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We used a phylogeographic approach to elucidate the evolutionary history of a lineage of frogs, known as
Pristimantis (formerly Eleutherodactylus) ridens (Anura: Brachycephalidae), restricted to the wet forests
occurring along the Caribbean versant of isthmian Central America as well as the disjunct wet forest
on the Pacific slope of Costa Rica. We placed our phylogeographic study of P. ridens within a larger molec-
ular phylogenetic analysis of Central American Pristimantis. All phylogenetic inferences were based on a
1455 base pair fragment of mitochondrial DNA, containing the complete ND2 gene and five flanking tRNA
genes. Our reconstruction of the intraspecific phylogeny of P. ridens yielded a basal trichotomy dating to
an estimated 12+ million years ago (Ma), consisting of central Panama, western Panama, and Costa Rica
plus Honduras. Thus, the presence of P. ridens appears to predate the completion of the Isthmus 3.1 Ma.
Using a parametric bootstrap (SOWH) test, we evaluated four a priori zoogeographic hypotheses for the
origin and spread of P. ridens. This analysis suggested that the P. ridens populations on the Caribbean ver-
sant of Costa Rica were established by Pacific versant ancestors only recently, in contrast to the very old
lineages found in Panama. Our results support a model of Miocene colonization, long-term geographic
stasis, followed by rapid dispersal across the Caribbean lowlands during the Pliocene or Pleistocene.

Cruentus group
Range expansion
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1. Introduction

Phylogeographic studies play an essential role in elucidating the
mechanisms by which lineages diversify and generate the biodi-
versity we observe today in distinctive geographical regions. With
molecular data, we can now apply the principles of biogeography
to studies of single species, as well as make direct connections be-
tween historical biogeography and demography (Bermingham and
Avise, 1986; Avise et al., 1987). Research on New World fossil
mammals from the Pliocene and Pleistocene has made famous
the role of the Isthmus of Central America as a land bridge and a
driver of expansion, extinction, and diversification of lineages mov-
ing between continents (Marshall et al.,, 1982; Simpson, 1940;
Webb and Rancy, 1996). However, mounting evidence suggests
that isthmian Central America itself has a rich biotic history and
hosts many endemic species (e.g., Bermingham and Martin,
1998; Ibafiez and Crawford, 2004; Myers, 2003; Smith and Ber-
mingham, 2005; Reeves and Bermingham, 2006). Even at the intra-
specific level, widespread Neotropical plants and animals may
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harbor more genetic diversity within Panama alone than within
much larger continental areas (e.g., Dick et al., 2003; Weigt et al.,
2005).

The pivotal biogeographic role of the Central American Isthmus
on its ecological communities has been studied in a variety of taxa
including sea urchins and shrimp (Lessios, 1979; Bermingham and
Lessios, 1993; Knowlton and Weigt 1998), fresh water fishes (Ber-
mingham and Martin, 1998; Perdices et al., 2002; Reeves and Ber-
mingham, 2006), and insects (Zeh et al., 2003). However, there
have been few such studies of terrestrial vertebrates. Frogs, in par-
ticular, are useful for studies inferring geological and environmen-
tal history because they are terrestrial, intolerant of salt water,
incapable of flight, and often locally abundant (Beebee, 2005). In
terms of bioclimatic variables, anuran species show remarkable
niche conservatism (Smith et al., 2005; Wiens et al., 2006), and
many frogs are restricted to a particular habitat type, such as trop-
ical wet forest (e.g., Savage 2002). Therefore, by studying the his-
tory of forest-restricted frog species, we can infer the history of
the forest as well as its inhabitants (Marshall, 1988).

Here we present our analysis of the phylogeographic history of
Pristimantis ridens (Anura: Brachycephalidae; Frost et al., 2006), the
Pygmy Rain Frog. Standard length in this species is a diminutive
21-25mm in females and 16-19 mm in males (Savage, 2002).
Pristimantis ridens belongs to a genus of largely South American
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species of direct-developing frogs that were until recently included
in the genus Eleutherodactylus (Heinicke et al., 2007). While P. ri-
dens occurs in isthmian Central America, the species group that
contains it is believed to be of South American origin (Lynch and
Duellman, 1997; Savage, 2002; see below). The geographic distri-
bution of P. ridens tracks the low- and mid-elevation wet forests
of isthmian Central America. These forests, like P. ridens, show a
disjunct distribution pattern with a possible connection between
Caribbean and Pacific slopes at the mountain pass of Fortuna
(Fig. 1, inset; Jungfer, 1988). They range along the entire Caribbean
coast but are limited to only one isolated location on the Pacific
coast: the Golfo Dulce region of southwestern Costa Rica (McDiar-
mid and Savage, 2005). The Golfo Dulce region is separated from
the Caribbean versant by the >2000 m high Talamanca mountains,
and is bounded to the northwest and southeast by lowland dry for-
est (Holdridge, 1967; Tosi, 1969). Other vertebrates besides
P. ridens track this disjunct distribution, most notably certain spe-
cies of birds (Ridgely et al., 2003), snakes (Kohler, 2003), and other
frogs (Savage, 2002).

The phylogeographic origins of this disjunct geographic distri-
bution have been investigated only once previously. Crawford
et al. (2007) studied another wet forest frog, Craugastor crassidig-
itus. Although C. crassidigitus and P. ridens are both eleutherodacty-
line frogs and show very similar geographic distributions (IUCN
et al.,, 2004), the genus Pristimantis originated in South America
whereas the genus Craugastor is of Central American origin (Craw-
ford and Smith, 2005). In C. crassidigitus, populations separated by
dry forest show >4 million years divergence, suggesting that the
wet versus dry forest habitat heterogeneity of isthmian Central
America was in place prior to the final completion of the Isthmus
of Panama (Coates and Obando, 1996; Coates et al., 2004; Crawford
et al., 2007; Graham and Dilcher, 1995). If so, we asked how and
when a wet forest species such as P. ridens, whose ancestors came
from South America, managed to colonize isthmian Central Amer-
ica despite the hypothesized dry forest barriers. To answer these
questions, we inferred the spatial and genealogical history of
P. ridens and compared our results to previous work as well as the
environmental and geological history of isthmian Central America.
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Fig. 1. World Wildlife Fund ecoregions covering Honduras, Nicaragua, Costa Rica and Panama, simplified as follows. “Caribbean WET” combines three WWF moist forest
ecoregions: Central American Atlantic, isthmian-Atlantic, and Chocé-Darién moist forests. “Montane” combines three WWF ecoregions: Central American, Talamancan and
eastern Panamanian montane forests. “DRY” combines two ecoregions: Central American and Panamanian dry forests. “Pacific WET” is officially known as isthmian-Pacific
moist forest. Letters and numbers in red circles denote collecting localities of P. ridens and outgroups (see Table 1 for details). Localities are grouped into sampling regions
(Fig. 2) by the first letter used in each sample code. Empty red dots are located in the Darien province of Panama and indicate collecting regions of additional outgroup taxa,
including samples easily confused with and morphologically very similar to P. ridens. Inset map shows range of P. ridens on a political map of isthmian Central America,

according to the Global Amphibian Assessment database (IUCN et al., 2004).
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We used phylogenetic analyses and parametric bootstrap tests
of a priori hypotheses to reveal the history of isolation and expan-
sion that has led to the current disjunct distribution of this species.
We examine the historical expansion of P. ridens across the Isthmus
by using DNA sequence data to test unique genealogical predic-
tions made by each of four geographic models for the expansion
of P. ridens across its range from the southeast to the northwest
(see Section 2). We test two models involving the expansion of
P. ridens up both versants of the Isthmus simultaneously (Bicoastal
Routes 1 and 2), and we posit two other models (Pacific Route and
Caribbean Route) involving independent colonization of each ver-
sant (Fig. 2). Each of these four hypotheses implies an historical
scenario that is informative about P. ridens as well as the wet for-
ests that support these frogs and constrain their geographic distri-
bution. By comparing the phylogeography of P. ridens with
previous work, we can also gain insights into general evolutionary
processes that give rise to ecological communities and shape the
geographic distributions of species we observe today.

2. Materials and methods
2.1. Study system

Pristimantis ridens occurs only in wet forest habitat from low- to
mid-elevations (Savage, 2002) along the Caribbean coast of Pan-

ama (Ibafiez et al., 2001) and through large portions of Costa Rica,
Nicaragua, and eastern Honduras (Savage, 2002; Kéhler, 2001;

McCranie and Wilson, 2002; Fig. 1). This species has also been re-
ported from the Chocé biogeographic region on the Pacific coast of
Colombia (Lynch and Suarez-Mayorga, 2004; Ruiz-Carranza et al.,
1996). Our own attempts to find P. ridens in the Darien portion of
eastern Panama, however, have to date resulted in collections of
morphologically similar species that are genetically quite distant
from the rest of our P. ridens samples (see Section 3).

Pristimantis ridens is a member of the P. cruentus group of
Savage (2002) and the much larger P. unistrigatus group of Lynch
and Duellman (1997). Members of the P. cruentus group, as well
as P. cerasinus, are regarded as recent invaders from South America
into Central America whose arrival coincided with the formation of
the isthmian land bridge (Duellman, 2001; Savage, 2002; Vanzolini
and Heyer, 1985). In our attempt to root the phylogeographic tree
of P. ridens and identify our collection of P. ridens-like individuals
from the Darien, we present an expanded DNA sequence-based
phylogenetic study of most of the members of the P. cruentus
group, including several undescribed species from the Darien Prov-
ince of eastern Panama plus the only Central American member of
the P. cerasinus group (Lynch and Duellman, 1997; Savage, 2002;
Table 1), P. cerasinus, another species that can potentially be con-
fused with P. ridens or P. cruentus, especially as juveniles (Savage,
1981). A recent molecular phylogenetic study with broad coverage
of eleutherodactyline frogs included only two Pristimantis samples
from Central America, one P. ridens and one P. cruentus (Heinicke
et al., 2007). Thus, the relationships among Central American
Pristimantis remain unclear. From the P. cruentus group we
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Fig. 2. Map illustrating the nine regions (circled letters) which summarize our collecting regions of P. ridens in isthmian Central America (Fig. 1) for purposes of generating
hypotheses and testable predictions. Below the regional map are four a priori hypothesized dispersal scenarios for the expansion of P. ridens across the landscape, presented as
arrows. Each scenario makes a unique prediction regarding the expected phylogenetic relationships among sampling regions. Cladograms were used as constraint trees in
parametric bootstrap tests. Note, a model of vicariance due to uplift of the central mountain range (the Talamanca mountains) would make the same predictions as the

Bicoastal dispersal hypotheses.

