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Abstract.—Despite the ongoing debate about the mechanisms involved in speciation processes, evolutionary biologists
agree that isolation is a key factor in promoting the evolution of different species. Islands provide natural models for the
study of isolated populations. Populations on islands are usually small and may also be subject to intense directional
selection or genetic drift. In this study we investigated island populations of the Tungara Frog, Physalaemus
(Engystomops) pustulosus, and documented their level of morphological, genetic, and behavioral divergence. We also
compared our results to a mainland population. We found that larger islands and/or islands characterized by more
human traffic with the mainland were more likely to harbor populations of Tungara Frogs than smaller islands. All
island populations differed significantly from the mainland population and from each other at the genetic and, to a
slightly lesser degree, morphological levels. Male mating calls had also diverged but did not show a clear pattern. We
conclude that isolated populations of Tungara Frogs diverge very rapidly. They might therefore provide useful models
for the investigation of evolution in small populations and potentially of speciation processes.
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INTRODUCTION

Early in the history of biology it was noted that islands
often hold species with unique characteristics.
Subsequently, island biodiversity and ecology have been
studied extensively to unravel the mystery of speciation
processes (Coyne and Orr 2004; Adams 2009). Despite
an ongoing debate about the relative importance of
alternative mechanisms of speciation, researchers agree
that geographic isolation is the most frequent factor that
interrupts gene flow and may eventually lead to
speciation (Mayr 1963; White 1978; Templeton 1981;
Coyne and Orr 2004; Ritchie 2007). Depending on
dispersal ability of species, islands may effectively
isolate conspecific population groups; a well know
example for this phenomenon are the Galapagos finches
(Grant 2003). Islands therefore provide naturally
occurring laboratories for the study of evolution, and the
effects of population isolation can be studied at short
time scales and in manageable geographic areas
(MacArthur and Wilson 1967; Grant 1998; Grant 2003).

Island populations may undergo rapid speciation
because populations are reproductively isolated, usually
small, and may be derived from only very few founder
individuals (Mayr 1963). Small population size and
founder effects have been proposed to facilitate
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speciation and radiation processes, especially compared
to a relative evolutionary stasis in large and well
connected populations (Mayr 1963; Carson 1975;
Templeton 1981). In addition, selection pressures on
island populations might be strong due to limited space
and altered environmental conditions (Whittaker 1998;
Losos and Ricklefs 2009). Natural selection pressures
might be altered compared to the mainland due to a
variety of factors such as differing predation pressure or
food availability.  Sexual selection might also act
differently on islands compared to the mainland. Due to
genetic drift and the potentially different selection
pressures, the divergence of mate recognition signals
might occur faster on islands than on the mainland,
which in turn can greatly influence the evolution of
reproductive isolation between populations (Grant and
Grant 2010; Millien 2011). As mate recognition signals
and mate preferences are critical components in sexual
reproduction (West-Eberhard 1979; Anderson 1994;
Ryan and Rand 2003a), the rapid divergence of these
signals could promote behavioral isolation among
populations and, ultimately, the formation of new
species (West-Eberhard 1979; Lande 1981; Ryan et al.
1996; Ritchie 2007).  Consequently, responses to
selection might be rapid on islands and quickly lead to
population divergence, adaptation, and speciation.

228



Herpetological Conservation and Biology

Islands may therefore facilitate the origin of new species.

This study focuses on Physalaemus (Engystomops)
pustulosus (Cope 1864; Ron et al. 2006), the Tungara
Frog. Tungara Frogs are a member of the family
Leiuperidae and are abundant in a variety of habitat
types throughout Middle America and northern South
America (Ryan 1985). They have become a model
system for the study of sexual selection and the
evolution of communication because (as in many frog
species) female mate choice is clearly based on the
characteristics of the male advertisement call (Ryan
1985, 1998; Ryan and Rand 2003a; Ryan 2010, 2011).
Population genetic studies at large and small geographic
scales revealed high levels of genetic differentiation
between mainland populations (Ryan et al. 1996;
Lampert et al. 2003; Weigt et al. 2005; Prohl et al. 2006;
Prohl et al. 2010). Island populations of Tungara Frogs
have been the topic of a preliminary study (Lampert et
al. 2007), which found that population colonization
history is the best predictor of population relatedness and
morphology.

In this study we expanded the previous data collection
by Lampert et al. (2007) and analyzed morphological,
molecular, and mating call differentiation in P.
pustulosus from six different Panamanian islands and a
mainland population. We were interested in
populations’ divergence in morphology, genetics, and
calls in an attempt to characterize the diversification
process. We found that there were profound
morphological and genetic differences between island
and between island and mainland populations. Mating
calls, however, did not diverge quite as obviously
between isolated island populations. We conclude that
genetic divergence occurs rapidly in isolated Ttngara
Frog populations, followed by mating signal divergence,
which might in the long term lead to speciation.

