
ORIGINAL ARTICLE

doi:10.1111/j.1558-5646.2007.00159.x

LOSS AND RE-EVOLUTION OF COMPLEX LIFE
CYCLES IN MARSUPIAL FROGS: DOES
ANCESTRAL TRAIT RECONSTRUCTION
MISLEAD?
John J. Wiens,1,2 Caitlin A. Kuczynski,1 William E. Duellman,3 and Tod W. Reeder4

1Department of Ecology and Evolution, Stony Brook University, Stony Brook, New York 11794-5245
2E-mail: wiensj@life.bio.sunysb.edu

3Natural History Museum and Biodiversity Research Center, University of Kansas, Lawrence, Kansas 66045-7561
4Department of Biology, San Diego State University, San Diego, California 92182-4614

Received September 26, 2006

Accepted March 27, 2007

Using phylogeny-based methods to identify evolutionary transitions has become an integral part of evolutionary biology. Here,

we demonstrate the potential for these methods to give statistically well-supported but misleading inferences about character

evolution. We also show how inferences of character evolution can be informed using GIS-based methods to reconstruct ancestral

environmental regimes. We reconstruct a phylogeny for marsupial frogs (Hemiphractidae) using nuclear and mitochondrial DNA

sequences and estimate patterns of life-history evolution across the resulting tree. We find that Gastrotheca species with complex

life cycles (i.e., egg, tadpole, and adult stages) are phylogenetically nested among species and genera with direct development

(i.e., egg and adult stages only). Assuming a single rate for gains and losses in likelihood reconstructions, there is strong statistical

support for the hypothesis that the tadpole stage was lost early in the phylogeny but reappeared within Gastrotheca. Assuming

different rates of gain and loss, the model with significantly higher statistical support, the tadpole stage seems to have been

lost multiple times but never regained. Given that both hypotheses cannot be correct, at least one reconstruction model must

be giving well-supported but misleading results. Several lines of evidence (including GIS-based reconstructions of the ancestral

climatic regime) suggest that the former hypothesis is correct, and that the tadpole stage has evolved from direct development

within Gastrotheca, the only known case of such a reversal in frogs.
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In recent years, phylogeny-based studies of character evolution

have become an integral part of the evolutionary biology (e.g.,

Futuyma 2005). For example, it is virtually impossible to de-

termine the number or direction of evolutionary changes for a

given character within a group without considering phylogeny

(e.g., Donoghue 1989; Brooks and McLennan 1991). Phyloge-

netic methods for reconstructing character evolution have become

increasingly sophisticated (e.g., Schluter et al. 1997; Mooers and

Schluter 1999; Pagel 1999; Huelsenbeck et al. 2003; Pagel et al.

2004). Nevertheless, the possibility remains that these methods

can be misled with strong statistical support (for a laboratory study

of bacteriophage see Oakley and Cunningham 2000). Identifying

such cases is an important initial step in improving these methods.

Unfortunately, misleading results may be difficult to identify in

most natural systems, where taxa may have evolved over tens of

millions of years and the true ancestral condition can only be in-

ferred indirectly (including studies of fossils, but see Polly 2001;

Webster and Purvis 2002; Finarelli and Flynn 2006). However,
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the failure of a method may be clearly indicated if two approaches

each show strong statistical support for discordant conclusions

based on the same data, given the assumption that only one an-

swer can be correct. In this study, we document such a case in-

volving the gain and loss of complex life cycles in hemiphractid

frogs.

In anuran amphibians (frogs and toads), a major evolution-

ary transition that seemingly permitted the vertebrate domination

of terrestrial environments appears to have played out again and

again (Duellman and Trueb 1986). The typical anuran life cy-

cle is complex (or biphasic), with an aquatic tadpole stage that

is very different in morphology, ecology, and behavior from the

adult (Duellman and Trueb 1986; Pough et al. 2004). The tadpole

stage is then followed by a dramatic metamorphosis, after which

adults typically are semiaquatic or terrestrial. Nevertheless, adults

of these species must return to water to breed and deposit eggs.

Many other anurans have direct development, and thus lack a free-

living aquatic larval stage. In these species, eggs typically are laid

in moist terrestrial environments, and there is no need to use wa-

ter to breed as in biphasic species. At least 11 families of anurans

contain species with both complex and simple life cycles, a pat-

tern suggesting repeated origins of direct development (Pough

et al. 2004). Because of this extensive natural replication, anurans

offer a promising system for studying this critical transition. Yet,

few studies have addressed the ecological and evolutionary factors

that drive changes from a biphasic life cycle to direct development

using a comparative phylogenetic framework.

The presence of some direct-developing species within a

clade does not necessarily mean that transitions between complex

and simple life cycles have only occurred in one direction. Some

phylogenetic studies (e.g., Duellman and Hillis 1987; Duellman

et al. 1988) have suggested the intriguing possibility that the free-

living tadpole stage evolved from direct-developing ancestors in

one clade of frogs, the Hemiphractidae (previously hemiphrac-

tine hylids, containing the genera Cryptobatrachus, Flectonotus,

Gastrotheca, Hemiphractus, and Stefania; Wiens et al. 2005). Re-

appearance of the larval stage is somewhat counterintuitive (espe-

cially given the success of direct-developing tetrapods in general),

but a recent study found that the aquatic larval stage seemingly was

lost and then reappeared in another group of amphibians, plethod-

ontid salamanders (Chippindale et al. 2004). Re-evolution of the

aquatic larval stage would be considerably more surprising in anu-

rans than salamanders. Despite some important differences, larval

salamanders are similar to adults in many aspects of their biology,

including overall morphology and diet (Duellman and Trueb 1986;

Pough et al. 2004). In contrast, larval anurans (tadpoles) typically

differ from the adults in overall morphology (tailed and limb-

less vs. limbed and tailless), diet (herbivorous vs. carnivorous),

and feeding morphology (beaks and filters vs. projectile tongues).

So far, hemiphractids offer the only proposed case in which the

tadpole stage has re-evolved from direct-developing ancestors,

among > 5000 species of anurans. However, this putative rever-

sal has yet to be addressed with a rigorous phylogenetic analysis.

Although the re-evolution of complex traits has traditionally been

considered unlikely (i.e., Dollo’s law; Dollo 1893; Simpson 1953),

a growing literature suggests that the reappearance of complex

traits is theoretically plausible (e.g., Van Valen 1979; Marshall

et al. 1994) and may have occurred in a variety of organisms and

features (e.g., wings in stick insects: Whiting et al. 2003; shell coil-

ing in gastropods: Collin and Cipriano 2003; compound eyes in

crustaceans: Oakley 2003; digits in lizards: Kohlsdorf and Wagner

2006). Previous papers have addressed the possible re-evolution of

feeding larvae from direct-developing ancestors in echinoderms

(e.g., Wray 1996; Hart et al. 1997), but analyses of these data

using maximum likelihood found only equivocal support for this

pattern (Cunningham 1999).

Hemiphractid frogs consist of five genera and 83 currently

recognized species from Central and South America (Amphibia-

Web 2006; but see Frost et al. 2006 for an alternate taxonomy).

