevational differences.
Some studies of birds and butterflies support a barrier
effect of some Amazonian rivers (Hall & Harvey, 2002;
Aleixo, 2004; Hayes & Sewlal, 2004; Hoglund & Shorey,
2004; Cheviron et al., 2005), but other studies of birds,
mammals and amphibians found little or no such effect
(da Silva & Patton, 1993; Gascon, 1996; Gascon et al.,
1996, 1998, 2000; Lougheed et al., 1999; Symula et al.,
2003; Aleixo, 2004). The Rio Napo is wide (approxi-
mately 1 km wide between La Selva and Yasuni) and
likely acts as a significant current barrier to gene flow for
P. petersi. The Rio Tambopata is narrower (approximately
300 m wide between TRC and STRC), but could be a
current barrier to movement for P. freibergi. The lack of
an effect on genetic divergence may therefore be partly
due to historic gene flow among populations prior to
becoming divided by rivers. For example, lateral channel
migration is common in the western Amazon basin and
can cause across-river transfers of large pieces of land

such that populations that are currently on opposite sides
of a river may have historically been on the same side
(Rdsdnan et al., 1987). Fewer studies have tested the
effects of elevational gradients on genetic divergence in
Amazonian and Andean taxa. Elevational gradients may
be important in speciation of poison frogs (Graham et al.,
2004), but elevation does not seem to play a role in
speciation in the rodents and birds studied (Patton &
Smith, 1992; da Silva & Patton, 1993; Dingle et al., 2006).

We also did not find a significant relationship between
genetic divergence and geographical distance in P. petersi.
In other words, there was no evidence for isolation-by-
distance. There are at least three possible explanations for
a lack of isolation-by-distance: (1) gene flow is not
limited by distance so that the amount of gene flow
among populations does not depend on distance; (2)
populations have recently expanded and there has not
been sufficient time for distance-limited dispersal to
generate a correlation between genetic and geographical
distance; and (3) there is little or no gene flow among
some populations regardless of the distance between
them. The first two explanations seem unlikely in the
case of P. petersi. First, the maximum distance between
sites in this study is 609 km between ACTS and Cando,
almost 2 orders of magnitude greater than the maximum
documented dispersal distances for frogs (Marsh &
Trenham, 2001; Funk ef al., 2005b). Thus dispersal rates
are not equivalent between all sites in this study. Second,
the high Fst estimates among some P. petersi populations
found here (mean pairwise Fsr = 0.280; Table 4) suggest
that populations have not recently expanded. In the case
of recent expansion, Fsr values should be substantially
lower. Moreover, Funk ef al. (2007) found little evidence
for recent population expansion in P. petersi in the Napo
region using several different analyses. The last hypoth-
esis, little or no gene flow among some populations,
seems most plausible for P. petersi. Fsr values are low for
some geographically close populations with similar call
dominant frequencies (e.g. Yasuni and Tiputini; see
Tables 1 and 4, Fig. 2), suggesting high gene flow among
these populations. But populations with divergent call
dominant frequencies separated by small distances and
populations with similar call dominant frequencies sep-
arated by even moderate geographical distances likely
have little or no gene flow which should result in a
breakdown in isolation-by-distance. Thus strong isolation
among populations seems like the most likely explana-
tion for the lack of isolation by distance at microsatellite
loci in P. petersi.

In P. pustulosus, the sister species of the clade contain-
ing P. petersi and P. freibergi, there is no significant
relationship between genetic divergence and call differ-
ences among populations despite significant variation in
calls (Ryan et al, 1996, 2007). This observation is
consistent with differences between P. petersi and P. pust-
ulosus in the strength of female preferences for local calls.
In P. petersi, females strongly prefer the calls of local
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males and discriminate against the calls of foreign males
when they differ significantly in dominant frequency
(Boul et al., 2007; Guerra & Ron, 2008). For example, the
proportion of La Selva and Yasuni females preferring
their local call when presented with calls from the other
population was 0.89 and 1.00 respectively (Boul et al.,
2007). In P. pustulosus females from Gamboa, Panama,
the mean proportion preferring their local call to calls of
27 other populations from throughout the species” range
was 0.66 and ranged from 0.30 to 0.85 (Ryan et al.,
2007). Prohl et al. (2006) showed a similar result in a
more fine-scale study in an area of parapatry between
two genetic groups within P. pustulosus. Strong discrim-
ination against calls with different dominant frequencies
in P. petersi should result in the accumulation of genetic
differences in proportion to the difference in dominant
frequency. But in P. pustulosus, lack of such strong
discrimination should not result in such a relationship,
as observed. The reason for this difference in the strength
of preferences for local calls between these closely related
species is currently unknown.