MATERIAL AND METHODS

Field sites and sampling.—We studied populations on
nine islands (Fig. 1). Eight islands were located on the
Pacific side of Panama: Contadora, Pedro Gonzales, Del
Rey, Coiba, Coibita, Cebaco, Gobernadora, and Taboga.
One island, Isla Grande, was located on the Caribbean
side. Contadora (N 8° 37, W 79° 02') and Pedro
Gonzales (N 8° 27", W 79° 09') are part of the
Archipelago Las Perlas, which consists of hundreds of
small islands. All islands are continental and were
connected to the Panamanian mainland until 12,000 to
10,000 y ago (Castroviejo and Ibafiez 2001). The
presence of some of the island frog populations was
already known. For example, the populations of
Ttngara Frogs on Isla Del Rey and Isla Taboga were
reported by Weigt et al. (2005). Isla Taboga (N 8° 48’
W 79° 33) lies close to the coast and is a popular tourist
destination. Ferries run twice a day between Panama,
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FIGURE 1. Map of Panama and sampling localities: Contadora (Ct),
Pedro Gonzales (PG), Del Rey (R), Coiba (Co), Coibita (Ci), Cebaco
(Ce), Gobernadora (Go), Taboga (T), and Isla Grande (IG). Islands
that were not inhabited by Tungara Frogs are shown in italic typeface.
The population chosen to represent the mainland is Gamboa (Ga).

City and the island, which could facilitate gene flow
between mainland and this island. Coiba (N 7° 28',W
81° 44'), the second largest Panamanian island, is a
national park and additionally protected due to its
isolated location and its past as a prison island. Frogs on
the smaller islands Coibita (N 7° 39', W 81° 42') and
Gobernadora (N 7° 33', W 81° 12'), and the larger Isla
Cebaco (N 7° 32', W 81° 08"), have not been studied.
Isla Grande (N 9° 37", W 79° 34'), the only Caribbean
island that was studied, is a small island close to the
mainland (500 m) and, like Taboga, a popular tourist
destination. The geographic distances between the
islands and the mainland and among the islands were
measured using Google Earth (Available from
http://www.google.de/earth/ [Accessed 18 October
2011]). All islands differed in their distance to the
mainland and in size; hence, different levels of isolation,
habitat availability, and consequently differentiation of
the frog populations were expected. We compared the
island populations to data from a mainland population,
Gamboa (N 9° 07, W 79° 42").

Between 13 June and 20 July 2007, we digitally
recorded male frog calls (Ryan and Rand 2003D),
measured snout-vent-length (SVL) using digital calipers
to the nearest 0.01 mm, and took toe clips (two toes per
individual) to prevent re-recording and for molecular
analyses. We released all animals immediately at the
point of capture. We visually inspected capture sites and
adjacent areas for predator presence and fresh water
availability.

Molecular analyses—We stored toe clips in a 20%
ethylenediaminetetraacetic (EDTA)/sarcosyl buffer and
processed in the laboratory at the University of Texas in
Austin.  We extracted DNA using Chelex (20%)
following a standard protocol (Altschmied et al. 1997).
We amplified alleles at six microsatellite loci (CA120,
CA298, A#3.11, A#19.11, C#30.11, ATG159; Prohl et
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al. 2002) following a slightly adapted protocol to
enhance PCR yield by reducing the annealing
temperature to 57 °C for all amplifications and
increasing the number of cycles to 39. One primer of
each pair was labeled with fluorescent dye. We
determined fragment sizes on an ABI Prism®3100
capillary sequencer (Lampert et al. 2003) using the ROX
size standard in every sample as recommended by the
manufacturer.

Call analyses.—We analyzed call recordings using the
program SIGNAL RTS (Engineering Design, Belmont,
Massachusetts, USA). In SIGNAL the call was digitally
partitioned into two components; the whine and the
chuck (Ryan 2011). We analyzed several call
parameters from the whine (maximum frequency [Hz],
initial frequency, time from the whine’s onset to its mid-
frequency, final frequency, duration, rise time, time from
the whine’s onset to its half-rise time, fall-time, time
from the whine’s peak amplitude to its half-fall time,
dominant frequency) and the chuck (duration and
dominant frequency, Fig. 2; Ryan and Rand 2003a) and
we compared the resulting means and variations between
populations.

Data analyses.—To calculate differences in body size
between populations and to analyze differences between
call parameters, we used Kruskal-Wallis tests followed
by a post hoc Scheffé test using the program
STATISTICA version 9.1 (StatSoft, Inc., Tulsa,
Oklahoma, USA). For genetic analyses we used the
GENEMARKER software (Applied Biosystems/PE
Biosystems, Foster City, California, USA) to determine
individual genotypes. We used MICRO-CHECKER
(van Oosterhout et al. 2004) to determine the presence of
genotyping errors due to large allele dropout, stutter
bands, or null alleles. No evidence for potential
genotyping errors were found in any of the loci
analyzed.

We used ARLEQUIN version 2.000 (Schneider et al.
2000) to calculate allele frequencies, deviation from
Hardy-Weinberg equilibrium, linkage disequilibrium,
and for assessing population differentiation (Fsr). In
addition, we used FSTAT (Goudet, J. 2001. Fstat.
Available from http://www2.unil.ch/popgen/soft
wares/fstat.htm Accessed 5 February 2013]) to
determine levels of inbreeding (Fis) and to calculate
allelic richness. We performed a STRUCTURE version
2.2 analysis to assign individuals to different genetic
clusters (Pritchard et al. 2000). We determined the
number of clusters present in the dataset using the
criteria proposed by Evanno et al. (2005).