In all hemiphractids, eggs are carried on the female’s dorsum for

some or all of development (Duellman and Maness 1980; Wasser-

sug and Duellman 1984). In Cryptobatrachus, Hemiphractus, and

Stefania, eggs are exposed on the back and hatch directly into

froglets. In Flectonotus, eggs are partially enclosed in an open

pouch, and hatch into relatively advanced tadpoles that do not feed.

In all Gastrotheca, eggs are fully enclosed in a pouch. However,

in some Gastrotheca species the eggs hatch directly into froglets,

whereas in others eggs hatch into tadpoles that are deposited in

ponds and other bodies of water. In hemiphractids with direct

development, the embryos may retain some morphological fea-

tures characteristic of free-living tadpoles, but the retained features

vary among direct-developing lineages (Wassersug and Duellman

1984). Hemiphractids may be the only direct-developing anuran

lineages that retain larval-like features within the egg (Duellman

and Trueb 1986).

Previous phylogenetic studies, based on allozymes or im-

munological distance data, suggested that species of Gastrotheca

with free-living tadpoles are relatively derived within the genus

(e.g., Duellman and Hillis 1987; Duellman et al. 1988). These

results raise the possibility that the tadpole stage re-evolved from

direct-developing ancestors. However, previous studies did not

include rigorous analyses of trait evolution nor did they resolve

the phylogeny of hemiphractid genera or that of most Gastrotheca

species. A morphological study (Mendelson et al. 2000) suggested

that Hemiphractus is nested within Gastrotheca, but this result

may have been caused by misleading phylogenetic signals asso-

ciated with hyperossification in the skull (Wiens et al. 2005).

In this study, we reconstruct phylogenetic relationships

among hemiphractid frogs using nuclear and mitochondrial DNA

sequences. We then use this phylogeny to reconstruct the evolution
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of life-history modes within hemiphractids. We find that biphasic

Gastrotheca are nested deep within direct-developing lineages.

However, the reconstructed patterns of character evolution dif-

fer strikingly depending on the trait reconstruction methods used.

We also explore, possibly for the first time, the relationship be-

tween climatic variables and evolutionary changes in life-history

variables using GIS-based methods.

Materials and Methods
TAXON SAMPLING

We obtained DNA sequence data from 46 of 83 recognized

hemiphractid species (AmphibiaWeb 2006), including all gen-

era. With the exception of Gastrotheca, all genera are invariant

in their overall life-history mode and appear to be monophyletic

(see below). There is considerable life-history variation within

Gastrotheca, and we included 34 of 51 described species, includ-

ing all species groups recognized by Duellman et al. (1988). The

possible effects of incomplete taxon sampling on our analyses

of life-history evolution are addressed in the section on ancestral

reconstructions below.

Wiens et al. (2005; their fig. 5) found strong support for

placing hemiphractids in a clade including leptodactylids of

the subfamilies Ceratophryinae (Ceratophrys, Lepidobatrachus),

Eleutherodactylinae (Eleutherodactylus, Ischnocnema, Phryno-

pus), and Telmatobiinae (Telmatobius). Representatives of all of

these clades were included as outgroups, along with one hylid

(Pseudacris regilla).

MOLECULAR DATA

DNA sequence data were obtained from five gene regions, three

mitochondrial and two nuclear. These included the mitochondrial

ribosomal small subunit (12S; 1040 bp; also including adjacent

tRNA-Phe and tRNA-sVal), ribosomal large subunit (16S; 605

bp), and NADH dehydrogenase subunit 1 (ND1; 820 bp; includ-

ing adjacent tRNA genes), and the nuclear proopiomelanocortin

A gene (POMC, 500 bp) and recombination activating gene 1

(RAG-1, 1407 bp). Some additional sequences of 12S, 16S, and

RAG-1 were obtained from Darst and Cannatella (2004) and

Faivovich et al. (2005) for taxa for which we lacked tissue samples.

DNA was extracted from frozen and ethanol preserved tissues us-

ing standard methods and was amplified using the polymerase

chain reaction (PCR). Primer sequences are listed in Table 1.

Most PCR products were purified and sequenced directly us-

ing a Beckman CEQ (Beckman-Coulter, Fullerton, CA), ABI

377 (Applied Biosystems, Foster City, CA), or ABI 3130 au-

tomated sequencer (Applied Biosystems), whereas some were

cloned prior to sequencing. Sequences were edited primarily us-

ing Se-Al version 2.0. Voucher specimens are listed in online

Supplementary Appendix S1, and GenBank numbers are given in

online Supplementary Appendix S2.

DNA ALIGNMENT AND PHYLOGENETIC ANALYSIS

Alignments were performed for each dataset using CLUSTAL

X.1.81 (Thompson et al. 1994), using methods described by Wiens

et al. (2005). Regions of gene sequences that differed in their align-

ment under different gap-opening penalties (12.5, 15, and 17.5)

were considered to be ambiguously aligned and were excluded.

Apart from the gap opening penalty, default parameters were used

(gap extension = 6.666; delay divergent sequences = 30%; transi-

tion:transversion = 50%). After the initial CLUSTAL alignment,

some final adjustments were made manually.

Phylogenetic analyses were performed using both Bayesian

and parsimony methods and using both separate and combined

analyses of the gene sequences. However, we consider the best

estimate of phylogeny to come from Bayesian analysis of the

combined data, given that the simple model assumed by uniformly

weighted parsimony does not fit the data (see below), and given

the potential for long branch attraction among many of the highly

divergent lineages included in this study. The combined analysis

was generally preferred given that it is based on the largest sample

size of characters.

The best-fitting model for each gene was identified using

hierarchical likelihood ratio tests implemented in MrModeltest

version 2.0 (Nylander 2004). Bayesian analyses were conducted

to determine if partitions within these genes were also supported

(e.g., Brandley et al. 2005; Wiens et al. 2005). The harmonic mean

of the log-likelihoods of the post burn-in trees for the Bayesian

analyses with and without partitions within each gene were com-

pared using the Bayes factor (following Nylander et al. 2004). The

first, second, and third codon positions were treated as separate

partitions for each protein-coding gene. Stems and loops were

treated as separate partitions for the 12S and 16S genes, with the

location of these secondary structures hypothesized based on com-

parisons with models for Pseudacris regilla (for 12S) and Rana

catesbiana (for 16S), from the European ribosomal RNA database

(http://oberon.fvms.ugent.be:8080/rRNA/). Placement of stems

and loops appears to be highly conserved across anurans (>93%

identical for species in different hyloid families for 12S; Wiens

et al. 2005). The set of transfer RNAs adjacent to each gene was

treated as a separate partition. These comparisons showed that par-

titioning within each gene significantly improved the likelihood

of each dataset (results not shown), a pattern seen in many other

studies (e.g., Brandley et al. 2005; Wiens et al. 2005). Different

partitions were unlinked.

Bayesian analyses were performed using MrBayes version

3.1.2 (Huelsenbeck and Ronquist 2001). Two replicate searches

were performed on each dataset, each using four chains and default

priors. Analyses used 3.0 × 106 generations each, sampling every

1000 generations. Trees generated prior to achieving stationarity

were discarded as burn-in, and stationarity was identified based on

(1) plots of log likelihoods over time, (2) similarity in topologies,
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Table 1. Primers used for DNA amplification and sequencing. (F) = forward primer; (R) = reverse primer.