Fine-scale genetic structure within sites

The two methods we used to test for fine-scale genetic
structure within sites, Hardy—Weinberg tests and the
Bayesian clustering algorithm in program STRUCTURE,
gave inconsistent results. Hardy—Weinberg tests revealed
homozygote excess at multiple loci in all sites except the
one in which only a single breeding aggregation was
sampled, La Selva. Only an approximately 50 m stretch
of shoreline was sampled at La Selva, whereas 1-2 km
areas were sampled at other sites to find large enough
sample sizes. This suggests genetic substructure over
small (1-2 km) spatial scales within sites. Homozygote
excess at multiple loci is predicted when multiple
populations are combined in a single sample, the well-
known Wahlund effect (Hartl & Clark, 1989). Null
alleles, on the other hand, typically result in homozygote
excess at one or two loci in multiple populations. Thus
the large number of loci with potential null alleles
identified by MicrocHECKER is likely primarily due to a
Wahlund effect rather than to null alleles. In contrast,
program STrUcCTURE did not detect multiple populations
in any site, suggesting either lack of fine-scale genetic
structure or low power to detect structure with our
sample sizes of 30 to 38 individuals. In other studies with
similar or even larger sample sizes, STrucTURE tended to
be conservative at detecting differences among popula-
tions (Funk ef al,, 2005a; Elmer et al., 2007; see below),
suggesting that the failure of STrucTture to find multiple
populations in P. petersi and P. freibergi sites here may be
due to low power.

Another population genetic study of a frog (Pristimantis
ockendeni) in Amazonian Ecuador also found fine-scale
genetic structure within a single site over spatial scales
similar to those analysed here (Elmer ef al., 2007). As in
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P. petersi and P. freibergi here, Elmer et al. (2007) found
homozygote excess at all loci and evidence for null alleles
with MicrocHECKER, but lack of genetic structure
according to the StTrucTURE results, in P. ockendeni. The
authors attributed the lack of genetic structure to a
significant pattern of isolation by distance among indi-
vidual frogs. Although there were not distinct popula-
tions, frogs farther apart were less closely related to each
other. We did not have geographical coordinates for
individual frogs, thus we could not test the relationship
between geographical distance and genetic relatedness
between frogs. But the suggestion of a Wahlund effect in
P. petersi and P. freibergi in our study and in P. ockendeni
suggests that limited dispersal and fine-scale genetic
structure may be common in some Amazonian frogs.

One factor that may contribute to limited dispersal in
P. petersi, P. freibergi and P. ockendeni is their reproductive
modes. Physalaemus petersi and P. freibergi have foam nests
which they deposit at the margins of rainforest pools and
oxbow lakes. Because these breeding habitats are often
scarce and distant from each other, this may result in
isolated breeding populations with limited among-popu-
lation dispersal and gene flow. Pristimantis ockendeni and
other Pristimantis species have direct development (no
aquatic larval stage) in which they lay their eggs in the
leat litter or on leaves in the forest such that migration to
breeding sites is unnecessary. Low migration and dis-
persal in direct developing frogs should also lead to
restricted gene flow. In contrast, populations of rainforest
frog species which breed in more common and wide-
spread aquatic habitats (e.g. the many hylid species
which breed in large lakes or ponds, often in disturbed
habitats) may be more connected due to a higher density
of ponds, lower inter-pond distance, and greater migra-
tion and dispersal abilities. Comparative analyses of gene
flow in amphibians with different reproductive modes
and life histories would shed light on variation among
these groups in patterns and rates of gene flow.