We analyzed population differentiation with a
principal component analysis that was performed using
the program PCAgen (Goudet, J. 1999. PCAgen.
Available from http://www2.unil.ch/popgensoftwares/
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FIGURE 2. Schematic of analyzed call parameters. Above: Sonogram
showing how call frequency changes over time. Below: Oscillogram
showing how the call amplitude changes over time. Call parameters
that are important for mate choice are indicated in the graph.

pcagen.htm [Accessed 5 February 2013]). We used
Microsatellite Analyzer (MSA; Dieringer and Schlotterer
2003) to calculate individual genetic distances (Cavalli-
Sforza and Edward’s chord distance). We used a Mantel
test (i.e., linear correlation between variables, same
scales within matrices, and independent observation
pairs) with 1000 iterations to test for a correlation
between genetic and geographic distance as well as for a
potential correlation between call parameter and
geographic distance (Liedloff, A.C. 1999. Mantel
version 2.0 Mantel nonparametric test calculator.
Available from http://www.terc.csiro.au/mantel.htm
[Accessed 5 February 2013]).

RESULTS

Even though we chose the islands for their potential to
sustain Tungara Frog populations (abundant vegetation
and availability of fresh water), Tungara Frogs were only
found on six of the nine islands. Based on call activity,
population sizes on the islands seemed smaller than on
the mainland. We were able to analyze 108 frogs (Table
1). Sample sizes per island varied between three (Del
Rey) and 23 (Coiba). We found no Tungara Frogs on
Contadora, Coibita, or Gobernadora (Fig. 1). There was no
correlation between presence of Tungara Frogs and island
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TABLE 1. Allelic diversity and inbreeding coefficients (Fis) for all
island populations plus Gamboa. N(i) = Number of individuals, N(a) =
mean number of alleles over all loci. For comparison, allelic richness
(Ar) was calculated for each population standardized for one diploid
individual (the maximum possible value would be 2). IG = Isla
Grande, PG = Pedro Gonzales, R = Del Rey.

Cebaco Coiba 1G PG R Taboga Gamboa
N(i) 7 23 10 7 3 10 48
N(a) 3.83 1.0 333 433  3.00 6.67 18.17
Ar 1.72 1.69 1.47 1.54 1.59 1.74 1.81
Fis 0.14 035 0.18 0.18 0.26 0.26 0.15

size, presence of Tungara Frogs, or distance of the island
to the mainland, or between presence of Tungara Frogs
and environmental conditions (i.e., presence of predators
or water availability). Our inability to locate Tungara
Frogs during relatively short visits does not prove their
absence.

Body size of calling males differed significantly
between populations (H = 82.75, P < 0.05). All island
frogs were significantly larger than frogs from the
mainland population (P = 0.001; Fig. 3). There were
also striking differences among the island populations.
Frogs from Coiba were significantly larger than frogs on
Cebaco (P =0.041), Del Rey (P <0.001), and Taboga (P
=0.01).

Genetic variability.—We used six microsatellite loci
in the study. Amplification success varied between

populations but each individual included in this study
could be genotyped for at least five of the six loci. Mean
allelic richness was quite high for all populations
investigated, with 21 to 59 alleles per locus (Table 1).
No linkage disequilibrium among loci or significant
deviations from Hardy-Weinberg equilibrium within loci
was found in any population. Positive inbreeding
coefficients (Fig > 0) were found in most island
populations (Table 1).

Although sample sizes were rather small, almost all
island populations were significantly differentiated from
each other genetically, as well as from the mainland
population. The only exception was Del Rey, which did
not differ significantly from any of the other islands or
the mainland (Table 2). This result was confirmed by
the STRUCTURE analysis (Fig. 4) that found six
clusters to be the most likely number of subdivisions of
the sample (Evanno et al. 2005). The clustering analysis
clearly assigned individuals to their populations of
origin, the only exception being individuals from Pedro
Gonzales and Del Rey that were identified as one
cluster. The principal component analysis based on the
individual genotypes (Fig. 5), however, clearly separated
Del Rey and Pedro Gonzales along the second axis of
variation. The first two PCA-axes explained 74% of the
genetic variability among populations.

We found only a marginally significant correlation of
geographic and genetic distance (Mantel test: G = 1.70,
Z =253.8,r=10.45, P =0.07). The geographic distance
between the capturing sites did therefore not explain the
genetic distance between the populations (Table 2).
Calculations of individual genetic distances revealed that
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FIGURE 3. Male sizes (SVL [mm)]) in all Tingara Frog populations. Given are the median (horizontal line), inter-quartile range (box),
and 95% confidence intervals. Groups that differed significantly in SVL are marked with different letters (a, b, c).

231



Rog et al.—Island Populations of Tungara Frogs.

the frogs within one island population were more closely
related to each other than to individuals on other islands
or the mainland (Fig. 6). Individual genetic distances
between Cebaco and Gamboa (mainland; P = 0.034), in
the dominant frequency of the chuck differed between
Cebaco and Pedro Gonzales (P < 0.001), in whine
duration between Coiba and Pedro Gonzales (P = 0.001)
were very low within the populations of Isla Grande and
Cebaco, while individuals from Coiba, Del Rey, and
Taboga showed higher intra-populational genetic
distances. Not surprisingly, genetic distances within
sampling localities were lower than among sampling
localities (Fig. 6).

Call diversity.—We plotted call parameters in a

multivariate space (Fig. 7). A separate call parameter
analysis clarified the difference between populations
(Appendix 1). Differences were found in the shape of
the whine’s frequency sweep (time from the whine’s
onset to its mid-frequency) between Cebaco and Pedro
Gonzales (P < 0.001), in the final frequency of the whine
and between Coiba and Taboga (P = 0.049), in the
whine’s fall time between Coiba and Pedro Gonzales (P
= 0.002), and in its half-fall time between Taboga and
Gamboa (mainland; P = 0.041). Whine duration (P =
0.017) and fall time (P = 0.035) were the only call
parameters significantly correlated with body size. Call
differences were also correlated with geographic
distance (r = 0.59, P = 0.03) but not with genetic
differences (r = 0.29, P = 0.36).