Primer Sequence (5′–3′) Source

12S
T-Phe-Frog (F) ATAGCRCTGAARAYGCTRAGATG Wiens et al. (2005)
T-Val-Frog (R) TGTAAGCGARAGGCTTTKGTTAAGCT Wiens et al. (2005)
12S-Frog R1 (R) TCRATTRYAGGACAGGCTCCTCTAG Wiens et al. (2005)
12S-HEMI-F (F) ACAAACTRGGATTAGATACCCYACTAT This study
12S-HEMI-R (R) GTATACTTACCATGTTACGACAATCCT This study
12S-HEMI-F2 (F) CAYAAAGGTTYGGTCCYAGCCTT This study

ND1
HEMI1-F (F) TCAGGGTAYCCYAGTGGTGC This study
HEMI1-R (R) AATGGGGCTCGRTTAGTTTCAG This study
HEMI2-R (R) CAATTARTGCRTATTTAGARTTTGA This study
16S-Frog (F) TTACCCTRGGGATAACAGCGCAA Wiens et al. (2005)
ND1-F5 (F) TTACGACCTCGATGTTGGATCAG This study

16S
16S-AR (F) CGCCTGTTTATCAAAAACAT Palumbi et al. (1991)
16S-BR (R) CCGGTCTGAACTCAGATCSCGT Palumbi et al. (1991)
16sBR-H (R) GGTTTGAACTCAGATCATGT This study

POMC
POMC-1 (F) GAATGTATYAAAGMMTGCAAGATGGWCCT Wiens et al. (2005)
POMC-5 (F) GGARCACTTYCGATGGGGYAAACC Wiens et al. (2005)
POMC-5R (R) GGTTTRCCCCATCGRAAGTGYTCC Wiens et al. (2005)
POMC-7 (R) TGGCATTTTTGAAAAGAGTCAT Smith et al. (2005)

RAG-1
RS1F (F) TGCAGTCAGTAYCAYAARATGTAC Ventakesh et al. (2001)
RS6R (R) TGCTATRARNGGGCTCAAGATGG Chippindale et al. (2004)
R1-GFF (F) GAGAAGTCTACAAAAAVGGCAAAG Faivovich et al. (2005)
R1-GFR (R) GAAGCGCCTGAACAGTTTATTAC Faivovich et al. (2005)
Amp-RAG-1 F (F) AGCTGCAGYCARTACCAYAARATGTA San Mauro et al. (2004)
Hemi-RAG1-R (R) CTCTGCAGCATTTCCAATGTCAC This study

branch support (posterior probabilities, Pp), and log likelihoods

between trees from each replicate, and (3) average standard devia-

tion of split frequencies between runs. The phylogeny and branch

lengths were estimated from the majority-rule consensus of the

pooled post burn-in trees from the two replicates. Clades with

Pp ≥ 0.95 were considered to be strongly supported (Wilcox et al.

2002; Alfaro et al. 2003; Erixon et al. 2003; Huelsenbeck and

Rannala 2004).

The shortest parsimony trees for each dataset were found

using a heuristic search with 500 random-taxon-addition se-

quence replicates. Support for individual branches was evalu-

ated using nonparametric bootstrapping (Felsenstein 1985), with

200 bootstrap pseudoreplicates and 10 random-taxon-addition se-

quence replicates per bootstrap pseudoreplicate. Bootstrap values

≥70% were considered to be strongly supported, following Hillis

and Bull (1993, but see their extensive caveats). All parsimony

searches used PAUP∗ 4.0b10 (Swofford 2002).

The final estimate of phylogeny was based on a combined

analysis of all five genes. However, each gene was analyzed

separately prior to combination, to detect clades that are both

strongly supported and incongruent between different separate

gene datasets (Wiens 1998). Such conflicts may indicate incon-

gruence between gene and species histories or other systematic

errors. We also combined the nuclear genes and compared the re-

sults to those from the combined mitochondrial data. No strongly

supported conflicts were found between the separate or combined

genes using parsimony or Bayesian methods.

Some taxa lacked data for one or more genes, including many

that proved difficult to sequence or amplify for a given gene de-

spite repeated attempts. Recent simulations (e.g., Wiens 2003;

Phillipe et al. 2004) and analyses of empirical data (e.g., Driskell

et al. 2004; Phillipe et al. 2004; Wiens et al. 2005) suggest that

such “incomplete taxa” can be accurately placed in phylogenetic

analyses regardless of the number of missing data cells that they

bear. However, the position of Cryptobatrachus was highly un-

stable (and this uncertainty obscured other generic-level relation-

ships), likely because only fast-evolving mitochondrial data were

available for this taxon. We performed analyses both including

and excluding this taxon, and the main results that are presented

exclude Cryptobatrachus.
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PHYLOGENETIC ANALYSIS OF LIFE-HISTORY

EVOLUTION

We compiled data on the general life-history mode of each sam-

pled species from several literature sources, including Duellman

and Maness (1980), Duellman and Hillis (1987), Duellman et al.

(1988), and the Global Amphibian Assessment (IUCN et al. 2004).

We focused primarily on whether species had an aquatic larval

stage (regardless of length) or direct development (no aquatic lar-

val stage outside the egg). The life-history patterns for two re-

cently described species (Gastrotheca atympana, G. zeugocystis)

are unknown, and these taxa were excluded from the analyses

of life-history evolution. In general, there was a broad agreement

among different literature sources regarding the life-history modes

of individual species.

To reconstruct the general pattern of life-history evolution,

we first mapped the presence of direct development or a larval

stage on the combined-data phylogeny using parsimony and like-

lihood methods. Parsimony reconstructions were performed using

MacClade, version 4.0 (Maddison and Maddison 2000), assuming

equal rates for gains and losses of direct development. Maximum-

likelihood reconstructions were performed using the model of

Lewis (2001) as implemented in Mesquite version 1.05 (Maddison

and Maddison 2004). Branch lengths for likelihood analyses were

estimated from the Bayesian analysis of the combined nuclear and

mitochondrial data (lengths for each branch averaged from among

the post burn-in trees); we believe this general approach of using

molecular branch length estimates is standard for most phyloge-

netic comparative studies. However, analyses also were performed

using equal and ultrametric branch lengths (the latter generated

using Mesquite). Initially, we assumed a single rate for losses and

gains of the aquatic larval stage. The best estimate of the charac-

ter state at each node was determined using the likelihood ratio

test. If the log likelihoods of two states differed by 2.0 or more

units, the state with the lower likelihood was rejected, and the al-

ternate state was considered the best estimate for that branch with

strong statistical support (following Pagel 1999). If the difference

in log likelihoods was smaller (i.e., < 2.0), the reconstruction was

considered ambiguous.

Next, we considered a model in which the transition rates

to and from direct development (0 to 1 and 1 to 0) were treated

as independent parameters. We then tested whether this two-rate

model had a significantly better fit to the data than a one-rate model

(i.e., same rate for 0 to 1 and 1 to 0 transitions), using a likelihood

ratio test. Given that the two models are nested and differ by one

free parameter, we assessed significance using a Chi-square test

with one degree of freedom (Mooers and Schluter 1999; Pagel

1999).