Phylogenet. Evol. (2008), doi:10.1016/j.ympev.2008.02.021

Please cite this article in press as: Wang, 1]. et al., Phylogeography of the Pygmy Rain Frog (Pristimantis ridens) across the lowland ..., Mol.




120°20°800Z AdWA /9101 °01:10P (800Z) '[0A] ‘19U930]AUd

PUB[MO] 33 SSOII® (Suapl spupwisid) 8014 urey AwsdAd ay3 jo Aydei30a30[Ayd “[e 39 [ ‘Suep :se ssaid ur 9[d131e SIy3 31 Ised[d

‘O

Table 1

Sample codes, species names, institutional voucher numbers, field tag numbers, locality information, and GenBank accession numbers for the 46 frog samples used in this study

Sample code Species Institutional voucher number® Field collection number® Collection locality® Longitude Latitude GenBank Accession No.
Al ridens UCR 16456 AJC 0376 Alfombra, San José, CR, 900m. —83.77203 9.31228 EU443157
A2 ridens UCR 16435 AJC 0390 Dominical, San José, CR, 130m. —83.84980 9.31956 EU443187
A3 ridens UCR 16458 AJC 0378 Alfombra, San José, CR, 900m. —83.77203 9.31228 EU443158
A4 ridens UCR 16468 AJC 0388 Tinamaste, San José, CR, 550m. —83.76663 9.29505 EU443179
B1 ridens Not catalogued AJC 0878 1. Bastimentos, Bocas del Toro, PA, 75m. —82.1031 9.3056 EU443169
C1 ridens FMNH 257833 AJC 0336 Cerro Campana, Panama, PA, 900m. —79.92738 8.68564 EU443159
Cc2 ridens FMNH 257837 AJC 0340 Cerro Campana, Panama, PA, 900m. —79.92738 8.68564 EU443160
c3 ridens FMNH 257552 AJC 0216 Cerro Campana, Panama, PA, 900. —79.927 8.685 EU443183
E1l ridens Not catalogued AJC 0973 Cerro Azul, Panama, PA, 600m. —79.40327 9.22175 EU443163
E2 ridens MVUP 1889 AJC 0972 Cerro Azul, Panama, PA, 600m. —79.40327 9.22175 EU443162
E3 ridens FMNH 257697 AJC 0211 Nusagandi, Panama, PA, 400m. —78.98330 9.3167 EU443164
G1 ridens UCR 16460 AJC 0506 Peninsula Osa, Puntarenas, CR, 120m. —83.66675 8.6718 EU443174
G2 ridens FMNH 257768 AJC 0126 Rio Claro, Puntarenas, CR, 70m. —83.04935 8.68658 EU443189
G3* ridens FMNH 257746 AJC 0103 Las Cruces, Puntarenas, CR, 60m. —82.97500 8.78333 AY273101
H1, ridens UTA A-57017 ENS 10727 Agalta, Olancho, HN, 1080m. —86.148 14.959 EU443154
H2, ridens UTA A-57014 ENS 10722 Agalta, Olancho, HN, 1310m. -86.139 14.933 EU443155
H3_ ridens USNM 514547 LDW 10706 Atlantida, Olancho, HN, 940m. —86.80 15.63 EU443175
H4 ridens UTA A-57016 ENS 10726 Agalta, Olancho, HN, 1080m. —86.148 14.959 EU443153
01 ridens MVUP 1787 KRL 0692 PN Omar Torrijos H., Coclé, PA, 800m. —80.592 8.667 EU443165
R1 ridens UCR 16268 AJC 0404 Guayacan, Limén, CR, 530m. —83.53555 10.0052 EU443173
R2 ridens UCR 16467 AJC 0526 Volcan Turrialba, Limén, CR, 700m. —83.717 10.125 EU443180
R3 ridens UCR 16272 AJC 0415 Guayacan, Limén, CR, 500m. —83.54863 10.0433 EU443167
R4 ridens FMNH 257579 AJC 0248 Turrialba, Cartago, CR, 540m. —83.650 9.892 EU443161
S1 ridens UCR 16461 AJC 0522 EB La Selva, Sarapiqui, CR, 75m. —84.0070 10.4303 EU443170
S2 ridens UCR 16451 AJC 0356 Guapiles, Limén, CR, 320m. —-83.83 10.18 EU443168
S3 ridens UCR 16454 FB 2674 Gudacimo, Limén, CR, 200m. —83.7184 10.2140 EU443166
T1 ridens MF 6063 DL 677 Volcéan Cacao, Alajuela, CR, 1100m. —85.4667 10.9225 EU443182
T2 ridens UCR 18074 FB 4331 Volcan Cacao, Alajuela, CR, 1100m. —85.47 10.9225 EU443172
T3 ridens UCR 16464 AJC 0494 Upala, Alajuela, CR, 760m. —85.04077 10.7137 EU443156
T4 ridens UCR 17648 FB 4076 North Tilaran, Alajuela, CR, 350m. -85.37 10.92 EU443178
T5 ridens UCR 16789 FB 2623 San Ramén, Alajuela, CR, 960m. —84.59690 10.2188 EU443177
T6 ridens UCR 16455 AJC 0395 MHN La Paz, Alajuela, CR, 1230m. —84.55855 10.1822 EU443171
T7 ridens UCR 16466 AJC 0496 Upala, Alajuela, CR, 670m. —85.14215 10.8113 EU443181
A museosus SIUC H-06970 KRL 8881 PN Omar Torrijos H., Coclé, PA, 800m. —80.5917 8.6667 AY273103
, cruentus UCR 16443 AJC 0463 San Ramén, Alajuela, CR, 960m —84.59698 10.22100 EU443186
l cruentus UCR 16448 AJC 0458 San Ramén, Alajuela, CR, 960m —84.59698 10.2188 EU443176
R cruentus Not catalogued AJC 0603 Cana, PN Darién, PA, 1600m —77.7167 7.7711 EU443188
, sp. nov. A Not catalogued AJC 0922 Pifias, Darién, PA, 800m —78.20217 7.68200 EU443191
, sp. nov. A Not catalogued AJC 0924 Pifias, Darién, PA, 800m —78.20217 7.68200 EU443192
l, sp. nov. B Not catalogued AJC 0580 Cana, PN Darién, PA, 1300m —77.72225 7.76358 EU443193
, cerasinus FMNH 257713 AJC 0071 EB La Selva, Sarapiqui, CR, 75m. —84.0070 10.4303 EU443194
, pardalis FMNH 257675 AJC 0188 Fortuna, Chiriqui, PA, 1000m —82.22 8.75 AY273102
l, altae UCR 16472 AJC 0398 MNH La Paz, San Ramén, Alajuela, CR, 1230m —84.55855 10.1822 EU443185
R pirrensis CH 5641 AJC 0594 Cana, PN Darién, PA, 1600 m —77.68405 7.75607 EU443190
, sp. C Not catalogued AJC 0601 Cana, PN Darién, PA, 500 m —77.68405 7.75607 EU443184
Craugastor noblei SIUC H-06971 KRL 8921 PN Omar Torrijos H., Coclé, PA, 800m. —80.5917 8.6667 EU443195

All species are members of the genus Pristimantis, except for the outgroup, Craugastor noblei. Sample codes correspond to those used in the gene tree (Fig. 3) and the capital letter in a code refers to the collecting region (Fig. 2). An

asterisk (x) in the Sample column indicates that this sample was not included in the SOWH tests. Four specimens are still awaiting accession into institutional natural history collections.

2 CH, Circulo Herpetolégico de Panama, Panama City, Panama; FMNH, Field Museum of Natural History, Chicago, USA; MF, Michael Forstner collection at southwest Texas State University; MVUP, Museo de Vertebrados de la

Universidad de Panamd, Panama City, Panama; SIUC, southern Illinois University at Carbondale, USA; USNM, National Museum of Natural History, Washington, DC, USA.

b AJC, Andrew J. Crawford; DL, David Laurencio; ENS, Eric N. Smith; FB, Federico Bolafios V. (Robert Puschendorf and Gerardo “Cachi” Chaves, collectors); KRL, Karen R. Lips; LDW, Larry David Wilson (Randy McCranie, collector).

€ EB, Estaci6n Biolégica; MHN, Monumento Histérico Natural; PN, Parque Nacional; PA, Republic of Panama; CR, Costa Rica; HN, Honduras. Final numbers indicate elevation in meters (m).
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sampled P. altae, P. cruentus, P. museosus, P. pardalis, P. pirrensis,
plus three undescribed species (P. sp. A aff. cerasinus, P. sp. B aff.
cruentus Panama, and P. sp. C aff. ridens Panama), in addition to
P. ridens. We used Craugastor noblei as an outgroup (Crawford
and Smith, 2005; Frost et al., 2006). Species distributions may be
viewed online at http://www.globalamphibians.org/serviet/ GAA#-
name (IUCN et al., 2004). All species in the present study had been
in the subfamily Eleutherodactylinae, a taxon recently synony-
mized with Brachycephalidae (Frost et al., 2006).