TABLE 2. Genetic distances (Fsr, below the diagonal) and geographic distances (km, above the diagonal) between the islands and the mainland
(Gamboa). Significant levels of genetic differentiation (P < 5%) are marked in bold typeface. IG = Isla Grande, PG = Pedro Gonzales, R = Del

Rey. (n=Number of individuals analyzed in the population)

Cebaco Coiba 1G PG R Taboga Gamboa
(n=7) (n=23) (n=10) (n=7) (n=3) (n=10) (n=48)
Cebaco - 54.18 295.31 252.26 270.26 229.63 244.05
Coiba 0.007 - 331.36 302.35 321.05 275.89 283.54
IG 0.081 0.058 - 143.82 146.26 93.32 58.29
PG 0.044 0.024 0.060 - 18.01 65.24 101.72
R 0.037 0.021 0.054 0.000 - 77.15 111.01
Taboga 0.025 0.016 0.047 0.011 0.000 - 39.56
Gamboa 0.031 0.018 0.045 0.011 0.001 0.000 -

FIGURE 4. Result of the genetic assignment analysis for K = 6 clusters. Each column represents an individual and the y-axis shows the fraction

of each cluster (different colors). Islands are: Ce = Cebaco, Co = Coiba,

IG = Isla Grande, PG = Pedro Gonzales, R = Del Rey, T = Taboga, Ga

= Gamboa. Clusters match the geographic distribution except for the green cluster that includes all individuals from Pedro Gonzales as well as all

individuals from Del Rey.

232



Herpetological Conservation and Biology

PC-2

Isla Grande »
Pedro Gonzales »

Del Rey *

PC1
*Taboga Gamboa -+
* Cebaco

“Coiba

FIGURE 5. Principal component analysis of individual genotypes. The
x- and the y-axis represent the first and second principal component,
respectively. Both axes (PC-1 and PC-2) were found to be significant
(P(x) = 0.01; P(y) = 0.002) and together explained 74% of the
variation.

DISCUSSION

Coastal islands may have one of two possible
geological origins, and their origin may play a
determining factor in what evolutionary processes
influences an island population. If an island is oceanic
(usually formed by volcanic activity) it starts as a ‘blank
slate’ where species have to colonize the island.
Oceanic island populations are usually formed by a
small group of founders and the genetic variety therefore
might be low (Mayr 1963; Carson 1975; Templeton
1981). Continental islands, on the other hand, are
formed from land that was formerly connected to the
mainland that becomes isolated by rising sea levels.
Populations in these environments might have a high
genetic variation to start with, but the strong
geographical isolation causes them to evolve
independently than those from the mainland (Thornton
2007). The islands investigated in this study were all of
continental origin and part of the Panamanian mainland
until approximately 12,000 years ago (Smith and
Bermingham 2005).

Nevertheless not all islands presently harbor Tingara
Frog populations. This observation might be explained
by extinction events which are likely to happen more
frequently on small islands with small frog populations.
The probability that these islands might be re-colonized
by Tungara Frogs would depend on the distance to the
mainland and the closest Tingara Frog population. Like
other amphibians, Tungara Frogs cannot readily disperse
across salt water and therefore can only reach islands by
natural floats (e.g., floating vegetation) or human
transport (e.g., in building materials). Therefore the
island’s geographic distance to the closest Tungara Frog
population either on the mainland or another island, as
well as water currents and the island’s exposure to
human impact should greatly influence the probability of

Tangara Frog populations being present on an island
(MacArthur and Wilson 1967). Interestingly, however,
we found no Tungara Frog populations on the islands
Contadora, Coibita, and Gobernadora, even though these
islands lie relatively close to the mainland shore and
other islands where Tungara Frog populations were
found. Coiba, Del Rey, and Cebaco, however, which are
much further from the mainland and also far from other
island populations of Tungara frogs did harbor large
populations of Tngara Frogs. One explanation could be
that compared to the uninhabited islands (Contadora,
Coibita, and Gobernadora) the islands inhabited by
Tungara Frogs (Coiba, Del Rey, and Cebaco) are rather
large and might therefore harbor remnant populations
from before the islands separation from the mainland.
Size could influence population survival as large islands
might offer more possibilities for retreat when
environmental conditions deteriorate and prevent or
delay inbreeding and mutation meltdown. Habitat
heterogeneity on larger islands could influence
interspecific and intraspecific competition over resources
(food, breeding sizes, partners). This could have had an
effect on the population size and structure of these
islands (MacArthur and Wilson 1967). Small islands
such as Taboga and Isla Grande, however, were also
inhabited by Ttingara Frogs. These islands, on the other
hand, are very popular tourist destinations and might be
re-colonized by Tungara Frogs at regular intervals. In
summary, large islands seem to have a higher probability
of being inhabited by Tungara Frogs, which is consistent
with  the theoretical predictions from island
biogeography  which explains species  diversity
(MacArthur and Wilson 1967; Whittaker 1998). In
addition, a high frequency of human visitors might also
enhance the probability that an island becomes inhabited
by Ttngara Frogs.