Our initial results suggested that the aquatic larval stage reap-

peared from an ancestor with direct development within Gas-

trotheca. We examined the robustness of this result with respect to

uncertainty in the phylogeny using Bayesian ancestral state recon-

struction (e.g., Huelsenbeck et al. 2003), using MrBayes version

3.1.2. Based on the parsimony and likelihood reconstructions, a

critical question is whether direct development was the condition

in the ancestor of Gastrotheca. Although there is some uncer-

tainty regarding the intergeneric relationships and relationships

within Gastrotheca, the monophyly of the genus is strongly sup-

ported by separate and combined analyses of the mitochondrial

and nuclear genes. Therefore, we constrained the monophyly of

Gastrotheca and determined the posterior probabilities of the an-

cestral states at this node. To do this, we added life-history mode

as a binary character to the combined data matrix, estimated the

phylogeny, and reconstructed the ancestral state for Gastrotheca

using Lewis’ (2001) model of character evolution and the “infer-

anc” option in MrBayes. Adding this character does affect some

weakly supported relationships in the tree. To have comparable

results among methods, we performed maximum-likelihood re-

constructions on these same trees, and used them as the primary

trees for interpreting the results.

We also tested the sensitivity of the results to a range of

different rates of gains and losses of direct development, following

Oakley and Cunningham (2002). Using Mesquite, we examined

several different ratios of gain and loss rate (i.e., rate of gains of

1 vs. rates of loss of 1, 0.1, 0.01, 0.001, 0.0001, 0.00001, 0.000001,

and 0.0000001) and calculated the likelihood assuming that direct

development is present in the common ancestor of Gastrotheca

and assuming that the biphasic life cycle is present, under each

combination of rates. The presence of direct development at this

node would suggest that the biphasic life cycle re-evolved within

Gastrotheca, whereas the presence of the biphasic life cycle would

suggest that direct development evolved multiple times among

hemiphractid genera without reversing. An absolute difference

of 2.0 or greater in the log likelihoods for each state indicates

potentially significant support for either evolutionary scenario. We

also examined the consequences of decreasing the rate of gains

relative to the rate of losses of direct development, using the same

increments.

Given that we have sampled only about 50% of described

hemiphractid species in our phylogeny, we also performed two

experiments to address the possible impacts of incomplete taxon

sampling on our likelihood reconstructions, again using Mesquite.

First, we added unsampled species to the genera in which life-

history mode is invariant (such that their uncertain phylogenetic

placement should have limited consequence for the ancestral re-

construction). Second, we added all unsampled species, including

species of Gastrotheca. For the first analysis, we added taxa to

represent all unsampled species of Cryptobatrachus, Flectonotus,

Hemiphractus, and Stefania (20 species total) in the Bayesian

phylogram. Each species within a genus was initially given a

branch length equal to the mean of all the branch lengths (internal

1890 EVOLUTION AUGUST 2007



LIFE HISTORY EVOLUTION IN MARSUPIAL FROGS

and terminal) within the crown group clade of that genus and as-

signed a life-history character state. After the species were added

to a genus, the relationships within the genus were collapsed

into a polytomy and then randomly resolved, using 10 differ-

ent replicates (note that branch lengths also were randomized by

Mesquite). Although this approach randomized the reconstructed

relationships for the sampled species, note that all taxa had the

same character state within a given genus (based on available life-

history data summarized in the Global Amphibian Assessment;

IUCN et al. 2004). Thus, relationships within these genera should

have relatively little impact on the reconstructions. Relationships

within Gastrotheca remained constant for these analyses. Recon-

structions of life history were then performed on all 10 replicates

using both the one-rate and two-rate models. For the second analy-

sis, we also added 11 species of Gastrotheca for which life-history

data were available on the Global Amphibian Assessment (IUCN

et al. 2004); the life-history mode is unknown in the remaining

Gastrotheca species. These 11 species were added to the phy-

logeny of Gastrotheca and were given the mean branch length

for the sampled species (as above), and then relationships within

Gastrotheca were collapsed and randomly resolved 10 times (note

that the polytomies in the other genera were randomly resolved

as well) and ancestral states were again reconstructed under both

likelihood models on each replicate. Although this second analysis

might be considered preferable in that it includes all the relevant

unsampled species, it is also problematic in that the reconstructed

relationships within Gastrotheca are lost, and these relationships

are very important to the reconstruction given that both life-history

modes occur in Gastrotheca. We describe the results of both anal-

yses. Parsimony reconstructions were also performed.

Correlations of Life-History Changes with Climatic
Distribution
Previous studies of hemiphractids raise the possibility that dif-

ferences in life-history mode may be correlated with the climatic

distribution of taxa (i.e., Gastrotheca with tadpoles occur at rel-

atively high elevations; Duellman and Maness 1980; Wassersug

and Duellman 1984). We obtained climatic data for each sampled

species, and then tested for a relationship between the climatic

distribution of species and changes in life-history mode.

We obtained locality data for each species from literature

records and then determined the values for 19 climatic variables at

each locality. For most localities, no coordinates were given, and

localities were georeferenced using an online gazetteer (Global

Gazetteer, Version 2.1; http://www.fallingrain.com/world/). We

obtained from 1 to 15 georeferenced localities per species (mean

= 3.3). Although sample sizes were small in many cases, many

hemiphractid species have highly restricted geographic ranges and

limited elevational distributions (mean < 1000 m), suggesting rel-

atively narrow climatic distributions. We obtained climatic data

for each locality for 19 climatic variables using the WORLDCLIM

dataset at 2.5-sec resolution (Hijmans et al. 2004, 2005), using the

BIOCLIMav extension (Beta 1.1; A. Moussalli, Cooperative Re-

search Centre for Tropical Rainforest Ecology and Management,

Brisbane, Australia) in ArcView GIS 3.3. We averaged climatic

variables across localities within a species to estimate a mean

value for each climatic variable for each species. We acknowl-

edge that this characterization of climatic distribution is relatively

crude, but should capture the dramatic differences in climate ex-

perienced by different hemiphractid species (i.e., hemiphractids

collectively occur from tropical rainforests near sea level to above

treeline at >4000 m in the Andes).

We tested whether evolutionary changes in life-history mode

were associated with significant changes in climatic distribution.

Given that climatic variables are quantitative and continuous and

reproductive mode is binary, we followed the general approach

of McPeek (1995). We estimated the change in each climatic

variable along each branch of the phylogeny and tested whether

there was a greater evolutionary change in climatic distribution on

branches in which life history changed versus those on which it

remained the same, using a nonparametric Mann–Whitney U test

in Statview. We focused on two climatic variables, annual mean

temperature (Bio1) and annual mean precipitation (Bio12), which

are obvious descriptors of the general climatic distribution of a

species (especially in tropical latitudes with limited seasonality).