Effective population sizes and bottlenecks

We found substantial variation in effective population
sizes (N.) among populations of P. petersi and P. freibergi
(Table 3). Small effective population sizes may partly
explain low genetic variation observed within La Selva
and Cando, although Puerto Bolivar also had a small N,
but average levels of diversity (Table 1). Moreover, small
effective population sizes in some sites suggest that
genetic drift may potentially play a role in divergence
in calls and female preferences. For example, La Selva
has the smallest N. and also has call and whine dominant
frequencies substantially higher than other sites. It is
possible that genetic drift has facilitated this divergence.
Analysis of mtDNA data using a coalescent approach
showed that call evolution in P. petersi has proceeded
faster than expected by genetic drift, implying divergent
selection on calls (Boul et al, 2007). This coalescent
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analysis, however, considers the effects of drift in all
populations simultaneously, essentially averaging over
populations. Although average effective population sizes
may be too large to invoke genetic drift as a general
mechanism causing call divergence, small effective pop-
ulation sizes may influence call and preference diver-
gence in some individual populations.

Although effective population sizes were small in some
sites, there was no evidence from bottleneck tests for
reductions in N.. Thus bottlenecks, which can increase
divergence estimates (Hedrick, 1999), are not a con-
founding factor in our analysis. In some sites, however,
there were significant tests for population expansion. In
particular, we found evidence for expansion at Tiputini
and ACTS in P. petersi and at TRC in P. freibergi. Evidence
for expansion in ACTS and TRC is consistent with
mtDNA data, although mtDNA analysis did not find
evidence for expansion at Tiputini (Funk ef al., 2007).
Thus most of the populations analysed appeared to be
fairly stable over time, but small effective population
sizes suggest that genetic drift could play a role in call and
preference evolution in some populations.

Conclusions

Our results add to previous evidence (Boul ef al., 2007;
Guerra & Ron, 2008) that behavioural isolation stem-
ming from divergence in male calls and female prefer-
ences is causing genetic divergence and speciation among
populations of P. petersi and P. freibergi. Boul et al. (2007)
also found genetic divergence at microsatellite loci
between P. petersi populations with divergent calls and
preferences, but genetic divergence was potentially con-
founded by the intervening Rio Napo. Here we found a
strong positive relationship between genetic divergence
and differences in whine dominant frequency in P. petersi
and no significant relationship between genetic diver-
gence and the Rio Napo in P. petersi or the Rio Tambopata
in P. freibergi, supporting the hypothesis that behavioural
isolation, not landscape features, is causing speciation.
All evidence to date indicates that behavioural isola-
tion plays an important role in speciation in P. petersi and
P. freibergi, but several questions remain about the
ultimate and proximate mechanisms causing behavioural
isolation. For example, what combination of selective
forces has generated such striking among-population
variation in male calls and female preferences? Is
variation in male calls driven by runaway sexual selec-
tion, divergent ecological selection acting directly on calls
or on correlated traits, or a combination? And what are
the genetic mechanisms that underlie among-population
variation in male calls and female preferences? Physalae-
mus petersi and P. freibergi should be excellent species for
addressing these fundamental evolutionary questions for
several reasons including divergence in calls and prefer-
ences over small spatial and evolutionary time scales, at
least two independent centres of call divergence (one in

P. petersi and the other in P. freibergi), robust assays for
testing preferences, and a wealth of background infor-
mation on communication and sexual selection in
Physalaemus frogs (e.g. Ryan, 1985; Ryan & Rand, 1999).

Acknowledgments

We thank J. Espinoza and K. Ramirez (Instituto Nacional
de Recursos Naturales) and J.P. Barriga (Estacion Cienti-
fica Yasuni) for assisting with permits; A. Angulo, S.
Padilla, and C. Torres-Gastello for assistance in the field;
K. Holle (Tambopata Research Center, Rainforest Expe-
ditions), P. Jenson and S. Madigosky (Amazon Conser-
vancy for Tropical Studies, Explorama Lodges), E.
Schwartz (La Selva Lodge), and D. Romo and K. Swing
(Tiputini Biodiversity Station) for providing accommo-
dations in the field; J. Cérdova and C. Aguilar (Museo de
Historia Natural, Universidad Nacional Mayor de San
Marcos) and L. Coloma, I. Tapia, and D. Almeida-Reinoso
(Museo de Zoologia, Pontificia Universidad Catolica del
Ecuador) for providing curatorial assistance and facilitat-
ing research in Peru and Ecuador respectively; L. Coloma
for providing tissue loans; B. Caudle for assistance in the
laboratory; U. Mueller for access to his sequencer; and X.
Bernal and B. Dawson for their assistance with call
analysis. We also thank Kim Hoke for providing com-
ments on the manuscript. The Peruvian Instituto Nac-
ional de Recursos Naturales provided research and export
permit numbers 08-C/C-2004-INRENA-IANP, 032-2004-
INRENA-IFFS-DCB and 003 886-AG-INRENA; the Ecu-
adorian Ministerio de Ambiente provided research and
collection permit number 004-IC-FAU-DNBAPVS/MA.
We acknowledge the National Science Foundation for
funding from the IRCEB grant 0 078 150. This is publi-
cation number 197 of the Yanayacu Natural History
Research Group.