2.2. Sampling frogs and genes

Frogs were collected in the field, photographed, and euthanized
with diluted Chloretone™, in compliance with Smithsonian Institu-
tional Animal Care and Use protocols. Fresh liver samples were
stored in a NaCl-saturated storage solution containing 0.25 M
EDTA and 20% DMSO (Seutin et al., 1991). Each specimen was fixed
in 10% formalin and stored in 70% ethanol (Pisani, 1973). Collec-
tions were made in Panama, Costa Rica, and Honduras (Figs. 1
and 2, Table 1). Genomic DNA was extracted from liver tissues
using a standard phenol-chloroform protocol with ethanol precip-
itation. A 1455 base pair (bp) fragment of mitochondrial DNA con-
taining a partial tRNAMET gene fragment, the complete ND2 gene,
partial COI gene fragment and the complete intervening “WANCY”
region of five tRNA genes was amplified using primers L4437 and
H5934 of Macey et al. (1997a), also know as MET.f6 and COLr1,
respectively. Amplified fragments were sequenced using PCR plus
internal primers (Crawford and Smith, 2005) with Big Dye 3.1
dye-terminator reaction chemistry and analyzed on an ABI 3100
automated sequencer. DNA sequences were aligned with Sequen-
cher 4.2 (Gene Codes Corporation Inc.) and manually adjusted
using the inferred amino acid sequence and tRNA secondary struc-
ture (Kumazawa and Nishida, 1993; Macey et al., 1997b). Gapped
sites in our alignment were removed from all analyses, as were
base pairs from tRNA loops in which the aligned base pairs con-
tained gaps.

2.3. Phylogenetic and population genetic analyses

Using PAUP" version 4.0b10 (Swofford, 2001), we performed
maximum parsimony (MP) analyses through heuristic searches
using 100,000 random addition sequence replicates involving tree
bisection and reconnection (TBR) branch swapping. We assessed
statistical support for clades with nonparametric bootstrap analy-
sis (Felsenstein, 1985) using 5000 bootstrap replicates, each having
20 random addition sequence replicates and TBR branch swapping.

For maximume-likelihood (ML) analyses (Felsenstein, 1981), we
used Modeltest version 3.6 (Posada and Crandall, 1998) to evaluate
among 56 potential models of DNA sequence evolution. The appro-
priate model was chosen by the Akaike information criterion, or
AIC (Akaike, 1974). We used heuristic searches to estimate the
ML phylogenetic tree starting from a neighbor-joining (NJ) tree
(Saitou and Nei, 1987) and using TBR branch swapping.

We conducted a Bayesian MCMC phylogenetic analysis (Rann-
ala and Yang, 1996; Yang and Rannala, 1997) using MrBayes ver-
sion 3.0b5 (Huelsenbeck and Ronquist, 2001). We conducted two
independent runs, one with 3 million generations sampled every
500 generations and one with 8 million generations sampled every
1000 generations, both with four Metropolis-coupled MCM chains
using default heating (T=0.2) and default prior distributions of
model parameters. We checked burnin and discarded all trees ob-
tained before each run achieved a stationary state, and combined
the remaining trees into one dataset after confirming that both
runs achieved stationary states at similar —Ln-likelihood values
and resulted in similar levels of support for topological biparti-
tions. We estimated the marginal posterior probability (mpp) dis-

tribution of topologies, branch lengths and parameter values from
the combined 9802 samples of post-burnin trees.

The molecular phylogeny and the SOWH test results (see be-
low) suggested one clade may represent the product of a recent
expansion. We explored this inference further by using a haplotype
network to infer the ancestor and we applied a population genetic
test of demographic expansion. We used the computer program
TCS version 1.21 (Clement et al., 2000) to calculate a parsimony
network that represented a 95% set of plausible solutions based
on coalescent theory (Hudson, 1989), thus not connecting diver-
gent haplotypes whose true genealogy could be obscured by
homoplasy (Templeton et al., 1992). We tested for demographic
expansion using the R, statistic, which compares the average pair-
wise number of mutations versus singleton mutations in a popula-
tion sample relative to the expectation under the standard neutral
model (Ramos-Onsins and Rozas, 2002). Point estimates and 95%
confidence intervals based on 10,000 coalescent simulations were
obtained using dnaSP version 4.10.4 (Rozas et al., 2003).

2.4. Hypothesis testing

We generated phylogeographic hypotheses from distributional
data for P. ridens and the lowland wet forest to which it is endemic
(Kohler, 2001; McCranie and Wilson, 2002; Savage, 2002; Fig. 1),
from geological data on the formation of the Isthmus and Central
American mountain ranges (Coates and Obando, 1996; Coates
et al., 2004; Denyer et al., 2000), and from existing biogeographical
research on eleutherodactyline frogs (Crawford et al., 2007). Pristi-
mantis ridens, the P. cruentus species group, and the genus Pristi-
mantis are all thought to have origins in South America
(Duellman, 2001; Heinicke et al., 2007; Savage, 2002; Vanzolini
and Heyer, 1985). Today P. ridens is distributed on both coasts of
isthmian Central America north to Honduras. Mountain ranges in
Central America provide a significant dispersal barrier between
the Caribbean and Pacific coasts for a lowland endemic. Therefore,
to achieve its present distribution we posit that the ancestor of P.
ridens likely had one of four dispersal histories. It may have dis-
persed along the Caribbean coast (Caribbean Route) and invaded
the Pacific coast after migrating far enough northward that the
central mountain range was low enough to pass. Second, it may
have dispersed along the Pacific coast (Pacific Route) and invaded
the Caribbean coast. Finally, it may have dispersed simultaneously
along both coasts (Bicoastal Routes 1 and 2; Fig. 2). Alternatively, P.
ridens might have entered Central America prior to the formation
of the Isthmus 3.1 Ma (Coates and Obando, 1996) and before the
uplift of the central ranges 5.4 Ma (Denyer et al., 2000). In this case,
dispersal through Central America could have occurred ubiqui-
tously, and the current distribution would have instead resulted
vicariantly from the uplift of the Talamanca range; however, the
topological predictions of this model are congruent with the pre-
dictions of either Bicoastal Routes 1 and 2 (Fig. 2).

Since we had no explicit expectation or interest in whether the
Honduran region was more closely related to the Tilaran (T) region
or to the Sarapiqui (S) region (Fig. 2), we simplified the analysis by
removing the four Honduran haplotypes from our hypothesis test-
ing. This left us with 29 of the original 33 P. ridens samples (Table
1). We found that we could distinguish among our four a priori
hypotheses by focusing on two important questions concerning
the Costa Rican samples. (1) Do Costa Rican samples form a mono-
phyletic clade relative to Panamanian samples? If so, we would in-
fer that dispersal occurred between Caribbean and Pacific versants
of Costa Rica. If not, we would infer that at least one versant of
Costa Rica was colonized independently from Panama. (2) Are
the Tilaran samples (region T in Fig. 2) more closely related to
the Pacific versant samples (regions A and G) or the Caribbean ver-
sant samples (regions S and R)? While progressive colonization of
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regions in the order R, S, T, A, G would be expected to yield the
topology (R(S(T(AG)))), we relaxed this prediction to the minimally
resolved constraint tree (SR(TAG)) because our hypothesis was not
concerned explicitly with the relationship between S and R. Simi-
larly, the reverse direction of colonization suggests the minimally
resolved constraint tree ((SRT)AG). Therefore, the important dis-
tinction between these two hypotheses is the position of T, the
Tilaran haplotypes (Fig. 2).

Using a version of the SOWH test (Swofford et al., 1996; Gold-
man et al., 2000) we performed a parametric bootstrap analysis
of the topological predictions made by each of our four a priori
models for the expansion of P. ridens across isthmian Central Amer-
ica (Fig. 2). The parametric bootstrap method tests whether a ML
phylogenetic tree estimated under a topological constraint is sig-
nificantly worse than the optimal (unconstrained) tree. The proba-
bility of the observed difference in log-likelihood scores between
the optimal tree (H;) and the constrained tree (Hp) is evaluated
by comparison against a distribution of differences in tree scores
obtained from simulated datasets. Simulations used the ML model
of evolution (see below) and the topology obtained under the null
hypothesis constraint (Huelsenbeck et al., 1996; Goldman et al.,
2000). The parametric bootstrap is more powerful and performs
better than other available tests of topology (Goldman et al.,
2000; Shi et al., 2005), but may be sensitive to model misspecifica-
tion (Buckley, 2002; Felsenstein, 2004).

Because our dataset was prohibitively large to conduct full ML
optimizations, we assumed fixed parameter values for ML tree
searches in the original simulated datasets. Because of the afore-
mentioned sensitivity to model misspecification (Buckley, 2002),
we used an iterative process to obtain the most appropriate model
of DNA sequence evolution independently for each of our four
tests. We employed Modeltest and used the AIC to choose among
alternative models. We then obtained a ML tree by assuming the
new model and fixing the parameter values. These values were cal-
culated as an AIC-weighted average among all 56 models (Posada
and Buckley, 2004). We used the resulting ML topology as the de-
fault tree in a second round of Modeltest, which allowed us to re-
fine our parameter estimates. In cases where the newly chosen
model differed from the model selected for the actual data (with-
out topological constraint), we then calculated a new —Ln score
for the unconstrained ML tree under the new model. The differ-
ence, 5, between —Ln for constrained versus unconstrained trees
was used as our test statistic for a given topological test.

Five hundred simulated datasets were generated using the ML
model of sequence evolution obtained for the given constraint tree.
Any polytomies in the Hg topology were first converted to dichot-
omies with zero-length branches, using TreeEdit version 1.0 alpha
10 (Rambaut and Charleston, 2001). Simulations were performed
using Seq-Gen version 1.3.2 (Rambaut and Grassly, 1997). For each
of the 500 simulated datasets, two ML trees were inferred, one
without and one with the null constraint enforced, by heuristic
searches using PAUP’, starting from NJ trees and using TBR branch
swapping. The probability of correctly rejecting any null hypothe-
sis was obtained by comparing the observed & to the distribution of
& obtained from the 500 simulated datasets.

2.5. Divergence time estimation

We employed a likelihood ratio test (LRT) to evaluate whether
the DNA sequence data were significantly unlikely under the
assumption of rate constancy of molecular evolution (Felsenstein,
1981). Significance of the LRT was evaluated assuming that the
expectation of twice the absolute value of the difference in support
(—Ln) under the clock versus the nonclock model is 32 , distrib-
uted, where n equals number of sequences in the dataset (Felsen-
stein, 1981). For the LRT test, n — 2 degrees of freedom comes from

the 2n — 3 independent branch lengths on the unconstrained tree
minus the n — 1 independent branch lengths on the clock-enforced
tree. To ensure that the two models (with and without clock) were
truly nested hierarchically the topology we inferred from the
unconstrained ML tree search was used as a complete constraint
tree during the searches under the enforced clock model.