We inferred the estimated change along each branch for each vari-

able using the linear generalized least squares method of Martins

and Hansen (1997), as implemented in COMPARE, version 4.6b

(Martins 2004). Evolutionary changes in reproductive mode were

inferred using likelihood as described above. Analyses were run

separately using changes in reproductive mode inferred from the

one-rate and two-rate analyses (reconstructions from the one-rate

model are similar to those from parsimony, and some ambiguous

branches in the one-rate likelihood analysis were resolved to match

the parsimony reconstructions). We also performed nonphyloge-

netic analyses to test for difference in the climatic distribution of

species with direct development versus a biphasic life cycle.

Some readers may be uncomfortable with the idea of analyz-

ing the climatic distribution of species on a phylogeny. However,

there is growing evidence that general climatic niches can be con-

served over evolutionary time scales (e.g., Ricklefs and Latham

1992; Peterson et al 1999; review in Wiens and Graham 2005),

perhaps even for hundreds of millions of years in some amphib-

ians (e.g., tropical vs. temperate distribution; Wiens and Graham

2005). Statistical analyses in a related group of frogs (Hylidae)

have found significant phylogenetic conservatism in climatic dis-

tribution variables in clades that are tens of millions of years old

(Smith et al. 2005; Wiens et al. 2006). Furthermore, given that we

are primarily focusing on how changes in climatic distribution are

related to changes in life history, conservatism in climatic traits
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Table 2. Summary of genes used in phylogenetic analyses.

Gene Total Variable Parsimony-informative Likelihood
characters characters characters model

Mitochondrial genes
12S 1040 (924 included) 531 403 GTR+I+�

ND1 820 (818 included) 513 443 GTR+I+�

16S 602 (515 included) 233 175 GTR+I+�

Nuclear genes
POMC 500 213 139 GTR+�

RAG-1 1407 424 252 GTR+I+�

over long time scales is not required (i.e., we are actually assum-

ing that climatic distribution will change among species, not stay

the same).

Results
PHYLOGENY

Basic properties of the five genes are listed in Table 2. The com-

bined nuclear and combined molecular data both show strong

support for monophyly of Hemiphractidae (Fig. 1). We find no

support for the recent suggestion that Hemiphractidae is poly-

phyletic and should be split into multiple families (Frost et al.

2006); their hypothesis of polyphyly may be an artifact of long-

branch attraction in parsimony analyses of a dataset dominated

by fast-evolving mtDNA data and with limited taxon sampling of

hemiphractids.

There is relatively strong support for the relationships among

hemiphractid genera, which comes largely from the slow-evolving

nuclear genes. Although the results shown exclude Cryptobatra-

chus, analyses including this taxon show weak support for placing

it as the sister group of Stefania. Duellman et al. (1988) recognized

four species groups within Gastrotheca (marsupiata, nicefori, ov-

ifera, and plumbea), and considered the ovifera group to be the

sister taxon of the other three groups based on immunological dis-

tance data. Our results from the combined DNA sequence data are

broadly concordant with this arrangement. However, we find that

the ovifera group is paraphyletic and should not be recognized; al-

though most species do form a clade, G. fissipes is the sister group

to all other Gastrotheca and G. ovifera is more closely related to

the other three species groups. All species of the former ovifera

group appear to have direct development.

All remaining Gastrotheca form a strongly supported clade

that includes all Gastrotheca with aquatic larvae. Most species

fall into one of two clades, which are generally concordant with

the marsupiata and plumbea groups of Duellman et al. (1988),

with the plumbea group here including G. monticola, G. litonedis,

G. orophylax, G. plumbea, G. riobambae, G. dunni, G. argen-

teovirens, G. trachyceps, G. aureomaculata, and G. ruizi and the

marsupiata group including G. zeugocystis, G. griswoldi, G. pe-

ruana, G. pseustes, G. stictopleura, G. atympana, G. excubitor, G.

ochoai, G. marsupiata, G. gracilis, G. christiani, and G. chrysos-

ticta (Fig. 1). However, we find that G. nicefori (nicefori group) is

nested within the plumbea group and so we do not recognize the

nicefori group. We also find that G. psychrophila belongs to the

marsupiata group (not the plumbea group) and that G. galeata

(previously in the marsupiata group) is weakly placed outside

both species groups.

CHARACTER EVOLUTION

Maximum-likelihood reconstruction assuming a single rate for

both gains and losses of life-history mode (Fig. 1) strongly sug-

gests that direct development was acquired early in the phyloge-

netic history of hemiphractids (in the sister group to Flectonotus)

and that the tadpole stage re-evolved within Gastrotheca (−ln L =
26.1759). These reconstructions also imply that direct develop-

ment then evolved repeatedly within the marsupiata and plumbea

groups of Gastrotheca. There also is very strong support for this

pattern using Bayesian ancestral reconstruction, which takes into

account uncertainty in the phylogeny and branch lengths (and

also assumes one rate for both gains and losses). The posterior

probability of direct development being the ancestral state for the

ancestor of Gastrotheca is 0.999. A similar pattern is also found

in parsimony analyses (not shown), and when likelihood analy-

ses under the one-rate model are conducted using equal branch

lengths or ultrametric branch lengths (results not shown).

A very different pattern is supported when gains and losses

of direct development are allowed to evolve under different rates

in the maximum-likelihood analysis (−ln L = 21.5631). Under

this model, there is no reappearance of the tadpole stage (Fig. 1).

Instead, there has been repeated origins of direct development

among hemiphractid genera and within Gastrotheca. Importantly,

the two-rate model has a significantly better fit to the data than

the one-rate model based on a likelihood ratio test (test statis-

tic = 9.2258; df = 1; P < 0.005). However, when equal branch

lengths are used, the reconstructions from this model unambigu-

ously support the general pattern found under the one-rate model
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Figure 1. Reconstructed phylogeny and life-history evolution in marsupial frogs (Hemiphractidae). Phylogeny is based on a combined,

partitioned Bayesian analysis of two nuclear genes and three mitochondrial gene regions. Outgroup taxa are not shown. Asterisks

indicate clades with posterior probabilities ≥ 0.95. Colored branches indicate the reconstructed ancestral state for life-history mode using

maximum likelihood. Paired branches indicate that the reconstructions differ depending on whether a one-rate model (top branch) or

two-rate model (bottom branch) is used (i.e., single rate for gains and losses of direct development vs. different rates for gain and loss).

For unpaired branches, the same state is reconstructed under both models. For each branch and model, a reconstruction is only shown as

unambiguous if it is significantly supported by a likelihood ratio test. Results shown were used in the Bayesian reconstruction of ancestral

states (life-history mode included, Gastrotheca monophyly constrained) and Cryptobatrachus excluded, but results are similar in other

analyses.

(i.e., reversal of direct development), and reconstructions for the

pivotal nodes are ambiguous when ultrametric branch lengths are

used (results not shown).