References

Aleixo, A. 2004. Historical diversification of a terra-firme forest
bird superspecies: a phylogeographic perspective on the role of
different hypotheses of Amazonian diversification. Evolution
58: 1303-1317.

Alexander, R. 1962. Evolutionary change in cricket acoustical
communication. Evolution 16: 443-467.

Beebee, T. & Rowe, G. 2001. Application of genetic bottleneck
testing to the investigation of amphibian declines: a case study
with natterjack toads. Conserv. Biol. 15: 266-270.

Blair, W.F. 1958. Mating call in the speciation of anuran
amphibians. Am. Nat. 92: 27-51.

Bosch, J., Rand, A.S. & Ryan, M.J. 2000. Signal variation and
call preferences for whine frequency in the tuingara frog,
Physalaemus pustulosus. Behav. Ecol. Sociobiol. 49: 62—66.

Boul, K.E., Funk, W.C., Darst, C.R., Cannatella, D.C. & Ryan,
M.J. 2007. Sexual selection drives speciation in an Amazonian
frog. Proc. R. Soc. Lond. B Biol. Sci. 274: 399-406.

Cannatella, D.C. & Duellman, W.E. 1984. Leptodactylid frogs of
the Physalaemus pustulosus group. Copeia 1984: 902-921.

© 2009 THE AUTHORS. J. EVOL. BIOL. 22 (2009) 1839-1853

JOURNAL COMPILATION © 2009 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



Cannatella, D.C., Hillis, D.M., Chippindale, P.T., Weigt, L., Rand,
A.S. & Ryan, M.J. 1998. Phylogeny of frogs of the Physalaemus
pustulosus species group, with an examination of data incon-
gruence. Syst. Biol. 47: 311-335.

Castellano, S. & Balleto, E. 2002. Is the partial Mantel test
inadequate? Evolution 56: 1871-1873.

Cheviron, Z.A., Hackett, S.J. & Capparella, A.P. 2005. Complex
evolutionary history of a Neotropical lowland forest bird
(Lepidothrix coronata) and its implications for historical hypoth-
eses of the origin of Neotropical avian diversity. Mol. Phylo-
genet. Evol. 36: 338-357.

Cornuet, J.M. & Luikart, G. 1996. Description and power
analysis of two tests for detecting recent population bottle-
necks from allele frequency data. Genetics 144: 2001-
2014.

Coyne, J.A. & Orr, H.A. 2004. Speciation. Sinauer, Sunderland,
MA.

Di Rienzo, A., Peterson, A.C., Garza, J.C., Valdes, A.M., Slatkin,
M. & Freimer, N.B. 1994. Mutational processes of simple-
sequence repeat loci in human populations. Proc. Natl Acad. Sci.
USA 91: 3166-3170.

Dieringer, D. & Schlotterer, C. 2003. MICROSATELLITE ANALYSER
(MSA): a platform independent analysis tool for large micro-
satellite data sets. Mol. Ecol. Notes 3: 167-169.

Dingle, C., Lovette, 1.J.,, Canaday, C. & Smith, T.B. 2006.
Elevational zonation and the phylogenetic relationships of the
Henicorhina wood-wrens. Auk 123: 119-134.

Donoso-Barros, R. 1969. Un nuevo anuro de Bolivia, Eupemphix
freibergi, nov. sp. Bol. Soc. Biol. Concepcion 41: 183-187.

El Mousadik, A. & Petit, R.J. 1996. High level of genetic
differentiation for allelic richness among populations of the
argan tree [Argania spinosa (L.) Skeels] endemic to Morocco.
Theor. Appl. Genet. 92: 832-839.