To estimate divergence times across the phylogeny we applied
one molecular clock method (utilizing only the genetic distance
information) and one relaxed-clock approach (relying upon the
phylogenetic tree). First, we applied a 1.91% rate of total diver-
gence per million years for model-corrected amphibian (Anura:
Hyloidea) mtDNA sequence divergence (Crawford, 2003a,b). This
rate was obtained by applying a model-based correction to the
ND2 data used in Macey et al. (1998) to estimate a molecular clock
in toads based on a 10 million year old calibration point (see also
Macey et al. (2001) for a comparison of rates among vertebrates).
This recalibrated rate was then applied to model-corrected genetic
distances (plus/minus two standard errors), because uncorrected
genetic distances may bias divergence time estimates towards
the calibration point (Arbogast et al., 2002). Genetic distances were
calculated as net divergences, i.e., total divergence between two
clades minus the mean within-clade polymorphism (Nei and Li,
1979), and standard errors calculated by bootstrap with 500 repli-
cates using MEGA version 3.0 (Kumar et al., 2004). Second, we em-
ployed nonparametric rate smoothing (NPRS; Sanderson, 1997) to
create an ultrametric tree using TreeEdit version 1.0 alpha 10
(Rambaut and Charleston, 2001), which we then calibrated by
assuming that the most recent common ancestor (MRCA) of Pristi-
mantis and Craugastor diverged either 33.4 or 62.4 Ma, thus cover-
ing the 95% confidence interval estimated by Heinicke et al. (2007)
using mitochondrial and nuclear gene sequences. Note, Heinicke
et al. (2007) did not include either P. ridens or P. cruentus in their
divergence time analysis, so we could not use a more recent cali-
bration point.

3. Results
3.1. Sequence analysis

We sequenced and aligned a total of 1455 base pairs (bp) from
the ND2 gene and adjoining WANCY tRNA region in 33 P. ridens
individuals, 7 other described species, 3 undescribed species,
and one outgroup (Table 1). We infer that the sequences repre-
sented functional mitochondrial DNA based on the following
observations. The inferred ND2 amino acid sequence contained
no premature stop codons. The light strand shows strongly biased
nucleotide frequencies as observed previously in animal mtDNA
(e.g., Macey et al., 1998; Sperling and Hickey, 1994). The inferred
secondary structure of the five completely sequenced tRNA genes
appeared functional. However, the tRNAYS gene from ingroup
samples lacked the D-stem, as has been reported previously in
certain lineages of squamate reptiles (Macey et al., 1997b,c). We
discarded 45 sites including sites with gaps and adjacent sites
in tRNA loops containing gaps, leaving a fragment of 1410 bp that
was used in all phylogenetic analyses. These data included a total
of 838 (59.4%) variable sites and 692 (49.1%) parsimony informa-
tive sites. DNA sequence alignment and ML tree (Fig. 3) are avail-
able at TreeBASE (http://www.treebase.org/) under submission
number SN3785.

3.2. Phylogenetic analyses

Estimated phylogenetic relationships among species and among
geographic regions within P. ridens were consistent across infer-
ence methods. The MP analysis yielded nine equally parsimonious
trees of 2595 steps, which differed only at nodes connecting indi-
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Fig. 3. Inferred phylogenetic maximum-likelihood tree for relationships among species and among haplotypes within P. ridens generated from analysis of 1410 bp of the ND2
gene and adjoining WANCY region of tRNA genes. Numbers below branches represent posterior probabilities; numbers above branches represent MP bootstrap support
values. The indicates the node at which the interspecific gene tree joins the P. ridens portion of the tree. Note the different scale bars for the separate portions of the tree
above versus below the horizontal dashed line.

viduals within populations. The GTR+I+I" model of evolution (Hase- MP bootstrap support and mpp values from the Bayesian analysis
gawa et al., 1987; Tavaré, 1986; Yang, 1994) was selected as the were consistently high for most nodes (Fig. 3).

optimal model for our dataset and was used in ML and Bayesian Our inferred phylogeny for the P. cruentus group placed the Cen-
analyses. ML analysis yielded a tree that was topologically congru- tral American representative of the P. cerasinus group nested with-
ent with the inferred MP tree and Bayesian consensus tree (Fig. 3). in our ingroup taxa and sister to P. sp. nov. A. We recognize this

Please cite this article in press as: Wang, L]. et al., Phylogeography of the Pygmy Rain Frog (Pristimantis ridens) across the lowland ..., Mol.
Phylogenet. Evol. (2008), doi:10.1016/j.ympev.2008.02.021




8 1J. Wang et al./ Molecular Phylogenetics and Evolution xxx (2008) Xxx—xxx

undescribed species as a member of the P. cerasinus group, making
it the second Central American representative of this group (Craw-
ford et al., in prep.). Our molecular phylogeny also established the
mtDNA monophyly of a group comprised of P. altae, P. pardalis, and
P. pirrensis. Pristimantis sp. C (AJC 0601) from the Darien Province
of eastern Panama, a specimen much like P. ridens in morphology,
appears as the sister lineage to the P. pardalis group in optimal
trees, but this result was not statistically supported. Pristimantis
ridens formed the sister lineage to the remaining samples of the
P. cruentus group plus P. cerasinus samples. Pristimantis cruentus
was found to be paraphyletic with respect to P. museosus, support-
ing the idea that P. cruentus may represent a complex of species
(F. Bolafios, pers. comm.; R. Ibafiez, pers. comm.).

Our results suggest that P. ridens may not occur in eastern Pan-
ama. We sampled along two elevational transects in the Darien
province (empty red dots in Fig. 1) and found specimens morpho-
logically and ecologically similar to P. ridens (P. sp. C aff. ridens and
P. sp. nov. A) at either site. However, these samples were phyloge-
netically very distant from P. ridens. Pending molecular data from
Colombian samples, we posit that P. ridens may be a Central Amer-
ican endemic.

Within P. ridens, we encountered a basal trichotomy of three
highly divergent and statistically well-supported lineages (Fig. 3).
The eastern lineage was comprised of samples from either side of
the Panama Canal (regions C and E in Fig. 2). The central lineage con-
tained one sample from El Copé (region O)in central Panama and one
from Bocas del Toro (region B) on the Caribbean coast of Panama
near the Costa Rican border. The third lineage contained all Costa Ri-
can samples from both coasts plus all Honduran samples. Average
pairwise genetic distance between these three conspecific lineages
was 14% uncorrected or 25% corrected divergence (Table 2).

Within the Costa Rica + Honduras lineage we find a basal tri-
chotomy comprised of two lineages from the Golfo Dulce region
of southwestern Pacific Costa Rica (regions A and G in Fig. 2) plus
one lineage containing all samples from the Tilaran (T) mountain
range, the Caribbean coast of Costa Rica (S and R) and Honduras
(H). Net genetic divergence among these three lineages averaged
1.5% (Table 2).

The Tilaran plus northern Caribbean coast clade (regions TSRH
in Fig. 2) represented the largest geographic extent of any clade,
yet the mean divergence among haplotypes was <0.5%. The parsi-
mony network united all TSRH haplotypes to the exclusion of all
other samples, and identified sample T1 from Tilaran (Fig. 2) as
the ancestral haplotype (Fig. 4). Minimal genetic divergence cou-
pled with a wide geographic distribution suggests that this clade
could represent a continuous or recently expanded population. In
support of this inference, the R, test statistic for population expan-
sion rejected the equilibrium neutral model for the TSRH clade
(Ry =0.0736; 95% C.I. = 0.08394-0.20371; p = 0.0053).

N
2 ( )
SRS

Fig. 4. Haplotype network based on 95% connection probability using parsimony
criterion for P. ridens samples from northern and Caribbean Costa Rica and Hond-
uras (regions TSRH in Fig. 2). Other haplotypes could not be reliably positioned in
this network due to their large genetic divergence. Haplotypes represent 1410 base
pairs of the ND2 gene and adjoining tRNA genes. Haplotype T1 was inferred as the
ancestral haplotype, suggesting that demographic expansion may have proceeded
eastward from Tilaran (Fig. 2).

3.3. Tests of alternative topologies

The tree inferred from our phylogenetic analyses (Fig. 3)
matched most closely the prediction set forth by the ‘Pacific Route’
model for the relationships among Costa Rican samples (Fig. 2).
The topology is consistent with this hypothesis and is supported
by bootstrap values >95%. Using the SOWH test, we failed to reject
the ‘Pacific Route’ hypothesis while soundly rejecting the other
three hypotheses (Fig. 5). The ‘Caribbean Route’ hypothesis is re-
jected because the Tilardn samples grouped with the Caribbean
samples from the S and R regions and not with the Golfo Dulce
samples (A and G). The strongly supported monophyly of Costa Ri-
can samples clearly rejects the predictions of both Bicoastal Route
models (Fig. 5). Because the predictions of the Bicoastal models
matched the predictions made by vicariance due to the uplift of
the Talamanca mountains, this model was also rejected.

3.4. Divergence time estimates

The LRT test of rate constancy showed that a molecular clock
was not compatible with our data. These results combined with
the lack of fossils or vicariance events of known age in the history
of P. ridens precluded precise estimation of divergence times using
a molecular clock. We estimated divergence times, therefore, using

Table 2
Measurement of net genetic divergence (Nei and Li, 1979) between collecting regions

E C (o] B G A R S T H
E 0.046 0.146 0.138 0.157 0.158 0.156 0.159 0.157 0.157
C 0.014 0.151 0.139 0.154 0.157 0.154 0.157 0.155 0.154
(0] 0.232 0.246 0.013 0.148 0.152 0.153 0.155 0.152 0.15
B 0.232 0.239 0.053 0.14 0.144 0.144 0.146 0.144 0.143
G 0.23 0.232 0.263 0.273 0.016 0.013 0.014 0.014 0.014
A 0.234 0.236 0.263 0.271 0.015 0.017 0.017 0.017 0.016
R 0.243 0.246 0.273 0.276 0.018 0.018 0.002 0.003 0.004
S 0.24 0.244 0.267 0.273 0.015 0.018 0.006 0.004 0.004
T 0.237 0.244 0.262 0.267 0.014 0.017 0.005 0.003 0.002
H 0.244 0.252 0.271 0.276 0.015 0.017 0.005 0.004 0.003

Mean net distances between groups are below the diagonal (lower-left), using a Tamura and Nei (1993) nucleotide substitution model, homogenous pattern among lineages,
and different rates among sites with o = 0.5. Uncorrected mean net distances between groups are above the diagonal (upper-right), using a p-distance nucleotide substitution
model, homogenous pattern among lineages, and uniform rates among sites. Letters correspond to collecting regions defined on Fig. 2 and used throughout.
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Fig. 5. Results of SOWH test for each of the a priori hypotheses shown in Fig. 2. For each of the four hypotheses, the test statistic, 5, equals the difference in —Ln between the
ML tree inferred under the constraint topology (Fig. 2) versus the unconstrained ML tree (Fig. 3). The null distribution of § was obtained through phylogenetic analyses of 500

simulated datasets (see text).