Another explanation for the absence of Tungara Frogs
on some islands, however, might be enhanced levels of
predation. ~ While predation pressures have been
generally known to be weaker on islands than on the
mainland because islands usually support fewer predator
species (Li et al. 2011), predator populations were
thriving on some islands. Especially large numbers of
marine toads and crabs, both known predators of
Tangara Frogs (Ryan 1985), were found in potential
breeding areas of the Tungara Frog on the uninhabited
islands Contadora, Coibita, and Gobernadora. Larger
water bodies might have also held fish that potentially
prey on Tungara Frog eggs and prevent colonization.
Because these islands are all rather small compared to
the other islands, it is possible that the Tungara Frog
populations were too small to maintain themselves under
such a high predator rate.
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FIGURE 6. Mean individual genetic distances (Cavalli-Sforza and Edwards’ chord distances)

within and among field sites.
range (box), and 95% confident intervals.

Natural selection pressures (predation, food
availability) in general might not only influence the
presence or absence of species but might select for
phenotypes that differ from the mainland. In addition,
selection pressures on island populations can be stronger
due to limited space and altered environmental
conditions (Whittaker 1998). We found quite distinct
phenotypic differences between the island and the
mainland populations. Body size of island frogs was
significantly larger than that of the mainland frogs,
which is consistent with ‘island gigantism’ described in
many species (Ryan 1982; Castellano and Giacoma
1998; Grant 2001; Robinson-Wolrath and Owens 2003;
Clegg et al. 2008; Sota and Nagata 2008). The ‘island
rule’ (Van Valen 1965) states that on islands small
species tend to become larger and large species tend to
become smaller. These size differences can be explained
by four primary factors: predation pressure, resource
availability, inter-specific competition, and immigrant
selection (Li et al. 2011). On the islands where we
found no predators, the frogs were significantly larger
than on the mainland. Frogs were largest in Coiba,
which is consistent with earlier results from Lampert et
al. (2007). Comparatively large body sizes were also
found on Isla Grande. Relatively rapid changes in body
size have been reported for other species as well. Clegg
et al. (2008) and Li et al. (2011) found that reduced
predation pressure (lower number of predatory species
and individuals) were the main factor driving body
gigantism in a Rice Frog (Rana limnocharis) and this
negative relationship between body size and predators
has also been reported in insular lizards and rats (Case
1978; Angerbjorn 1986; Smith 1992; Michaux et al.

Box plots show the median (horizontal line), inter-quartile

2002). Other explanations could be that due to the lack
of high predation pressure the frogs live to an older age,
or increase foraging time, both of which could result in a
larger size. A population with a higher expected
survival rate could increase its fitness by maturing later
and at a larger size, which could be an evolutionary
(genetic) response over a long time period (Adler and
Levins 1994; Palkovacs 2003). Another potential
explanation for island gigantism might be food
availability. Food abundance and quality might differ on
islands. It would be interesting to perform common
garden experiments to determine if the observed
differences in body size found in this present study can
indeed be explained genetically (Herczeg et al. 2009;
Tanaka 2011).

Differences between the islands were not only present
in morphology but also in genetic diversity. All six
microsatellite loci investigated were highly variable with
many alleles (21 to 59) present in all individuals
investigated (nowy = 108). We found large variation in
allelic diversities and frequencies at all microsatellite
loci among the islands and between the islands and the
mainland. Some islands, however, showed extraordinary
patterns of allelic diversity independent of sample size,
for example, the Tungara Frogs on Isla Grande. In a
sample size of 10, a maximum number of four alleles per
locus was found while on other islands with a similar
sample size many more alleles were detected; this is a
sign that this population was likely founded by only a
few individuals. Even Del Rey, with a sample size of
only three individuals, showed up to four alleles per
microsatellite locus. The exceptionally low allelic
variability on islands confirms an earlier study (Lampert
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Factor 3

FIGURE 7. Individual male mating calls plotted in a three dimensional
space using the three most informative factors found in a main
component analysis. Field sites are designated by symbols: Cebaco =
white diamonds, Coiba = white squares, Pedro Gonzales = white
circles, Del Rey = grey diamonds, Taboga = grey circles, Gamboa =
black squares.

et al. 2007).

All of our molecular analyses showed that island
populations were clearly distinct genetically. The only
exception was Del Rey, which was not genetically
differentiated from the other groups, but this lack of
statistically significant differentiation may have been an
artifact due to low sample size. While this study found
genetic divergence among the islands, no clear
geographic pattern emerged (i.e., no significant isolation
by distance effect was found). This might also be due to
low sample sizes in some of the populations and/or to
the notion that the isolation-by-distance model even
though it is based on the island model normally applies
to continuous landscapes (Wright 1943). Isolation-by-
distance on large and small scales has already been
documented for Tingara Frogs (Lampert et al. 2003;
Prohl et al. 2006). Even though the correlation of
genetic and geographic distance was marginally
significant, only 21% of the genetic difference could be
explained by the geographic distance among the field
sites. The remaining genetic variability is likely due to
founder effects or related stochastic processes. The most
closely related individuals were found on Isla Grande,
which confirms earlier findings and speculation (Lampert
et al. 2007) that this population was probably founded
rather recently and possibly by a single clutch of eggs.

The microsatellite markers used in this study have

been shown to be highly variable and therefore
informative on individual relatedness (Prohl et al. 2002;
Lampert et al. 2003; Lampert et al. 2006; Prohl et al.
2006). The low level of diversity detected on Isla
Grande was therefore not due to a limited ability of the
markers to resolve genetic diversity. Instead, as
bottlenecks have much more severe effects on allelic
diversity than on heterozygosity (Leberg 1992; Spencer
et al. 2000; Williamson-Natesan 2005), the low allelic
diversity in the Isla Grande population is likely due to a
severe recent bottleneck (e.g., a very small founder
population).