Elmer, K.R., Dévila, J.A. & Lougheed, S.C. 2007. Applying new
inter-individual approaches to assess fine-scale population
genetic diversity in a Neotropical frog, Eleutherodactylus ocken-
deni. Heredity 99: 506-515.

Endler, J.A. 1977. Geographic Variation, Speciation, and Clines.
Princeton University Press, Princeton, NJ.

Fisher, R.A. 1930. The Genetical Theory of Natural Selection. Oxtord
University Press, Oxford.

Funk, W.C., Blouin, M.S., Corn, P.S., Maxell, B.A., Pilliod, D.S.,
Amish, S. & Allendorf, F.W. 2005a. Population structure of
Columbia spotted frogs (Rana luteiventris) is strongly affected
by the landscape. Mol. Ecol. 14: 483-496.

Funk, W.C., Greene, A.E., Corn, P.S. & Allendorf, F.W. 2005b.
High dispersal in a frog species suggests it is vulnerable to
habitat fragmentation. Biol. Lett. 1: 13-16.

Funk, W.C., Caldwell, J.P., Peden, C.E., Padial, J.M., De la Riva,
1. & Cannatella, D.C. 2007. Tests of biogeographic hypotheses
for diversification in the Amazonian forest frog, Physalaemus
petersi. Mol. Phylogenet. Evol. 44: 825-837.

Funk, W.C., Angulo, A., Caldwell, J.P., Ryan, M.J. & Cannatella,
D.C. 2008. Comparison of morphology and calls of two cryptic
species of Physalaemus (Anura: Leiuperidae). Herpetologica 64:
290-304.

Garza, J.C. & Williamson, E.G. 2001. Detection of reduction in
population size using data from microsatellite loci. Mol. Ecol.
10: 305-318.

Gascon, C. 1996. Amphibian litter fauna and river barriers in
flooded and non-flooded Amazonian rain forests. Biotropica
28: 136-140.

© 2009 THE AUTHORS. J. EVOL. BIOL. 22 (2009) 1839-1853

Genetic and call divergence in frogs 1851

Gascon, C., Lougheed, S.C. & Bogart, J.P. 1996. Genetic and
morphological variation in Vanzolinius discodactylus: a test of
the river hypothesis of speciation. Biotropica 28: 376-387.

Gascon, C., Lougheed, S.C. & Bogart, J.P. 1998. Patterns of
genetic differentiation in four species of Amazonian frogs: a
test of the riverine barrier hypothesis. Biotropica 30: 104—
119.

Gascon, C., Malcolm, J.R., Patton, J.L., da Silva, M.N.F., Bogart,
J.P., Lougheed, S.C., Peres, C.A., Neckel, S. & Boag, P.T. 2000.
Riverine barriers and the geographic distribution of Amazo-
nian species. Proc. Natl Acad. Sci. USA 97: 13672-13677.

Gavrilets, S. 2004. Fitness Landscapes and the Origin of Species.
Princeton University Press, Princeton, NJ.

Giordano, A.R., Ridenhour, B.J. & Storfer, A. 2007. The
influence of altitude and topography on genetic structure in
the long-toed salamander (Ambystoma macrodactulym). Mol.
Ecol. 16: 1625-1637.

Goossens, B., Chikhi, L., Ancrenaz, M., Lackman-Ancrenaz, I.,
Andau, P. & Bruford, M.W. 2006. Genetic signature of
anthropogenic population collapse in orang-utans. PLoS Biol.
4: 285-291.

Goudet, J. 2002. FSTAT, a program to estimate and test gene
diversities and fixation indices (version 2.9.3.2) [www docu-
ment]. URL http://www2.unil.ch/popgen/softwares/fstat.htm

Graham, C.H., Ron, S.R., Santos, J.C., Schneider, C.J. & Moritz,
C. 2004. Integrating phylogenetics and environmental niche
models to explore speciation mechanisms in dendrobatid
frogs. Evolution 58: 1781-1793.

Gray, D.A. & Cade, W.H. 2000. Sexual selection and speciation
in field crickets. Proc. Natl Acad. Sci. USA 97: 14449-14454.
Guerra, M.A. & Ron, S.R. 2008. Mate choice and courtship signal
differentiation promotes speciation in an Amazonian frog.