NPRS and the findings of Heinicke et al. (2007), while reporting
molecular clock results for comparative purposes. The ages of dee-
per nodes showed general agreement between NPRS and molecu-
lar clock calibration methods, while the more nested or recent
nodes appeared older using NPRS relative to the traditional clock
method. The average divergence time from the initial radiation
(the basal node) of P. ridens dated to the Mid- to Early-Miocene
12-22 Ma (or Late to Mid-Miocene 10-16 Ma using the molecular
clock method). The divergence time for the radiation of the MRCA
of all Costa Rican samples dated to the Pliocene 2.9-5.3 Ma (or
Pleistocene 0.66-1.4 Ma by the clock method). The radiation from
the Tilaran mountains outward across the Caribbean lowlands da-
ted to the Late Pliocene 1.8-3.4 Ma (or Late Pleistocene 80,000-
400,000 years ago by the clock method).

4. Discussion

We found that P. ridens has a unique dispersal history that can
illustrate much about the environmental history of lower Central
America as well as the role of the Isthmus in the diversification
of lineages prior to and during the time of the Great American Bio-
tic Interchange (GABI; Stehli and Webb, 1985). Although P. ridens
sustains a relatively continuous current range along the Caribbean
coast and is often locally abundant within wet forest sites across
lower Central America, our mtDNA phylogeny reveals very deep
genetic divergences over very short geographic distances and be-
tween sites that contain no obvious geographic barrier. However,
the haplotype network and R, test demonstrate that at least one
lineage of P. ridens is demographically capable of rapid, long-range
dispersal. Thus, the history of P. ridens displays a mixture of lin-
eages showing long-term geographic stasis (Panama) as well as re-
cent and rapid geographic expansion across the landscape (Costa
Rica to Honduras).

4.1. Phylogeny of P. cruentus group

Our phylogeny agrees with that of Miyamoto (1984), based on
allozymes, in that we place P. cruentus with P. cerasinus relative
to the other samples. These results conflict with current taxonomy.
Both Savage (2002) and Lynch and Duellman (1997) place P. cera-
sinus in a separate P. cerasinus species group, while P. cruentus,
P. ridens, and P. pardalis are placed together in the P. cruentus

species group (Savage, 2002) or the P. unistrigatus group (Lynch
and Duellman, 1997). Both taxonomies place P. cerasinus apart
based upon the long third toe relative to the length of the fifth
toe. Our molecular data suggest that this toe character, one of the
few morphological characters available to build our taxonomy of
Pristimantis and other eleutherodactyline frogs, may be subject to
more homoplasy than previously thought. Some of the conflict be-
tween traditional taxonomy and our phylogeny we can relieve by
recognizing the P. pardalis species group as distinct from the P.
cruentus group (Ibafiez and Crawford, 2004). However, the P. cruen-
tus group is still not a monophyletic group unless at least three
strictly South American species are included (Heinicke et al. 2007).

Our interspecific phylogenetic results confirm the presence of
various cryptic species in the Darien Province of eastern Panama.
For example, sample AJC 0601 from central Darien (Cana) is very
similar to P. ridens in gross morphology, but shows roughly 50%
model-corrected genetic distance relative to the other samples.
Pristimantis sp. nov. A from Pacific Darien is also very similar to
P. ridens. As the molecular data confirm, we were unable to find
P. ridens at either site in the Darien. The inferred absence of some
reptiles and amphibians from Darien may be related to the com-
plex biogeography of the region and not simply an artifact of insuf-
ficient collecting (Myers et al., 2007).

4.2. Origin of P. ridens

We refrain from making biogeographic inferences concerning
the early evolution of the P. cruentus group because the group as
a whole is not monophyletic with respect to South American spe-
cies (Heinicke et al., 2007). Focusing on results for intraspecific
samples, however, allows us to make several useful biogeographic
inferences. Clearly the taxon P. ridens is very old, and while the
intraspecific basal divergence time of 12-22 Ma seems extreme,
it matches the 27-15 Ma divergence estimated for a widespread
Pristimantis species from Ecuador (Elmer et al., 2007). Thus, our
data show that P. ridens already occupied the isthmian landscape
prior to the completion of the isthmian land bridge 2.8-3.1 Ma
(Coates and Obando, 1996). Other poikliothermic taxa of South
American origin believed to have entered Central America prior
to 3.1 Ma include primary freshwater fishes (Bermingham and
Martin, 1998), tiingara frogs (Weigt et al., 2005), and vipers (Zamu-
dio and Greene, 1997).
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While the diversification of P. ridens apparently predated even the
time of interchange between continents for raccoons and giant ground
sloths, as estimated from the fossil records (Marshall et al., 1979;
Webb and Rancy, 1996), it happens to coincide with the presence of
a community of large mammals in central Panama very similar to that
found contemporaneously in North America. This fossilized mammal
community suggests that central Panama was the terminus of a long-
peninsula stretching south and eastward (Whitmore and Stewart,
1965; Kirby and MacFadden, 2005). Clearly, this landmass supported
northern elements of the modern-day frog fauna during the Miocene
(Savage, 1982; Crawford and Smith, 2005; Crawford et al., 2007), and
it may have received anuran colonists from South America, such as
P. ridens and the tingara frog (Weigt et al., 2005), by the Late Miocene.
Pristimantis ridens could have arrived in Central America before the
completion of a land bridge by rafting (e.g., Vences et al., 2004), or
during a period of low sea levels during the end of the Miocene when
the sea level was roughly 60 m below today’s level (Bermingham and
Martin, 1998; Perdices et al. 2002).

4.3. Early expansion of P. ridens

Once in Central America, P. ridens underwent a first expansion
during the Miocene 12+ Ma, with three separate lineages covering
eastern Panama, western Panama, and some portion of Costa Rica.
Which region harbored the more ancestral lineage we cannot
determine, but we can make the following parsimonious inference.
Since Panama (sampling regions B, O, C, and E in Fig. 2) contains
two of the three old lineages of P. ridens while Costa Rica + Hondu-
ras (sampling regions A, G, S, R, and T and H in Fig. 2) contain only
one, we infer that Panama, specifically Central Panama as sug-
gested by the ML topology (Fig. 3), contained the ancestral lineage.
This inference also conforms to our prior expectation of a coloniz-
ing lineage from South America (e.g., Duellman, 2001; Vanzolini
and Heyer, 1985).

4.4. Origin of Golfo Dulce P. ridens

Given the above results, we infer that P. ridens occupied at least
some portion of Costa Rica by 12 Ma. The monophyly of all Costa
Rican + Honduran samples relative to Panamanian samples clearly
indicates that that the two coasts of Costa Rica were not colonized
independently from Panama (Fig. 5). Because the SOWH test, net-
work, and R, test results together suggest that, within Costa Rica,
P. ridens moved from the Pacific to the Caribbean (Fig. 5), the Golfo
Dulce population on the Pacific coast was probably the source of
the entire Costa Rica + Honduras clade. Other lineages within the
Golfo Dulce have also been shown to be old: in another eleuthero-
dactyline frog, C. crassidigitus, with a similar distribution to
P. ridens, populations of the Golfo Dulce region were estimated to
have originated 4-8 Ma (Crawford et al., 2007).

4.5. Recent expansion of P. ridens

Pristimantis ridens shows an interesting pattern of low intra-
lineage variation in the Costa Rica + Honduras clade, coupled with
very high inter-lineage divergence between this clade and the
two Panama clades (Fig. 3). We interpret the appearances of three
particular polytomies in our phylogenetic tree as evidence of hard
polytomies at these junctures. We encountered a trichotomy at
the root of P. ridens, a trichotomy at the root of the Costa Rica + Hon-
duras clade, and a massive polytomy at the base of the TSRH clade.
Our contention is that the lack of resolution is not due to homo-
plasy, but rather to a minimal number of substitutions falling on
these internodes, or essentially, that the time between splitting
events was very brief relative to the mutation rate. Thus, rather
than an equilibrium panmictic population in Caribbean Costa Rica

and Honduras, our evolutionary genetic analyses are consistent
with the low divergence within this clade resulting instead from a
recent and rapid demographic expansion through this region. This
recent expansion may serve as a model for how the basal expansion
may have taken place across Panama and Costa Rica 12+ Ma.

In contrast to P. ridens, C. crassidigitus, a member of a Central
American genus and species group, shows no sign of ancient or
recent demographic expansion, even though these two species are
both eleutherodactyline frogs and show similar geographic distribu-
tions (Crawford et al., 2007). Craugastor crassidigitus showed very
high levels of genetic divergence between the Caribbean lowlands
(region R, Fig. 2) and Tilaran (T), as well as between versants within
Costa Rica, whereas P. ridens showed relatively greater genetic diver-
gence within central Panama. Thus, while a common environment
may be what shapes these two species’ geographic ranges they filled
this common space by different routes at very different times.

4.6. Demographic history

This leads us to consider why P. ridens was able to move
between Panama and the Golfo Dulce region 12 Ma, but only much
more recently spread into Caribbean Costa Rica and Honduras. For
an organism with the habitat specificity of P. ridens, we would have
expected a dispersal route favoring more continuous and wet
habitat of the Caribbean coast. The patches of drier forest along
the Pacific coast (Fig. 1) made the Pacific dispersal route the least
expected among the a priori hypotheses (Fig. 2). However, our
analysis actually revealed very deep genetic structuring along the
Caribbean coast, roughly corresponding to the present-day inter-
national border between Panama and Costa Rica. This deep phylog-
eographic break has been noticed earlier in frogs and other taxa,
and recently dubbed the “Bocas Break” (Crawford et al., 2007).
There is no obvious geographic barrier in this region, although
the mountains do come rather close to the sea at this point (Fig. 1).