Thngara Frog calls recorded on islands differed from
calls recorded on the mainland. While call parameters
varied among individuals, no clear pattern emerged
distinguishing the island populations. Island populations
showed overlapping ranges even in multivariate acoustic
space despite their genetic distinctiveness. Interestingly,
this seems to be different from certain bird species where
song seems to be the first characteristic to diverge
between species (Mirsky 1976; Ritchie and Phillips
1998; Parker et al. 2012). Call variation seemed higher
in island populations compared to the mainland. While
the Gamboa mainland calls were all quite similar, calls
recorded on Pedro Gonzales varied widely in their
characteristics.  In this study the call parameters
mirrored the results from the genetic study: populations
that were more closely related also had more similar
calls.  Further studies also found a correlation of
geographic and call divergence at the population level
(Ryan et al. 1996), while study on the individual level
did not find a correlation between call similarity and
genetic relatedness (Lampert et al. 2006). Additionally,
two call parameters were related to body size (fall time
and duration), which are the parameters that are critical
components for the attractiveness of the call to females
(Ryan and Rand 2003a). As the island frogs were
clearly larger than the mainland frogs, we would expect
mating calls from island frogs to be more attractive to
females. Even though this could be a mechanism of
speciation and needs to be investigated in more detail, an
earlier study on Tungara Frogs did not find a clear
preference for local male mating calls compared to
conspecific foreign calls (Prohl et al. 2006; Ryan et al.
2007).

Tungara Frogs inhabit several Panamanian continental
islands. These island populations differ significantly at
the genetic level as well as in body length and show
differences in male mating calls. Isolated populations of
Tungara Frogs diverge rapidly and might therefore be
useful models to investigate speciation processes.

Acknowledgments.—We would like to thank Andrew
J. Crawford for comments that greatly improved the
manuscript. Also, we thank Autoridad Nacional del
Ambiente of the Republic of Panama and STRI for

235



Rog et al.—Island Populations of Tungara Frogs.

research and export permits. Smithsonian Tropical
Research Institute provided invaluable logistical support.
This work was supported by an A. Stanley Rand
fellowship to SR, by NSF grant IOB 0544096 to MIJR,
and NSF awards DEB-0639879 and 10S-0920138 to
UGM and by the University of Wiirzburg. The research
presented complies with the current laws of the countries
in which it was performed.

LITERATURE CITED

Adams, J. 2009. Species Richness - Patterns in the
Diversity of Life. Springer Praxis Publishing, Ltd.,
Chichester, UK.

Adler, G.H., and R. Levins. 1994. The island syndrome
in rodent populations. Quarterly Review of Biology
69:473-490.

Altschmied, J., U. Hornung, J. Schlupp, J. Gadau, R.
Kolb, and M. Schartl. 1997. Isolation of DNA suitable
for PCR for field and laboratory work. Biotechniques
23:228-229.

Anderson, M. 1994. Sexual Selection. Princeton
University Press, Princeton, New Jersey, USA.

Angerbjorn, A. 1986. Gigantism in island populations of
wood mice (Apodemus) in Europe. Oikos 47:47-56.

Carson, H.L. 1975. The genetics of speciation at the
diploid level. American Naturalist 109:83-92.

Case, T.J. 1978. General explanation for insular body
size trends in terrestrial vertebrates. Ecology 59:1-18.

Castellano, S., and C. Giacoma. 1998. Morphological
variation of the Green Toad, Bufo viridis, in Italy: a
test of causation. Journal of Herpetology 32:540-550.

Castroviejo, S., and A. Ibafiez. 2001. Origen y an alisis
de la diversidad bioldgica de la isla de Coiba. Quercus
188:29-32.

Clegg, S.M., F.D. Frentiu, J. Kikkawa, G. Tavecchia,
and L.P.F. Owens. 2008. 4000 years of phenotypic
change in an island bird: heterogeneity of selection
over three microevolutionary timescales. Evolution
62:2393-2410.

Cope, E.D. 1864. Contributions to the herpetology of
tropical America. Proceedings of the Academy of
Natural Sciences of Philadelphia 16:166—181.

Coyne, J.A., and H.A. Orr. 2004. Speciation. Sinauer
Associates, Inc., Sunderland, Massachusetts, USA.

Dieringer, D., and C. Schlétterer. 2003. Microsatellite
analyser (MSA): a platform independent analysis tool
for large microsatellite data sets. Molecular Ecology
Notes 3:167-169.

Evanno, G., S. Regnaut, and J. Goudet. 2005. Detecting
the number of clusters of individuals using the
software STRUCTURE: a simulation study. Molecular
Ecology 14:2611-2620.

Grant, P.R. 1998. Patterns on islands and
microevolution. Pp. 1-17 In Evolution on Islands.
Grant, P.R. (Ed.). Oxford University Press, Oxford,

UK.

Grant, P.R. 2001. Reconstructing the evolution of birds
on islands: 100 years of research. Oikos 92:385-403.
Grant, B.R. 2003. Evolution in Darwin's finches: a
review of a study in Isla Daphne Major in the

Galapagos Archipelago. Zoology 106:255-259.

Grant, B.R., and P.R. Grant. 2010. Songs of Darwin's
finches diverge when a new species enters the
community. Proceedings of the National Academy of
Sciences of the United States of America 107:20156—
20163.