Behav. Ecol. 19: 1128-1135.

Hall, JP.W. & Harvey, D.J. 2002. The phylogeography of
Amazonia revisited: new evidence from riodinid butterflies.
Evolution 56: 1489-1497.

Hartl, D.L. & Clark, A.G. 1989. Principles of Population Genetics,
2nd edn. Sinauer, Sunderland, MA.

Hayes, F.E. & Sewlal, J.-A.N. 2004. The Amazon River as a
dispersal barrier to passerine birds: effects of river width,
habitat and taxonomy. J. Biogeogr. 31: 1809-1818.

Hedrick, P.W. 1999. Highly variable loci and their interpretation
in evolution and conservation. Evolution 53: 313-318.

Hoglund, J. & Shorey, L. 2004. Genetic divergence in the
superspecies Manacus. Biol. J. Linn. Soc. 81: 439-447.

Holderegger, R. & Wagner, H.H. 2008. Landscape genetics.
Bioscience 58: 199-207.

Jiménez de la Espada, M. 1872. Nuevos batracios americanos.
An. Soc. Esp. Hist. Nat. 1: 85-88.

Lampert, K.P., Rand, A.S., Mueller, U.G. & Ryan, M.J. 2003.
Fine-scale genetic pattern and evidence for sex-biased dis-
persal in the tangara frog, Physalaemus pustulosus. Mol. Ecol. 12:
3325-3334.

Lande, R. 1981. Models of speciation by sexual selection on
polygenic traits. Proc. Natl Acad. Sci. USA 78: 3721-3725.

Lande, R. 1982. Rapid origin of sexual isolation and character
divergence in a cline. Evolution 36: 213-223.

Lougheed, S.C., Gascon, C., Jones, D.A., Bogart, J.P. & Boag,
P.T. 1999. Ridges and rivers: a test of competing hypotheses
of Amazonian diversification using a dart-poison frog (Epi-
pedobates femoralis). Proc. R. Soc. Lond. B Biol. Sci. 266: 1829—
1835.

JOURNAL COMPILATION © 2009 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



1852 W. C. FUNK ET AL.

Lovette, 1.J. 2004. Molecular phylogeny and plumage signal
evolution in a trans Andean and circum Amazonian avian
species complex. Mol. Phylogenet. Evol. 32: 512-523.

Manel, S., Schwartz, K., Luikart, G. & Taberlet, P. 2003.
Landscape genetics: combining landscape ecology and popu-
lation genetics. Trends Ecol. Evol. 18: 189-197.

Mantel, N. 1967. The detection of disease clustering and a
generalized regression approach. Cancer Res. 27: 209-220.

Marsh, D.M. & Trenham, P.C. 2001. Metapopulation dynamics
and amphibian conservation. Conserv. Biol. 15: 40-49.

Masta, S.E. & Maddison, W.P. 2002. Sexual selection driving
diversification in jumping spiders. Proc. Natl Acad. Sci. USA 99:
4442-4447.

Mayr, E. 1963. Animal Species and Evolution. Harvard University
Press, Cambridge, MA.

Moritz, C., Patton, J.L., Schneider, C.J. & Smith, T.B. 2000.
Diversification of rainforest faunas: an integrated molecular
approach. Annu. Rev. Ecol. Syst. 31: 533-563.

Nascimento, L.B., Caramaschi, U. & Gongalves Cruz, C.A. 2005.
Taxonomic review of the species groups of the genus Physa-
laemus Fitzinger, 1826 with the revalidation of the genera
Physalaemus Jiménez de la Espada, 1872 and Eupemphix
Steindachner, 1863 (Amphibia, Anura, Leptodactylidae).
Arquivos Museo Nacional Rio do Janeiro 63: 297-320.

Nei, M. 1976. Mathematical models of speciation and genetic
distance. In: Population Genetics and Ecology (S. Karlin & E.
Nevo, eds), pp. 723-766. Academic Press, New York.

Nei, M., Maruyama, T. & Wu, C.-I. 1983. Models of evolution of
reproductive isolation. Genetics 103: 557-579.

van Oosterhout, C., Hutchinson, W.F., Willis, D.P.M. & Shipley,
P. 2004. Micro-cHECKER: software for identifying and cor-
recting genotyping errors in microsatellite data. Mol. Ecol. Notes
4: 535-538.