The deep genetic break along the continuous Caribbean habitat
could be due to a cryptic barrier or the relict of a historical barrier
that is now absent but existed previously (e.g., Cheviron et al.,
2005; Patton and Da Silva, 2005). The latter possibility would indi-
cate that current variation in Central American frogs stems at least
partly from historical geography. Once established, the persistence
of genetic differentiation across the “Bocas Break” could be ex-
plained by a priority effect stemming from the establishment of
large populations in these regions. By this effect, established pop-
ulations will either occupy niche space and exclude immigrants
deterministically, or stochastically overwhelm immigrant haplo-
types with the numerical superiority of the resident haplotypes
(Reeves and Bermingham, 2006). Either mechanism makes the
fixation or increased frequency of a migrant haplotype unlikely
as long as two conditions are met: (1) that the resident population
inhabited the region prior to immigration from other populations,
and (2) that the resident population is large relative to the number
of immigrants. Such a model may also explain the very large genet-
ic break between the proximal populations at Cerro Campana
(region C in Fig. 2) and Omar Torrijos NP (region O). The interven-
ing valley where considerably fewer individuals are found would
keep the migration rates low relative to the local population sizes
at either site. The “priority effect” hypothesis would predict the
existence of a zone of secondary contact along the Caribbean coast
between Costa Rican and Panamanian P. ridens lineages, which
could be tested with finer-scale geographic sampling.

4.7. Environmental history
Our study has provided us with an opportunity to infer the his-

tory of the environmental landscape in lower Central America from
phylogeographic data. The inferred connection between western
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Panama and the Golfo Dulce region supports the previous exis-
tence of a dispersal corridor of wet forest habitat in western Pacific
Panama, a region that is currently dry. According to our phylogeo-
graphic data from wet forest frogs, this corridor disappeared
12+ Ma (this study) or 4-8 Ma (Crawford et al., 2007). This region
had become dry forest >4 Ma according to plant macrofossils from
central Panama (Graham and Dilcher, 1995). Subsequently, vegeta-
tion probably cycled between savannah and dry forest (Piperno
and Pearsall, 1998), but wet forest never returned. As with studies
of lowland frogs of South America, our hypothesis for the local
environmental history allows for dynamic ecosystem variation
during the Pleistocene (e.g., Noonan and Gaucher, 2006; Carnaval
and Bates, 2007), but we infer that the spatial and temporal varia-
tion in Central America was much more bounded. In other words,
we posit that during the past >4 Ma, the Golfo Dulce has remained
wet while the Pacific coast of western Panama has remained dry
(Piperno and Pearsall, 1998; Weigt et al., 2005). The finding that
populations of P. ridens in Panama are quite old, substantially pre-
dating the completion of the Central American Isthmus, supports
more broadly the idea that Central America was not only a corridor
for interchange between North America and South America, but a
staging ground for developing biodiversity as well.

4.8. Taxonomic implications

Our molecular phylogeny establishes the monophyly of a group
comprised of P. altae, P. pardalis, and P. pirrensis. We designate this
clade of morphologically and behaviorally distinctive frogs (Ibafiez
and Crawford, 2004) as the P. pardalis species group (Fig. 3). The
molecular phylogenetic results for P. ridens show that this taxon
is comprised of three lineages separated by substantial mtDNA
sequence divergence, suggesting the potential existence of two
cryptic species (q.v., Fouquet et al., 2007; Stuart et al., 2006). Based
on the type locality of P. ridens (Cope, 1866), this nominal taxon
could be restricted to Costa Rica, Nicaragua, and Honduras. For
the central Panama clade, the name P. molinoi Barbour is available
(Barbour, 1928; Lynch, 1980; Savage, 1981). The type locality of
P. molinoi is Barro Colorado Island, northeast of the midpoint
between regions C and E in Fig. 2. We are unaware of any names
previously associated with the western Panama lineage (samples
from regions B and O in Fig. 2).

Acknowledgments

We express our sincere appreciation to the governmental orga-
nizations that made this work possible. Permits for research, col-
lection, exportation, and importation of samples in Panama were
generously granted by ANAM, and obtained with the help of Orelis
Arosemena of STRI. Collections in Kuna Yala, Panama, were made
possible by PEMASKY. In Costa Rica permits were obtained by MIN-
AE with the kind support of Javier Guevara of MINAE and Federico
Bolafios of the Universidad de Costa Rica. A.J.C. thank the following
friends and colleagues for help during field trips to collect samples
used in this study: Robert Puschendorf, Brian Kubicki, Mason Ryan,
Karen Lips, Gerardo “Cachi” Chaves, Kristiina Hurme, César Jara-
millo, Roberto Ibafiez, David Reznick, Jessie Knowlton, and the late
great A. Stanley Rand. Thanks to Rachel Collin and STRI for organiz-
ing the trip to Isla Bastimentos. A.J.C. also thanks Eric N. Smith for
organizing the permits and fieldwork in Honduras and riding shot-
gun from Panama City to Tegucigalpa and back again. We express
our gratitude to the following landowners and authorities for per-
mission to collect samples on land under their care in Costa Rica:
Luis Diego Gomez and the Organization for Tropical Studies, Sergio
Jimenez, Brian Kubicki and the Amphibian Research Center, and
the Osa Pulchra Women'’s Collective. Likewise in Panama, we
would like to thank Sefior Bodero of the Urbanizacién Altos de Cer-

ro Azul, TropicStar Lodge, and ANCON. We thank the following
institutions, curators and collectors for gifts of tissues samples
used in this study: Karen Lips and the Southern Illinois University
at Carbondale; Randy McCranie, George Zug and Steve Gotte at the
National Museum of Natural History; David Laurencio and Michael
Forstner of southwest Texas State University. For help in the labo-
ratory, we would like to thank Maribel Gonzalez, Carlos Vergara,
Grethel Grajales, Nimiadina Gomez, and Oris Sanjur. We thank Ro-
berto Ibafiez, James Schulte II, and two anonymous reviewers for
their generous help in improving this manuscript. This work was
supported by a Smithsonian Institution Molecular Evolution Post-
doctoral Fellowship to AJ.C. and a STRI Internship award to I.J.W.

References

Akaike, H., 1974. A new look at the statistical model identification. Automatic
Control, IEEE Trans. 19, 716-723.

Arbogast, B.S., Edwards, S.V., Wakeley, ]., Beerli, P., Slowinski, ].B., 2002. Estimating
divergence times from molecular data on phylogenetic and population genetic
timescales. Annu. Rev. Ecol. Syst. 33, 707-740.

Avise, ].C., Arnold, ], Ball, RM., Bermingham, E., Lamb, T., Neigel, J.E., Reeb, C.A.,
Saunders, N.C., 1987. Intraspecific phylogeography: the mitochondrial DNA
bridge between population genetics and systematics. Annu. Rev. Ecol. Syst. 18,
489-522.

Barbour, T., 1928. New Central American frogs. Proc. N. Engl. Zool. Club 10, 25-31.

Beebee, T.J.C., 2005. Conservation genetics of amphibians. Heredity 95, 423-427.

Bermingham, E., Avise, J., 1986. Molecular zoogeography of freshwater fishes in the
southeastern United States. Genetics 113, 939-965.

Bermingham, E., Lessios, H.A., 1993. Rate variation of protein and mitochondrial
DNA evolution as revealed by sea urchins separated by the Isthmus of Panama.
Proc. Natl. Acad. Sci. USA 90, 2734-2738.

Bermingham, E., Martin, AP, 1998. Comparative mtDNA phylogeography of
Neotropical freshwater fishes: testing shared history to infer the evolutionary
landscape of lower Central America. Mol. Ecol. 7, 499-517.

Buckley, T.R., 2002. Model misspecification and probabilistic tests of topology:
evidence from empirical data sets. Syst. Biol. 51, 509-523.

Carnaval, A.C., Bates, ].M., 2007. Amphibian DNA shows marked genetic structure
and tracks Pleistocene climate change in northeastern Brazil. Evolution 61,
2942-2957.

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 hypotheses of the origin of Neotropical avian diversity. Mol.
Phylogenet. Evol. 36, 338-357.

Clement, M., Posada, D., Crandall, K.A., 2000. TCS: a computer program to estimate
gene genealogies. Mol. Ecol. 9, 1657-1659.

Coates, A.G., Obando, J.A., 1996. The geologic evolution of the Central American
Isthmus. In: Jackson, ]J.B.C., Budd, A.F.,, Coates, A.G. (Eds.), Evolution and
Environment in Tropical America. University of Chicago Press, Chicago, IL, pp.
21-56.

Coates, A.G., Collins, LS., Aubry, M.P., Berggren, W.A., 2004. The geology of the
Darien, Panama, and the late Miocene-Pliocene collision of the Panama arc with
northwestern South America. Geol. Soc. Am. Bull. 116, 1327-1344.

Cope, E.D., 1866. Fourth contribution to the herpetology of tropical America. Proc.
Acad. Natl. Sci. Phila. 18, 123-132.

Crawford, AJ., 2003a. Huge populations and old species of Costa Rican and
Panamanian dirt frogs inferred from mitochondrial and nuclear gene sequences.
Mol. Ecol. 12, 2525-2540.

Crawford, A.J., 2003b. Relative rates of nucleotide substitution in frogs. J. Mol. Evol.
57, 636-641.

Crawford, AJ., Smith, E.N., 2005. Cenozoic biogeography and evolution in direct-
developing frogs of Central America (Leptodactylidae: Eleutherodactylus) as
inferred from a phylogenetic analysis of nuclear and mitochondrial genes. Mol.
Phylogenet. Evol. 35, 536-555.

Crawford, AJ., Bermingham, E., Polania, C., 2007. The role of tropical dry forest as a
long-term barrier to dispersal: a comparative phylogeographic analysis of dry
forest tolerant and intolerant frogs. Mol. Ecol. 16, 4789-4807.