Herczeg, G., A. Gonda, and J. Merila. 2009. Evolution
of gigantism in Nine-spined Sticklebacks. Evolution
63:3190-3200.

Lampert, K.P., X.E. Bernal, A.S. Rand, U.G. Mueller,
and M.J. Ryan. 2006. No evidence for female mate
choice based on genetic similarity in the Tungara Frog
Physalaemus pustulosus. Behavioral Ecology and
Sociobiology 59:796-804.

Lampert, K.P., X.E. Bernal, A.S. Rand, U.G. Mueller,
and M.J. Ryan. 2007. Island populations of
Physalaemus pustulosus: history influences genetic
diversity and morphology. Herpetologica 63:311-319.

Lampert, K.P., A.S. Rand, U.G. Mueller, and M.J. Ryan.
2003. Fine-scale genetic pattern and evidence for sex-
biased dispersal in the Tungara Frog, Physalaemus
pustulosus. Molecular Ecology 12:3325-3334.

Lande, R. 1981. Models of speciation by sexual selection
on polygenic traits. Proceedings of the National
Academy of Sciences of the United States of America
78:3721-3725.

Leberg, P.L. 1992. Effects of population bottlenecks on
genetic  diversity as measured by allozyme
electrophoresis. Evolution 46:477-494.

Li, Y., F. Xu, Z. Guo, X. Liu, C. Jin, Y. Wang, and S.
Wang. 2011. Reduced predator species richness drives
the body gigantism of a frog species on the Zhoushan
Archipelago in China. Journal of Animal Ecology
80:171-182.

Losos, J.B., and R.E. Ricklefs. 2009. Adaptation and
diversification on islands. Nature 457:830-836.

MacArthur, R.H., and E.O. Wilson. 1967. The Theory of
Island Biogeography. Princeton University Press,
Princeton, New Jersey, USA.

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

Michaux, J.R., J.G. De Bellocq, M. Sara, and S. Morand.
2002. Body size increase in insular rodent populations:
a role for predators? Global Ecology and
Biogeography 11:427-436.

Millien, V. 2011. Mammals evolve faster on small
islands. Evolution 65:1935-1944.

Mirsky, E.N. 1976. Song divergence in hummingbird
and junco populations on Guadalupe Island. The
Condor 78:230-235.

Palkovacs, E.P. 2003. Explaining adaptive shifts in body

236



Herpetological Conservation and Biology

size on islands: a life history approach. Oikos 103:37—
44,

Parker, K.A., M.J. Anderson, P.F. Jenkins, and D.H.
Brunton. 2012. The effects of translocation-induced
isolation and fragmentation on the cultural evolution
of bird song. Ecology Letters 15:778-785.

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

Prohl, H., RM.M. Adams, U.G. Mueller, A.S. Rand, and
M.J. Ryan. 2002. Polymerase chain reaction primers
for polymorphic microsatellite loci from the Tungara
Frog Physalaemus pustulosus. Molecular Ecology
Notes 2:341-343.

Prohl, H., R.A. Koshy, U.G. Mueller, A.S. Rand, and
M.J. Ryan. 2006. Geographic variation of genetic and
behavioral traits in northern and southern Tungara
Frogs. Evolution 60:1669-1679.

Prohl, H., S.R. Ron, and M.J. Ryan. 2010. Ecological
and genetic divergence between two lineages of
Middle American Tungara Frogs Physalaemus
(=Engystomops) pustulosus. BMC Evolutionary
Biology 10:146 (18 p).

Ritchie, M.G. 2007. Sexual selection and speciation.
Annual Review of Ecology and Systematics 38:79-102.

Ritchie, M.G., and S.D.F. Phillips. 1998. The genetics of
sexual isolation. Pp. 291-308 In Endless Forms:
Species and Speciation. Howard, D.J., and S.H.
Berlocher (Eds.). Oxford University Press, Oxford,
UK.

Robinson-Wolrath, S.I., and I.P.F. Owens. 2003. Large
size in an island-dwelling bird: intraspecific
competition and the dominance hypothesis. Journal of
Evolutionary Biology 16:1106-1114.

Ron, S.R., J.C. Santos, and D.C. Canatella. 2006.
Phylogeny of the Tungara Frog genus Engystomops (=
Physalaemus pustulosus species group; Anura:
Leptodactylidae). Molecular Phylogenetics and
Evolution 39:392-403.

Ryan, M.J. 1982. Variation in iguanine social
organization: mating systems in Chuckwalla
(Sauromalus). Pp. 380-390 In Iguanas of the World:
Their Behavior, Ecology and Conservation. Burghardt,
G., and A.S. Rand (Eds.). Noyes Press, Park Ridge,
New Jersey, USA.

Ryan, M.J. 1985. The Tungara Frog, a Study in Sexual
Selection and Communication. University of Chicago
Press, Chicago, Illinois, USA.

Ryan, M.J. 1998. Sexual selection, receiver biases, and
the evolution of sex differences. Science 281:1999—
2003.

Ryan, M.J. 2010. The Tungara Frog: a model for sexual
selection and communication. Pp. 453461 In
Encyclopedia of Animal Behavior. Breed, M.D., and J.
Moore (Eds.). Academic Press, London, UK.

Ryan, M.J. 2011. Sexual selection: a tutorial from the

Tingara Frog. Pp. 185-203 In In the Light of
Evolution, Essays from the Laboratory and Field.
Losos, J.B. (Ed.). Roberts and Company, Greenwood
Village, Colorado, USA.