Panhuis, T.M., Butlin, R., Zuk, M. & Tregenza, T. 2001. Sexual
selection and speciation. Trends Ecol. Evol. 16: 364-371.

Patton, J.L. & Smith, M.F. 1992. MtDNA phylogeny of Andean
mice: a test of diversification across ecological gradients.
Evolution 46: 174-183.

Piry, S., Luikart, G. & Cornuet, J.-M. 1999. BOTTLENECK: a
computer program for detecting recent reductions in the
effective population size using allele frequency data. J. Hered.
90: 502-503.

Price, T. 2008. Speciation in Birds. Roberts and Company
Publishers, Greenwood Village, CO.

Pritchard, J.K., Stephens, M. & Donnelly, P. 2000. Inference of
population structure using multilocus genotype data. Genetics
155: 945-959.

Prohl, H., Koshy, R., Mueller, U., Rand, A.S. & Ryan, M.J. 2006.
Geographic variation and behavioral traits in tingara frogs in
a zone of secondary contact. Evolution 60: 1669-1679.

Rédsdnan, M.E., Salo, J.S. & Kalliola, R.J. 1987. Fluvial pertur-
bance in the western Amazon basin: regulation by long-term
sub-Andean tectonics. Science 238: 1398-1401.

Raufaste, N. & Rousset, F. 2001. Are partial Mantel tests
adequate? Evolution 55: 1703-1705.

Raymond, M. & Rousset, F. 1995. Generor (version 1.2):
population genetics software for exact tests and ecumenicism.
J. Hered. 83: 248-249.

Rice, W.R. 1989. Analyzing tables of statistical tests. Evolution 43:
223-225.

Ritchie, M.G. 2007. Sexual selection and speciation. Annu. Rev.
Ecol. Evol. Syst. 38: 79-102.

Ritchie, M.G., Hamill, R.M., Graves, J.A., Magurran, A.E., Webb,
S.A. & Garcia, C.M. 2007. Sex and differentiation: population
genetic divergence and sexual dimorphism in Mexican goo-
deid fish. J. Evol. Biol. 20: 2048-2055.

Ron, S.R., Coloma, L.A. & Cannatella, D.C. 2005. A new, cryptic
species of Physalaemus (Anura: Leptodactylidae) from western
Ecuador with comments on the call structure of the P.
pustulosus species group. Herpetologica 61: 178-198.

Ron, S.R., Santos, J.C. & Cannatella, D.C. 2006. Phylogeny of
the tingara frog genus Engystomops (= Physalaemus pustulosus
species group; Anura: Leptodactylidae). Mol. Phylogenet. Evol.
39: 392-403.

Rousset, F. 1997. Genetic differentiation and estimation of gene
flow from F-statistics under isolation by distance. Genetics 145:
1219-1228.

Rousset, F. 2002. Partial Mantel tests: reply to Castellano and
Balleto. Evolution 56: 1874-1875.

Ryan, M.J. 1980. Female mate choice in a Neotropical frog.
Science 209: 523-525.

Ryan, M.J. 1985. The Tiingara Frog. University of Chicago Press,
Chicago, IL.

Ryan, M.J. & Rand, A.S. 1999. Phylogenetic inference and the
evolution of communication in tingara frogs. In: The Design of
Animal Communication (M. Hauser & M. Konishi, eds), pp. 535-
557. MIT Press, Cambridge, MA.

Ryan, M.J. & Wilczynski, W. 1988. Coevolution of sender and
receiver: effect on local mate preferences in cricket frogs.
Science 240: 1786-1788.

Ryan, M.J., Rand, A.S. & Weigt, L.A. 1996. Allozyme and
advertisement call variation in the tdngara frog, Physalaemus
pustulosus. Evolution 50: 2435-2453.

Ryan, M.J., Bernal, X.E. & Rand, A.S. 2007. Patterns of mating
call preferences in tingara frogs, Physalaemus pustulosus.
J. Evol. Biol. 20: 2235-2247.

Seehausen, O., van Alphen, J.J.M. & Witte, F. 1997. Cichlid fish
diversity threatened by eutrophication that curbs sexual
selection. Science 277: 1808-1811.