Denyer, P., Alvarado, G.E., Aguilar, T., 2000. Historia geoldgica. In: Denyer, P.,
Kussmaul, S. (Eds.), Geologia de Costa Rica. Editorial Tecnolégica de Costa Rica,
Cartago, Costa Rica, pp. 155-167.

Dick, C.W., Abdul-Salim, K., Bermingham, E., 2003. Molecular systematic analysis
reveals cryptic tertiary diversification of a widespread tropical rain forest tree.
Am. Nat. 162, 691-703.

Duellman, W.E., 2001. The hylid frogs of Middle America, vol. 2. Contrib. Herpetol.
18, 695-1158.

Elmer, K.R., Davila, J.A., Lougheed, S.C., 2007. Cryptic diversity and deep divergence
in an upper Amazonian frog, Eleutherodactylus ockendeni. BMC Evol. Biol. 7, 247.
doi:10.1186/1471-2148-7-24.

Felsenstein, J., 1981. Evolutionary trees from DNA sequences: a maximum
likelihood approach. J. Mol. Evol. 17, 368-376.

Felsenstein, J., 1985. Confidence limits on phylogenies: an approach using the
bootstrap. Evolution 39, 783-791.

Phylogenet. Evol. (2008), doi:10.1016/j.ympev.2008.02.021

Please cite this article in press as: Wang, L]. et al., Phylogeography of the Pygmy Rain Frog (Pristimantis ridens) across the lowland ..., Mol.



http://dx.doi.org/10.1186/1471-2148-7-24

12 1J. Wang et al./ Molecular Phylogenetics and Evolution xxx (2008) Xxx—xxx

Felsenstein, J., 2004. Inferring Phylogenies. Sinauer Associates Inc., Sunderland, MA.

Fouquet, F., Gilles, A., Vences, M., Marty, C., Blanc, M., Gemmell, NJ., 2007.
Underestimation of species richness in Neotropical frogs revealed by mtDNA
analyses. PLoS One 10, e1109.

Frost, D.R,, Grant, T., Faivovich, ]., Bain, RH., Hass, A., Haddad, C.F.B., de Sa, R.O.,
Channing, A., Wilkinson, M., Donnellan, S., Raxworthy, C.J., Campbell, J.A., Blotto,
B.L., Moler, P., Drewes, R.C., Nussbaum, R.A., Lynch, J.D., Green, D.M., Wheeler,
W.D., 2006. The amphibian tree of life. Bull. Am. Mus. Nat. Hist. 297, 1-370.

Goldman, N., Anderson, J.P., Rodrigo, A.G., 2000. Likelihood-based tests of topologies
in phylogenetics. Syst. Biol. 49, 652-670.

Graham, A., Dilcher, D., 1995. The Cenozoic record of tropical dry forest in northern
Latin America and the southern United States. In: Bullock, S.H., Mooney, HA,,
Medina, E. (Eds.), Seasonally Dry Tropical Forests. Cambridge University Press,
Cambridge, England, UK, pp. 124-145.

Hasegawa, M., Kishino, H., Yano, T., 1987. Man’s place in Hominoidea as inferred
from molecular clocks of DNA. J. Mol. Evol. 26, 132-147.

Heinicke, M.P., Duellman, W.E., Hedges, S.B., 2007. Major Caribbean and Central
American frog faunas originated by ancient oceanic dispersal. Proc. Natl. Acad.
Sci. USA 104, 10092-10097.

Holdridge, L.R., 1967. Life Zone Ecology. Tropical Science Center, San José, Costa
Rica.

Hudson, R.R., 1989. How often are polymorphic restriction sites due to a single
mutation? Theor. Popul. Biol. 36, 23-33.

Huelsenbeck, J.P., Hillis, D.M., Jones, R., 1996. Parametric bootstrapping in molecular
phylogenetics: applications and performance. In: Ferraris, ].D., Palumbi, S.R.
(Eds.), Molecular Zoology: Advances, Strategies, and Protocols. John Wiley and
Sons, Inc., New York, pp. 19-45.

Huelsenbeck, J.P., Ronquist, F., 2001. MRBAYES: Bayesian inference of phylogenetic
trees. Bioinformatics 17, 754-755.

Ibiiiez, R., Crawford, AJ., 2004. A new species of Eleutherodactylus (Anura:
Leptodactylidae) from the Darién Province, Panama. ]. Herpetol. 38, 240-244.

Ibafiez, R., Solis, F.A., Jaramillo, C.A, Rand, AS., 2001. An overview of the
herpetology of Panama. In: Johnson, ].D., Webb, R.G., Flores-Villela, O. (Eds.),
Mesoamerican Herpetology: Systematics, Zoography, and Conservation.
Centennial Museum, Special Publ. No. 1. University of Texas at El Paso, El
Paso, TX, pp. 159-170.

IUCN, Conservation International, and NatureServe. 2004. Global Amphibian
Assessment. <www.globalamphibians.org> (accessed 26.05.05.).

Jungfer, K.-H., 1988. Froschlurche von Fortuna, Panama IIl. Leptodactylidae.
Herpetofauna 10 (57), 15-21.

Kirby, M.X., MacFadden, B., 2005. Was southern Central America an archipelago or a
peninsula in the middle Miocene? A test using land-mammal body size.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 228, 193-202.

Kohler, G., 2001. Anfibios y Reptiles de Nicaragua. Herpeton Verlag, Offenbach,
Federal Republic of Germany.

Kohler, G., 2003. Reptiles of Central America. Herpeton Verlag, Offenbach, Federal
Republic of Germany.

Knowlton, N., Weigt, L.A., 1998. New dates and new rates for divergence across the
Isthmus of Panama. Proc. R. Soc. Lond. B 265, 2257-2263.

Kumar, S., Tamura, K., Nei, M., 2004. MEGA3: integrated software for molecular
evolutionary genetics analysis and sequence alignment. Brief. Bioinformat. 5,
150-163.

Kumazawa, Y., Nishida, M., 1993. Sequence evolution of mitochondrial tRNA genes
and deep-branch animal phylogenetics. ]. Mol. Evol. 37, 380-398.

Lessios, H.A., 1979. Use of Panamanian sea urchins to test the molecular clock.
Nature 280, 599-601.

Lynch, J.D., 1980. Systematic status and distribution of some poorly known frogs of
the genus Eleutherodactylus from the Chocoan lowlands of South America.
Herpetologica 36, 175-189.

Lynch, ].D., Duellman, W.E., 1997. Frogs of the genus Eleutherodactylus in western
Ecuador: systematics, ecology, and biogeography. Univ. Kansas Nat. Hist. Mus.
Spec. Pub. 23, 1-236.

Lynch, J.D., Sudrez-Mayorga, AM., 2004. Anfibios en el Chocé biogeogrifico. In:
Rangel-Ch, ].0. (Ed.), Colombia Diversidad Bidtica IV. El Choc6 biogeografico/
Costa Pacifica. Universidad Nacional de Colombia, Bogota, pp. 633-667.

Macey, J.R., Larson, A., Ananjeva, N.B., Fang, Z., Papenfuss, T.J., 1997a. Two novel
gene orders and the role of light-strand replication in rearrangement of the
vertebrate mitochondrial genome. Mol. Biol. Evol. 14, 91-104.

Macey, J.R,, Larson, A., Ananjeva, N.B., Papenfuss, T.J., 1997b. Evolutionary shifts in
three major structural features of the mitochondrial genome among iguanian
lizards. J. Mol. Evol. 44, 660-674.

Macey, J.R,, Larson, A., Ananjeva, N.B., Papenfuss, T.J., 1997c. Replication slippage
may cause parallel evolution in the secondary structure of mitochondrial
transfer RNAs. Mol. Biol. Evol. 14, 30-39.

Macey, J.R., Schulte 11, J.A,, Larson, A., Fang, Z., Wang, Y., Tuniyev, B.S., Papenfuss, T.].,
1998. Phylogenetic relationships of toads in the Bufo bufo species group from
the eastern escarpment of the Tibetan Plateau: a case of vicariance and
dispersal. Mol. Biol. Evol. 9, 80-87.

Macey, J.R,, Strasburg, J.L., Brisson, J.A., Vredenburg, V.T., Jennings, M., Larson, A.,
2001. Molecular phylogenetics of western North American frogs of the Rana
boylii species group. Mol. Phylogenet. Evol. 19, 131-143.

Marshall, L.G., 1988. Land mammals and the Great American Interchange. Am. Sci.
76, 380-388.

Marshall, L.G., Buttler, R.F., Drake, R.E., Curtis, G.H., Telford, R.H., 1979. Calibration of
the Great American Interchange. Science 204, 272-279.

Marshall, L.G., Webb, S.D., Sepkoski, ].J., Raup, D.M., 1982. Mammalian evolution
and the Great American Interchange. Science 215, 1351-1357.

McCranie, J.R., Wilson, L.D., 2002. The amphibians of Honduras. Contrib. Herpetol.
19, 1-625.

McDiarmid, R.W., Savage, ].M., 2005. The herpetofauna of the Rincén area, Peninsula
de Osa, Costa Rica, a Central American lowland evergreen forest site. In:
Donnelly, M.A,, Crother, B.L, Guyer, C., Wake, M.H., White, M.E. (Eds.), Ecology
and Evolution in the Tropics: A Herpetological Perspective. University of
Chicago Press, Chicago, IL, pp. 366-427.

Miyamoto, M.M., 1984. Central American frogs allied to Eleutherodactylus cruentus:
allozyme and morphological data. J. Herpetol. 18, 256-263.

Myers, C.W., 2003. Rare snakes—five new species from eastern Panama: reviews of
northern Atractus and southern Geophis (Colubridae: Dipsadinae). Am. Mus.
Novitates 3391, 1-47.

Myers, C.W., Ibaiiez, R., Cadle, J., 2007. On the uniquely fragmented distribution of a
rare Panamanian snake, Dipsas nicholsi (Colubridae: Dipsadinae). Am. Mus.
Novitates 3554, 1-18.