Examining a range of relative rates of gains and losses of di-

rect development shows significant support for the re-evolution of

the biphasic life cycle in Gastrotheca even if the rate of gains is 10

times higher than the rate of losses (Fig. 2). However, if the rate of

gains is 10,000 times higher or more, then the alternate hypothesis

(multiple gains of direct development across hemiphractid gen-

era and no reversal) is significantly supported. Indeed, under the

two-rate model, the estimated rate of gains of direct development

is 5.6382 and the rate of losses is 5.0505 × 10−6. If the rate of
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Figure 2. Likelihood sensitivity analysis for the reconstruction of

life-history evolution in marsupial frogs (Hemiphractidae), focus-

ing on the common ancestor of Gastrotheca. The presence of direct

development at this node would suggest that the biphasic life cycle

re-evolved in Gastrotheca from ancestors with direct development,

whereas the presence of the biphasic life cycle would suggest that

direct development evolved multiple times among hemiphractid

genera without reversing. Model asymmetry refers to the rate of

gain/rate of loss of direct development (e.g., rate of gains of 1

vs. rates of loss of 1, 0.1, 0.01, 0.001, 0.0001, 0.00001, 0.000001,

and 0.0000001). We calculated the likelihood assuming that direct

development is present in the common ancestor of Gastrotheca

and then assuming that the biphasic life cycle is present, under

each combination of rates. An absolute difference of 2.0 or greater

in the log likelihoods for each state under a given combination

of rates indicates significant support for either evolutionary sce-

nario. A similar analysis, but assuming higher rates of loss than

gain, consistently favors the re-evolution of the biphasic life cycle

in Gastrotheca (results not shown).

losses of direct development is higher than the rate of gains, then

the reversal hypothesis is significantly supported across all values

examined (results not shown).

When 20 unsampled species are randomly added to the gen-

era Cryptobatrachus, Flectonotus, Hemiphractus, and Stefania,

the reversal from direct development to the biphasic life cycle

is unambiguously supported in all replicates under the one-rate

model using maximum likelihood (also under parsimony). Under

the two-rate model, this pattern is ambiguous in 9 of 10 replicates

and the repeated origins are shown unambiguously in one replicate

(but the likelihood values are close to those significantly support-

ing this pattern in the other nine replicates). When 31 unsampled

species are added (including the 11 species of Gastrotheca), the

pattern of reversal becomes ambiguous under the one-rate model,

and the pattern of multiple gains (no reversal) is unambiguously

supported in all 10 replicates (for parsimony, reversal is supported

in seven replicates, multiple gains in two, and one is ambiguous).

The differences between the results in the two analyses (20 vs.

31 added taxa) may be an artifact of the randomization of the

phylogeny within Gastrotheca, given that many direct-developing

lineages are no longer consistently placed at the base of this

clade in the randomized trees as they are in the reconstructed

phylogeny.

Analyzing the raw distributional and climatic data (without

considering phylogeny), shows significant differences between

the direct developing and biphasic hemiphractids (P < 0.01 based

on Mann–Whitney U test for 43 species). On average, the 25

sampled species with direct development occur at lower eleva-

tions (mean = 1515.9 m), with higher annual mean temperatures

(mean = 18.8◦C) and precipitation (2422.0 mm), relative to the

18 sampled species with a free-living tadpole stage (mean eleva-

tion = 2279.1 m; mean temperature = 15.0◦C; mean precipita-

tion = 1346.0 mm). Phylogeny-based analyses suggest a

marginally significant association between the evolution of di-

rect development and shifts into climatic regimes with lower an-

nual mean precipitation, when changes are reconstructed under the

one-rate model (P = 0.0418). However, there is no relationship

with mean temperature or elevation, or with any of these variables

under the two-rate model (P > 0.25).

Discussion
The evolution of direct development is a critical transition in ver-

tebrate history that has been replayed repeatedly, especially in

anuran amphibians. There have been no hypothesized cases of

this transition reversing in anurans, with the sole exception of

hemiphractids (Duellman and Trueb 1986; Pough et al. 2004).

Here, we test this hypothesis with a rigorous phylogenetic anal-

ysis. We find that the biphasic Flectonotus is at the base of the

hemiphractid tree, and that the other biphasic hemiphractids (all

montane Gastrotheca) are nested deep inside a clade of direct-

developing species. Reconstructing the evolution of life-history

modes on this tree suggests two possible explanations: (1) the

free-living tadpole stage was lost and then re-appeared within

Gastrotheca; (2) the free-living tadpole stage was retained in

Flectonotus and some Gastrotheca, and lost (i.e., evolution of di-

rect development) repeatedly in all other hemiphractid lineages.

The first hypothesis is strongly supported by Bayesian, parsimony,

and likelihood methods when assuming a single rate for gains and

losses of direct development, whereas the second is strongly sup-

ported by maximum likelihood under the two-rate model. At least

one of these ancestral reconstruction methods has been strongly

misled, because both cannot be correct.

WHICH RECONSTRUCTION IS CORRECT?

The two-rate likelihood model has a significantly better fit to

the data, seemingly making this the preferred model in this case

(e.g., Pagel 1999; Mooers and Schluter 1999). However, several

lines of evidence suggest that this is the analysis that has been

misled.
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Table 3. Reconstructed values of elevation and climatic variables for key branches having strongly divergent reconstructions for different

life-history modes (Fig. 1), followed by ranges of mean values among species (and mean of mean values) for these variables for species

with different life-history modes.

Elevation (m) Annual mean Annual mean
temperature (◦C) precipitation (mm)

Gastrotheca + Stefania 993 21.1 2296
Gastrotheca 724 22.2 1764
Gastrotheca (excluding G. fissipes) 1064 20.7 1650
Extant biphasic species 1351–3396 (2492) 9.5–17.0 (14.0) 770–3424 (1325)
Extant direct developing species 6–3487 (1516) 8.1–25.2 (18.8) 608–5115 (2422)

First, the two-rate reconstruction suggests many indepen-

dent gains of direct development on six phylogenetically adjacent

branches (Fig. 1). Paradoxically, this reconstruction also shows

unambiguously that the tadpole stage has been retained for long

periods of time in the ancestral lineages leading to the extant bipha-

sic Gastrotheca. Such a combination of a high rate of change and

long-term stasis seems biologically unlikely (see also Kohlsdorf

and Wagner 2006).

Second, the alternate hypothesis (reversal of direct develop-

ment) is also more generally robust to different assumptions about

branch lengths (e.g., equal, ultrametric), asymmetries in rates of

gain and loss (Fig. 2), and the phylogenetically conservative ad-

dition of unsampled taxa. Thus, relatively minor changes to the

analysis under the two-rate model will cause the results to con-

verge on those of the one-rate model.

Third, analyses of the elevational and climatic distribution of

life-history modes suggest that direct development is favored in

hemiphractids that occur in lower elevation habitats. No biphasic

hemiphractids occur in lower elevation habitats (none below 1000

m, and most above 2000 m), with the exception of Flectonotus,

in which the tadpole stage is very short, tadpoles do not feed, and

many typical larval features are reduced or absent (Wassersug and

Duellman 1984). But the pattern suggested by the two-rate recon-

struction implies that the tadpole stage was retained for millions

or tens of millions of years under just these conditions (recent

likelihood estimates for the age of hemiphractids range from 31.4

to 44.8 million years old; Wiens 2007). We also reconstructed an-

cestral values of elevation, temperature, and precipitation for the

three branches on which reconstructions show significantly dif-

ferent results (Stefania + Gastrotheca; Gastrotheca; Gastrotheca

exclusive of G. fissipes), using linear generalized least squares

as described above. For all three branches, the reconstructed val-

ues of elevation and temperature are outside the range of mean

species values for biphasic hemiphractids exclusive of Flectono-

tus (Table 3).