Seehausen, O., Mayhew, P.J. & van Alphen, J.J.M. 1999.
Evolution of color patterns in East African cichlid fish. J. Evol.
Biol. 12: 514-534.

Shriver, M.D., Jin, L., Chakraborty, R. & Boerwinkle, E. 1993.
VNTR allele frequency-distributions under the stepwise muta-
tion model — a computer simulation approach. Genetics 134:
983-993.

da Silva, M.N.F. & Patton, J.L. 1993. Amazonian phylogeogra-
phy: mtDNA sequence variation in arboreal echimyid rodents
(Caviomorpha). Mol. Phylogenet. Evol. 2: 243-255.

Smouse, P.E., Long, J.C. & Sokal, R.R. 1986. Multiple regression
and correlation extensions of the Mantel test of matrix
correspondence. Syst. Zool. 35: 627-632.

Spear, S.F., Peterson, C.R., Matocq, M.D. & Storfer, A. 2005.
Landscape genetics of the blotched tiger salamander (Ambys-
toma tigrinum melanostictum). Mol. Ecol. 14: 2553-2564.

Spear, S.F., Peterson, C.R., Matocq, M.D. & Storfer, A.
2006. Molecular evidence for historical and recent popula-
tion size reductions of tiger salamanders (Ambystoma
tigrinum) in Yellowstone National Park. Comserv. Genet. 7:
605-611.

Storfer, A., Murphy, M.A., Evans, J.S., Goldberg, C.S., Robinson,
S., Spear, S.F., Dezzani, R., Delmelle, E., Vierling, L. & Waits,
L.P. 2007. Putting the ‘landscape’ in landscape genetics.
Heredity 98: 128-142.

© 2009 THE AUTHORS. J. EVOL. BIOL. 22 (2009) 1839-1853

JOURNAL COMPILATION © 2009 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



Symula, R., Schulte, R. & Summers, K. 2003. Molecular
systematics and phylogeography of Amazonian poison frogs
of the genus Dendrobates. Mol. Phylogenet. Evol. 26: 452—
475.

Tallmon, D.A., Luikart, G. & Beaumont, M.A. 2004. A compar-
ative evaluation of a new effective population size estimator
based on approximate Bayesian computation. Genetics 167:
977-988.

Tallmon, D.A., Koyuk, A., Luikart, G. & Beaumont, M.A. 2008.
ONesAMP: a program to estimate effective population size
using approximate Bayesian computation. Mol. Ecol. Resour. 8:
299-301.

Walker, T.J. 1974. Character displacement and acoustic insects.
Am. Zool. 14: 1137-1150.

Wallace, A.R. 1852. On the monkeys of the Amazon. Proc. Zool.
Soc. Lond. 20: 107-110.

Waples, R.S. & Gaggiotti, O. 2006. What is a population? An
empirical evaluation of some genetic methods for identifying

© 2009 THE AUTHORS. J. EVOL. BIOL. 22 (2009) 1839-1853

Genetic and call divergence in frogs 1853

the number of gene pools and their degree of connectivity.
Mol. Ecol. 15: 1419-1439.

Weir, B.S. & Cockerham, C.C. 1984. Estimating F-statistics for
the analysis of population structure. Evolution 38: 1358-1370.

West-Eberhard, M.J. 1983. Sexual selection, social competition
and speciation. Q. Rev. Biol. 58: 155-183.

Wilczynski, W., Rand, A.S. & Ryan, M.J. 1995. The processing of
spectral cues by the call analysis system of the tingara frog,
Physalaemus pustulosus. Anim. Behav. 49: 911-929.

Williamson-Natesan, E.G. 2005. Comparison of methods for
detecting bottlenecks from microsatellite loci. Conserv. Genet. 6:
551-562.

Wilson, A.B., Noack-Kunnmann, K. & Meyer, A. 2000. Incipient
speciation in sympatric Nicaraguan crater lake cichlid fishes:
sexual selection versus ecological diversification. Proc. R. Soc.
Lond. B Biol. Sci. 267: 2133-2141.

Received 23 April 2009; revised 24 May 2009; accepted 26 May 2009

JOURNAL COMPILATION © 2009 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