Nei, M., Li, W.-H., 1979. Mathematical model for studying genetic variation in terms
of restriction endonucleases. Proc. Natl. Acad. Sci. USA 76, 5269-5273.

Noonan, B.P., Gaucher, P., 2006. Refugial isolation and secondary contact in the
dyeing poison frog Dendrobates tinctorius. Mol. Ecol. 15, 4425-4435.

Patton, J.L., Da Silva, M.N.F, 2005. The History of Amazonian mammals:
mechanisms and timing of diversification. In: Bermingham, E., Dick, CW.,
Moritz, C. (Eds.), Tropical Rainforest. Past, Present and Future. The University of
Chicago Press, Chicago and London.

Perdices, A., Bermingham, E., Montill, A., Doadriob, 1., 2002. Evolutionary history of
the genus Rhamdia (Teleostei: Pimelodidae) in Central America. Mol.
Phylogenet. Evol. 25, 172-189.

Piperno, D.R., Pearsall, D.M., 1998. The origins of agriculture in the lowland
Neotropics. Academic Press, San Diego, CA.

Pisani, G.R., 1973. A guide to preservation techniques for amphibians and reptiles.
Herpetological Circular 1. Society for the Study of Amphibians and Reptiles, St.
Louis, MO, USA.

Posada, D., Crandall, K.A., 1998. MODELTEST: testing the model of DNA substitution.
Bioinformatics 14, 817-818.

Posada, D., Buckley, T.R., 2004. Model selection and model averaging in
phylogenetics: advantages of the AIC and Bayesian approaches over likelihood
ratio tests. Syst. Biol. 53, 793-808.

Rambaut, A., Charleston M., 2001. TreeEdit version 1.0 alpha 10. Distributed by the
authors.

Rambaut, A, Grassly, N.C., 1997. Seq-Gen: an application for the Monte Carlo
simulation of DNA sequence evolution along phylogenetic trees. Comput. Appl.
Biosci. 13, 235-238.

Ramos-Onsins, S.E., Rozas, ]., 2002. Statistical properties of new neutrality tests
against population growth. Mol. Biol. Evol. 19, 2092-2100.

Rannala, B., Yang, Z., 1996. Probability distribution of molecular evolutionary trees:
a new method of phylogenetic inference. J. Mol. Evol. 43, 304-311.

Reeves, R.G., Bermingham, E., 2006. Colonization, population expansion, and lineage
turnover: phylogeography of Mesoamerican characiform fish. Biol. J. Linn. Soc.
88, 235-255.

Ridgely, R.S., Allnutt, T.F., Brooks, T., McNicol, D.K., Mehlman, D.W., Young, B.E.,
Zook, J.R. 2003. Digital Distribution Maps of the Birds of the Western
Hemisphere, version 1.0. NatureServe, Arlington, VA, USA. Available from:
<http://www.natureserve.org/getData/birdMaps.jsp>.

Rozas, J., Sanchez-DelBarrio, ].C., Messeguer, X., Rozas, R., 2003. DnaSP, DNA
polymorphism analyses by the coalescent and other methods. Bioinformatics
19, 2496-2497.

Ruiz-Carranza, P.M., Ardila-Robayo, M.C., Lynch, ].D., 1996. Lista actualizada de la
fauna de Amphibia de Colombia. Rev. Acad. Colomb. Cienc. 20, 365-415.

Saitou, N., Nei, M., 1987. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406-425.

Sanderson, M.J., 1997. A nonparametric approach to estimating divergence times in
the absence of rate constancy. Mol. Biol. Evol. 14, 1218-1231.

Savage, ].M., 1981. The systematic status of Central American frogs confused with
Eleutherodactylus cruentus. Proc. Biol. Soc. Wash. 94, 413-420.

Savage, ].M., 1982. The enigma of the Central American herpetofauna: dispersal or
vicariance? Ann. MO Bot. Gard. 69, 464-547.

Savage, J.M., 2002. The Amphibians and Reptiles of Costa Rica: A Herpetofauna
between Two Continents, between Two Seas. University of Chicago Press,
Chicago, IL.

Seutin, G., White, B.N., Boag, P.T., 1991. Preservation of avian blood and tissue
samples for DNA analyses. Can. ]. Zool. 69, 82-90.

Shi, X., Gu, H., Susko, E., Field, C., 2005. The comparison of the confidence regions in
phylogeny. Mol. Biol. Evol. 22, 2285-2296.

Simpson, G., 1940. Mammals and land bridges. J. Wash. Acad. Sci. 30, 137-163.

Smith, S.A., Bermingham, E., 2005. The biogeography of lower Mesoamerican
freshwater fishes. ]. Biogeogr. 32, 1835-1854.

Smith, S.A., Stephens, P.R., Wiens, ].J., 2005. Replicate patterns of species richness,
historical biogeography, and phylogeny in Holarctic treefrogs. Evolution 59,
2433-2450.

Sperling, F.A., Hickey, D.A., 1994. Mitochondrial DNA sequence variation in the
spruce budworm species complex (Choristoneura: Lepidoptera). Mol. Biol. Evol.
11, 656-665.

Stehli, F.D., Webb, S.G., 1985. The Great American Biotic Interchange. Plenum Press,
New York.

Phylogenet. Evol. (2008), doi:10.1016/j.ympev.2008.02.021

Please cite this article in press as: Wang, 1]. et al., Phylogeography of the Pygmy Rain Frog (Pristimantis ridens) across the lowland ..., Mol.



http://www.natureserve.org/getData/birdMaps.jsp

1J. Wang et al./ Molecular Phylogenetics and Evolution xxx (2008) Xxx—xxx 13

Stuart, B.L., Inger, R.F., Voris, HK., 2006. High level of cryptic species diversity
revealed by sympatric lineages of southeast Asian forest frogs. Biol. Lett. 2, 470-
474.

Swofford, D., 2001. PAUP: Phylogenetic Analysis Using Parsimony (‘and Other
Methods), version 4.0. Sinauer Associates, Sunderland, MA.

Swofford, D.L., Olsen, G.J., Waddell, P.J., Hillis, D.M., 1996. Phylogenetic inference.
In: Hillis, D.M., Moritz, C., Mable, B.K. (Eds.), Molecular Systematics. Sinauer,
Sunderland, MA, pp. 407-514.

Tamura, K., Nei, M., 1993. Estimation of the number of nucleotide substitutions in
the control region of mitochondrial DNA in humans and chimpanzees. Mol. Biol.
Evol. 10, 512-526.

Tavaré, S., 1986. Some probabilistic and statistical problems on the analysis of DNA
sequences. Lect. Math. Life Sci. 17, 57-86.

Templeton, A.R., Crandall, A., Sing, C.F., 1992. A cladistic analysis of phenotypic
associations with haplotypes inferred from restriction endonuclease
mapping and DNA sequence data. Ill. Cladogram estimation. Genetics 140,
767-782.

Tosi, J.A., 1969. Ecological Map of Costa Rica. Tropical Science Center, San José, Costa
Rica.

Vanzolini, P.E., Heyer, W.R., 1985. The American herpetofauna and the interchange.
In: Stehli, F.G., Webb, S.D. (Eds.), The Great American Biotic Interchange.
Plenum Press, New York, NY, pp. 475-487.

Vences, M., Kosuch, ]J., Rédel, M.-0., Lotters, S., Channing, A., Glaw, F., Bchme, W.,
2004. Phylogeography of Ptychadena mascareniensis suggests transoceanic

dispersal in a widespread African-Malagasy frog lineage. ]. Biogeogr. 31, 593-
601.

Webb, S.D., Rancy, A., 1996. Late Cenozoic evolution of the Neotropical mammal
fauna. In: Jackson, ].B.C., Budd, A.F., Coates, A.G. (Eds.), Evolution and
Environment in Tropical America. University of Chicago Press, Chicago, pp.
335-358.

Weigt, L.A., Crawford, AJ., Rand, A.S., Ryan, M J., 2005. Biogeography of the tingara
frog, Physalaemus pustulosus: a molecular perspective. Mol. Ecol. 14, 3857-
3876.

Whitmore Jr., F.C., Stewart, R.H., 1965. Miocene mammals and Central American
seaways. Science 148, 180-185.

Wiens, JJ., Graham, C.H., Moen, D.S., Smith, S.A., Reeder, T.W., 2006. Evolutionary
and ecological causes of the latitudinal diversity gradient in hylid frogs: treefrog
trees unearth the roots of high tropical diversity. Am. Nat. 168, 579-596.

Yang, Z., 1994. Maximum likelihood phylogenetic estimation from DNA sequences
with variable rates over sites: approximate methods. ]. Mol. Evol. 39, 306-324.

Yang, Z., Rannala, B., 1997. Bayesian phylogenetic inference using DNA sequences: a
Markov chain Monte Carlo method. Mol. Biol. Evol. 14, 717-724.

Zamudio, K.R., Greene, H.W., 1997. Phylogeography of the bushmaster (Lachesis
muta: Viperidae): implications for Neotropical biogeography, systematics, and
conservation. Biol. ]. Linn. Soc. 62, 421-442.

Zeh, J.A., Zeh, D.W., Bonilla, M.M., 2003. Phylogeography of the harlequin beetle-
riding pseudoscorpion and the rise of the Isthmus of Panama. Mol. Ecol. 12,
2759-2769.

Phylogenet. Evol. (2008), doi:10.1016/j.ympev.2008.02.021

Please cite this article in press as: Wang, L]. et al., Phylogeography of the Pygmy Rain Frog (Pristimantis ridens) across the lowland ..., Mol.




	Phylogeography of the Pygmy Rain Frog (Pristimantis ridens) across the lowland  wet forests of isthmian Central America
	Introduction
	Materials and methods
	Study system
	Sampling frogs and genes
	Phylogenetic and population genetic analyses
	Hypothesis testing
	Divergence time estimation

	Results
	Sequence analysis
	Phylogenetic analyses
	Tests of alternative topologies
	Divergence time estimates

	Discussion
	Phylogeny of P. cruentus group
	Origin of P. ridens
	Early expansion of P. ridens
	Origin of Golfo Dulce P. ridens
	Recent expansion of P. ridens
	Demographic history
	Environmental history
	Taxonomic implications

	Acknowledgments
	References