Finally, extant hemiphractid lineages that have a tadpole stage

also have a pouch (absent in the direct-developing Cryptoba-

trachus, Hemiphractus, and Stefania). If the pouch is required

for bearing tadpoles on the dorsum, then the two-rate recon-

struction would require an unusual pattern of pouch evolution

as well.

In summary, use of the “correct” model (i.e., the model with

the highest likelihood) seemingly leads to an incorrect but statis-

tically well-supported inference in this case, a finding that high-

lights the need for cautious interpretation and testing of the results

of likelihood ancestral state reconstructions. Given the evidence

favoring the results of the one-rate model, we cautiously add our

analysis of hemiphractid frogs to the growing number of studies

that show the loss and reappearance of seemingly complex and

important morphological and ecological traits (e.g., wings, eyes,

larvae, digits; Whiting et al. 2003; Oakley 2003; Chippindale et al.

2004; Kohlsdorf and Wagner 2006).

CAUSES OF METHOD FAILURE

What might cause likelihood ancestral reconstruction to give

strongly supported but misleading results? Some insight into the

potential causes of model discordance and failure in hemiphrac-

tids can be gleaned from comparison of our results with those

of a recent study that inferred reappearance of the aquatic larval

stage from direct-developing ancestors in plethodontid salaman-

ders (Chippindale et al. 2004). In contrast to hemiphractids, the

inference of reversal in plethodontids is relatively robust to differ-

ent assumed rates of gains and losses. We hypothesize that the key

difference is that in hemiphractids there clearly have been multiple

origins of direct development among biphasic, high-montane Gas-

trotheca (under both models). This pattern suggests a high overall

rate of gains of direct development, regardless of whether there

are any reversals. In contrast, there are only two gains of direct

development across all of plethodontids under the best-fitting like-

lihood model. Thus, there is little basis for postulating that rates of

gain and loss are different in plethodontids, because both appear

to be low. To test the hypothesis that the many unambiguous gains

of direct development are responsible for the conflicting recon-

structions in hemiphractids, we simply switched the life-history

modes of select high-montane Gastrotheca from direct develop-

ing to biphasic (G. excubitor, G. griswoldi, G. ochoai, G. litonedis,

EVOLUTION AUGUST 2007 1895



J. J. WIENS ET AL.

G. nicefori, G. orophylax). With these four unambiguous origins

of direct development in Gastrotheca artificially removed, the re-

sults from the two-rate model converge on those of the one-rate

model for the conflicting branches in Figure 1, and re-evolution of

the biphasic life-history mode is strongly supported by likelihood

under both models (results not shown).

We hypothesize that the two-rate model gives a mislead-

ing reconstruction because it assumes a uniformly high rate of

gains of direct development across the tree, even though this high

rate seems unlikely among the low-elevation hemiphractids. Such

changes in rates across a phylogeny could be quite common, and

the development of methods that can accommodate different rates

of change across the tree may offer one way to ameliorate this

problem (see also Mooers and Schluter 1999; Pagel 1999). Along

these lines, Pagel’s Discrete program now allows one to incorpo-

rate a parameter for heterogeneous rates of change across the tree

(based on gamma from Yang 1994). Using Discrete, we found

that adding a rate heterogeneity parameter when reconstructing

the ancestral state for the ancestor of Gastrotheca has little im-

pact on results for the one-rate model, but causes the results of

the two-rate model to converge slightly toward the one-rate model

(proportional likelihood of reconstructing direct development as

present at this node goes from 0.98 to 0.63). However, addi-

tion of the gamma parameter does not significantly increase the

likelihood for either the one- or two-rate models, based on likeli-

hood ratio tests (one-rate: test statistic = 1.3356; P > 0.20; two-

rate: test statistic = 0.1024; P > 0.20). Further exploration of

approaches for incorporating rate heterogeneity in ancestral re-

constructions should be a priority for future theoretical and empir-

ical research. In an intriguing parallel, ignoring rate heterogeneity

(among characters) may also cause likelihood methods for tree re-

construction methods to be consistently and strongly misled (e.g.,

Gaut and Lewis 1995).

Some readers may be concerned that our methodological

results are simply an artifact of not including all hemiphractid

species in our phylogeny. In theory, greater taxon sampling might

cause the two models to converge on the same answer. We think

the more important issues are that there are conditions in an empir-

ical dataset in which the two models can give discordant answers

with strong support, that the results from the significantly best-

fitting model seem most likely to be incorrect in this case, and

that (if our hypothesis about the causes of this pattern is correct)

this same problem may occur in many other studies as well. We

also note that our taxon sampling is neither trivial nor unusually

poor (e.g., more species included in our study than in 89% of the

studies in Table 1 of Mooers and Schluter 1999), given that we

have sampled 46 hemiphractid species and > 50% of the described

species diversity in this group. We also performed experiments to

address the impact of adding the unsampled species, and found

that adding taxa does not consistently favor either hypothesis.

EVOLUTION INSIDE THE EGG

Assuming that the biphasic life cycle does reappear, a critical

question is whether the distinctive tadpole morphology actually

re-evolves. The alternate hypothesis is that larval structures are

retained in embryos inside the eggs of direct-developing species,

rather than being evolutionarily lost and regained. Wassersug and

Duellman (1984) studied the anatomy of larvae and embryos in

22 hemiphractid species, including those with biphasic life cycles

and direct development. Mapping key larval features on our phy-

logeny for the 17 species sampled in both studies (and including

Cryptobatrachus as the sister group to Stefania) shows different

patterns for different larval features. For example, using parsi-

mony, keratinized mouthparts are lost in the common ancestor of

hemiphractids exclusive of Flectonotus and are regained indepen-

dently in Stefania and in the ancestor of the biphasic Gastrotheca

(but note that Stefania and basal Gastrotheca have direct devel-

opment). Gill filters are lost in the ancestor of hemiphractids and

regained in the ancestor of Gastrotheca. However, in both cases

these putative reversals are ambiguous using one-rate maximum

likelihood (but note that reconstructions without reversal imply

some of the same improbable patterns of character retention dis-

cussed above). Using both parsimony and likelihood, the ventral

velum and branchial food trap were both present in the ancestors

of hemiphractids and Gastrotheca, but are reduced in many di-

rect developers and entirely lost in Hemiphractus and Stefania.

Overall, these observations suggest that some major features of

the tadpole stage may have been evolutionarily lost and regained,

whereas others are generally retained (although in reduced form)

in species with direct development. However, there is considerable

uncertainty in these reconstructions of tadpole structures within

the egg.

CLIMATE AND LIFE-HISTORY EVOLUTION

What evolutionary and ecological forces drive transitions between

direct development and complex life cycles? We addressed this

question using GIS-derived climatic data, and our study may be

one of the first to use these methods to test the environmental

correlates of macroevolutionary character change. Nonphyloge-

netic analyses show that direct developers tend to occur in warm,

wet, lowland tropical forests whereas most biphasic species oc-

cur in high-elevation habitats that are cooler and drier. However,

phylogenetic analyses suggest that origins of direct development

are associated with shifts to drier climatic regimes and not wetter

climates.