Ryan, M.J., and A.S. Rand. 2003a. Mate recognition in
Tungara Frogs: a review of some studies of brain,
behavior, and evolution. Acta Zoologia Sinica 49:713—
726.

Ryan, M.J., and A.S. Rand. 2003b. Sexual selection in
female perceptual space: how female Ttngara Frogs
perceive and respond to complex population variation
in acoustic mating signals. Evolution 57:2608-2618.

Ryan, M.J., X.E. Bernal, and A.S. Rand. 2007. Patterns
of mating call preferences in Tungara Frogs,
Physalaemus pustulosus. Journal of Evolutionary
Biology 20:2235-2247.

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

Schneider, S., D. Roessli, and L. Excoffier. 2000.
Arlequin, Version 2000: Software for Population

Genetic Data Analysis. Genetics and Biometra
Laboratory, University of Geneva, Geneva,
Switzerland.

Smith, F.A. 1992. Evolution of body size among

woodrats from Baja California, Mexico. Functional
Ecology 6:265-273.

Smith, S.A., and E. Bermingham. 2005. The
biogeography of lower Mesoamerican freshwater
fishes. Journal of Biogeography 32:1835-1854.

Sota, T., and N. Nagata. 2008. Diversification in a
fluctuating island setting: rapid radiation of
Ohomopterus ground beetles in the Japanese Islands.
Philosophical Transactions of the Royal Society of
London B 363:3377-3390.

Spencer, C.C., J.E. Neigel, and P.L. Leberg. 2000.
Experimental evaluation of the wusefulness of
microsatellite DNA for detecting demographic
bottlenecks. Molecular Ecology 9:1517-1528.

Tanaka, K. 2011. Phenotypic plasticity of body size in
an insular population of a snake. Herpetologica 67:46—
57.

Templeton, A.R. 1981. Mechanisms of speciation — a
population genetic approach. Annual Review of
Ecology and Systematics 12:23-48.

Thornton, I. 2007. Island Colonization. Cambridge
University Press, Cambridge, UK.

van Oosterhout, C., W.E. Hutchinson, D.P.M. Wills, and
P. Shipley. 2004. MICRO-CHECKER: software for
identifying and correcting genotyping errors in
microsatellite data. Molecular Ecology Notes 4:535—
538.

Van Valen, L. 1965. Morphological variation and width
of ecological niche. American Naturalist 99:377-390.
Weigt, L.A., A.J. Crawford, A.S. Rand, and M.J. Ryan.

2005. Biogeography of the Tungara Frog,

237



Rog et al.—Island Populations of Tungara Frogs.

Physalaemus pustulosus: a molecular perspective.
Molecular Ecology 14:3857-3876.

West-Eberhard, M.J. 1979. Sexual selection, social
competition, and evolution. Proceedings of the
American Philosophical Society 123:222-234.

White, M.J.D. 1978. Modes of Speciation. Freeman and
Company, San Francisco, California, USA.

STEFANIE ROG is from The Netherlands and holds a B.S. in Wildlife
Management from the Van Hall Instituut and obtained a M.S. in
Ecology at the Vrije Universiteit Amsterdam. Currently she is working
for the Center for Water Management Rijkswaterstaat where she
coordinates the biological monitoring programs. Her interests lie in
nature policy and conservation with reptiles and amphibians as her
greatest passion. (Photographed by Jimena Castillo)

ULRICH MUELLER is W.M. Wheeler Lost Pines Professor in Integrative
Biology at the University of Texas in Austin. He is interested in the
evolution of organismal interactions, particularly the evolution of
mutualisms and the evolution of social conflict and cooperation. His
research integrates evolution, ecology, behavior, population biology,
microbiology, genomics, and natural history. (Photographed by Scott
Solomon)

Whittaker, R.J. 1998. Island Biogeography. Oxford
University Press, Oxford, UK.

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

Wright, S. 1943. Isolation by distance. Genetics 28:114—
138.

MICHAEL J. RYAN is Clark Hubbs Regents Professor in Zoology
at the Section of Integrative Biology at the University of Texas
(Austin) and a research associate at the Smithsonian Tropical
Research Institute, Panama. He received is Bachelors degree in
Biology from Glassboro State College, a Masters degree in
Zoology from Rutgers University and did his Ph.D. at Cornell
University. His research area is animal behavior where he
focuses on sexual selection and communication in frogs and fish.
He is especially interested in integrating an understanding of the
mechanisms of communication involved in mate attraction with
the evolutionary consequences of sexual selection. (Photographed
by Lucy Ryan)

KATHRIN P. LAMPERT received her Masters and Ph.D. degrees
from the University of Wuerzburg, Germany. She completed her
habilitation in 2010 at the University of Bochum (Germany) and
works there at the Department of Evolutionary Ecology and
Biodiversity of Animals. She is very interested in an integrative
approach of research including all levels from phenotype to
genotype and gene expression. Main research areas include the
evolution and maintenance of unisexual reproduction, in
population  genetics and in the genetic basis of
behavior/morphology. (Photographed by Ingo Manstedt)

238



Herpetological Conservation and Biology

APPENDIX 1.

Box plots (median [horizontal line], inter-quartile range [box], and 95% confidence intervals) showing the average values of the whine

component of male mating calls in the different populations. Significant differences between sites are marked with asterisks according to
significance level (* < 0.05, *** <0.001).
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