These results suggest an important dichotomy between those

conditions in which a trait is most favorable versus those where a

trait is most likely to change. Assuming that environmental con-

ditions do drive changes in a given trait, then we might expect few

changes under environmental conditions in which the trait is most

favorable, and expect the most changes under conditions in which
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the fitness of both traits are more nearly equal. For phylogeny-

based methods, the relationship between variables may be deter-

mined primarily by evolutionary changes in these traits. Thus,

the fact that one variable is favored under a given set of condi-

tions may be completely obscured, because the methods identify

the conditions in which the trait is changing the most rather than

the conditions in which the trait is favored and being maintained

without change. In hemiphractids, we see few changes at lower

elevations (where direct development seemingly is favored), and

many changes at higher elevations where both direct developing

and biphasic species occur. Given the climatic data alone, it is

not clear what drives transitions between direct development and

biphasic lifestyles.

We speculate that competitive release might also be an im-

portant factor in the reacquisition of the free-living tadpole stage.

In much of the range of the genus, Gastrotheca are the only larvae

inhabiting high-elevation ponds, and the only relatively large tad-

poles in other parts of their range (Wassersug and Duellman 1984).

Wassersug and Duellman (1984) and Duellman et al. (2001) noted

that pond-breeding Gastrotheca species do not occur in sympa-

try. Thus, reacquisition of aquatic larvae may have been favored

by an open niche in high-elevation ponds. Many experimental

studies suggest that larvae of pond-breeding anuran species com-

pete (Alford 1999; Pough et al. 2004). The absence of other anu-

ran larvae in high-elevation ponds may be explained by the in-

ability of low-elevation clades to tolerate high-elevation climatic

regimes, or the inability of most pond-breeding anuran lineages

to colonize steep mountain slopes. Most anuran species on the

Andean slopes are direct developers (e.g., Eleutherodactylus) or

else have tadpoles that develop in fast-flowing streams (e.g., cen-

trolenids, Colostethus [Dendrobatidae], some hylids; Duellman

1988). However, climate seems likely to play an important role

in the distribution of direct development in anurans on a global

scale, given that most cool temperate regions lack species with di-

rect development (e.g., northern North America, Europe, northern

Asia, southern South America; IUCN et al. 2004; AmphibiaWeb

2006). This remains an area in need of further study.

Conclusions
Our study addresses several general issues. First, we demonstrate

that phylogenetic reconstructions of character evolution in natu-

ral systems can generate misleading results with strong statistical

support (as previously demonstrated for phylogeny estimation;

Felsenstein 1978). Such results do not call for the abandonment

of phylogenetic comparative methods, but underscore the need for

their continued testing, improvement, and appropriately cautious

interpretation (e.g., Oakley and Cunningham 2000; Polly 2001;

Webster and Purvis 2002; Finarelli and Flynn 2006). Second, we

show how GIS-based environmental data can be integrated into

studies of character evolution. These methods helped to identify

the potentially misleading results, given that the tadpole stage ap-

pears more likely to have re-evolved than be retained for long

periods under seemingly unfavorable environmental conditions.

Third, our results suggest an important dichotomy between those

selective regimes in which a trait is favored and those where it

is most likely to change, a dichotomy that might also lead to er-

roneous conclusions in some cases. Fourth, our results further

demonstrate that, contrary to some interpretations of Dollo’s law,

many important morphological and ecological traits can reappear

after being evolutionarily lost (e.g., wings in stick insects; Whiting

et al. 2003; shell coiling in gastropods; Collin and Cipriano 2003;

compound eyes in crustaceans; Oakley 2003; digits in lizards;

Kohlsdorf and Wagner 2006). Finally, as in plethodontid sala-

manders (Chippindale et al. 2004), we speculate that ecological

release from competition may be an important factor in the reac-

quisition of complex life cycles.

ACKNOWLEDGMENTS
Many hemiphractid samples used in the present study were initially used
by Duellman et al. (1988), and we thank the many individuals who helped
WED and L. Maxson obtain samples for that earlier study, including D. C.
Cannatella, S. Gorzula, W. R. Heyer, J. D. Lynch, R. W. McDiarmid, and
C. W. Myers. S. B. Hedges kindly facilitated our access to these samples
more recently. We thank the following individuals and institutions who
helped in providing additional tissue samples for our study, including
E. Lehr (Museum für Tierkunde Dresden), R. MacCulloch (Royal On-
tario Museum), and E. Wild. For assistance in the laboratory we thank S.
Bermann, J. Fetzner, V. Jurgens, C. Parkinson, R. Peter, S. Smith, and C.
Yesmont. For helpful comments on the manuscript we thank D. Moen,
S. Smith and other members of the Wiens lab group, T. Oakley, and two
anonymous reviewers. Financial support was provided by grants from the
U.S. National Science Foundation (DEB 0331747 and EF 0334923) to
JJW.

LITERATURE CITED
Alfaro, M. E., S. Zoller, and F. Lutzoni. 2003. Bayes or bootstrap? A simula-

tion study comparing the performance of Bayesian Markov chain Monte
Carlo sampling and bootstrapping in assessing phylogenetic confidence.
Mol. Biol. Evol. 20:255–266.

Alford, R. A. 1999. Ecology: resource use, competition, and predation. Pp.
240–278 in R. W. McDiarmid and R. Altig, eds. Tadpoles. The biology
of anuran larvae. Univ. of Chicago Press, Chicago, IL.

AmphibiaWeb. 2006. Information on amphibian biology and conserva-
tion. [web application]. Berkeley, California: AmphibiaWeb. Available:
http://amphibiaweb.org/. Accessed: June 11, 2006.

Brandley, M. C., A. Schmitz, and T. W. Reeder. 2005. Partitioned Bayesian
analyses, partition choice, and the phylogenetic relationships of scincid
lizards. Syst. Biol. 54:373–390.

Brooks, D. R., and D. A. McLennan. 1991. Phylogeny, ecology, and behavior:
a research program in comparative biology. Univ. of Chicago Press,
Chicago, IL.

Chippindale, P. T., R. M. Bonett, A. S. Baldwin, and J. J. Wiens. 2004. Phylo-
genetic evidence for a major reversal in life history evolution in plethod-
ontid salamanders. Evolution 58:2809–2822.

EVOLUTION AUGUST 2007 1897



J. J. WIENS ET AL.

Collin, R., and R. Cipriano. 2003. Dollo’s law and the re-evolution of shell
coiling. Proc. R. Soc. Lond. B. 270:2551–2555.

Cunningham, C. W. 1999. Some limitations of ancestral character-state recon-
struction when testing evolutionary hypotheses. Syst. Biol. 48:665–674.

Darst, C. R., and D. C. Cannatella. 2004. Novel relationships among hyloid
frogs inferred from 12S and 16S mitochondrial DNA sequences. Mol.
Phylogenet. Evol. 31:462–475.

Dollo, L. 1893. Les lois de l’évolution. Bul. Soc. Belge Géol. Pal. Hydr.
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