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ABSTRACT: Frog reproductive modes are complex phenotypes that
include egg/clutch characteristics, oviposition site, larval develop-
ment, and sometimes, parental care. Two evident patterns in the evo-
lution of these traits are the higher diversity of reproductive modes in
the tropics and the apparent progression from aquatic to terrestrial re-
production, often attributed to higher fitness resulting from decreased
predation on terrestrial eggs and tadpoles. Here, we propose that sex-
ual selection—and not only natural selection due to predation—fa-
vors terrestrial breeding by reducing the loss of fitness due to polyan-
dry. To examine this novel selective mechanism, we reconstructed the
evolution of reproductive diversity in two frog families (Hylidae and
Leptodactylidae) and tested for concerted evolution of egg and tad-
pole development sites with specific mating behaviors. We found that
oviposition and tadpole development sites are evolving independently,
do not show the same diversity and/or directionality in terms of terres-
triality, and thus may be diversifying due to different selective mecha-
nisms. In both families, terrestrial egg deposition is correlated with am-
plexus that is hidden from competing males, and in hylids, testes mass
was significantly larger and more variable in males with exposed am-
plexus that are vulnerable to polyandry. Our results indicate that in-
trasexual selection has been an underappreciated mechanism promot-
ing diversification of frog reproductive modes.

Keywords: Anura, phylogenetic comparative methods, reproduction,
sexual selection, multimale spawning.

Introduction

Anuran reproductive modes are complex modular pheno-
types that transcend life-history stages and include traits as
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diversified as egg and clutch characteristics, oviposition site,
larval development, stage and size of hatchling, and some-
times, parental care (Salthe and Duellman 1973). This com-
plexity—and the diversity that arises from variation in the
many interconnected components of reproductive modes—
has attracted the attention of biologists for decades (Jameson
1957; Crump 1974; Duellman 1985). In the past 10 years, we
have made significant progress in describing, categorizing,
and reconstructing the evolution of various traits that are in-
cluded in reproductive modes (Haddad and Prado 2005;
Summers et al. 2006; Wells 2007; Crump 2015; Pereira et al.
2015). Two patterns identified in the earliest studies of anuran
reproductive mode are that the diversity in these phenotypes
is higher in the tropics (Goin and Goin 1962; Duellman 1985)
and that, especially in those tropical lineages, reproductive
modes range from the fully aquatic (and, presumably, ances-
tral) to increasingly terrestrial reproduction (Lutz 1947; Goin
and Goin 1962; Heyer 1969). Aided by the synthesis of new
natural history data and more robust estimates of phyloge-
netic relationships, we are now in a position to address not
only questions about the patterns of distribution of reproduc-
tive modes among species but also about the selective mech-
anisms underlying their diversification (Summers and Earn
1999; Monroe and Alonzo 2014).

Previous studies show unequivocally that more terrestrial
reproductive modes in frogs are most common in warmer
and wetter environments of the tropics (Goin and Goin 1962;
Duellman 1985). Recent analyses of reproductive modes across
global anuran communities confirmed that species with ter-
restrial egg laying or direct development occur in regions
with significantly higher precipitation than those with
aquatic eggs and larvae (Gomez-Mestre et al. 2012), and this
effect may be mediated by the fact that sites with high precip-
itation throughout the year provide suitable conditions for a
larger number of reproductive modes, whereas sites with low
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precipitation and seasonal climates support mostly aquatic
reproductive modes or those otherwise specialized to resist
desiccation (Silva et al. 2012). These analyses support the hy-
pothesis that abiotic factors, specifically low temperature and
humidity, could constrain the evolution of terrestrial repro-
ductive modes in temperate clades. However, they do not ac-
count for the complexity of traits that co-occur with egg and
larval development (parental care, courtship, mating systems)
or the effects of phylogeny on the combined evolution of
those traits. Focus on the abiotic limitation hypothesis fails
to recognize other selective mechanisms within the highly
variable tropical and temperate environments that contrib-
ute to global diversity of reproductive patterns in frogs.

The earliest hypotheses for the evolution of reproductive
modes focused on a linear evolutionary progression from
aquatic to increasingly terrestrial eggs and tadpoles, with the
assumption that terrestriality enhances fitness due to lower
loss of eggs and tadpoles to aquatic predators (Lutz 1947;
Goin and Goin 1962; Heyer 1969). To this day, most analyses
of reproductive modes in Anura assume that the main selec-
tive regime driving the evolution of terrestrial breeding is the
protection of eggs and larvae (Magnusson and Hero 1991;
Gomez-Mestre et al. 2012). Although escape from aquatic
predation has clear benefits (Alford 1999), this hypothesis
assumes that predation of eggs and larvae are significantly
higher in aquatic than terrestrial environments. Predation
on terrestrial eggs, however, is also common (Warkentin
2000; Warkentin et al. 2001; Carvalho et al. 2012), and in-
creased terrestriality entails additional costs such as desicca-
tion (Martin 1999; Touchon and Worley 2015), potential re-
duction in gas exchange (Seymour et al. 1995; Warkentin et al.
2005), limitation of egg-laying and/or nesting sites (Heying
2004; Lin et al. 2008), and the potential need for parental care
of terrestrial eggs and larvae. Recent phylogenetic analyses
show that aquatic reproduction is ancestral in frogs but that
reproductive traits are labile and complex (Gomez-Mestre
et al. 2012; Meegaskumbura et al. 2015) and that the evolu-
tionary history of terrestrial reproduction in frogs is likely
not driven by one selective mechanism (Martin and Carter
2013). Specifically, evolutionary directionality toward in-
creased terrestriality is not a predominant pattern across
the anuran phylogeny. Instead, we find multiple evolutionary
origins of terrestrial eggs and larvae, and multiple reversals
among states across frog lineages (Gomez-Mestre et al.
2012; Pereira et al. 2015; but see Meegaskumbura et al. 2015).

Thus, despite decades of attention, we still cannot answer
the question, Why more diversity and more terrestrial re-
productive modes in the tropics? Here, we test the hypoth-
esis that sexual selection—and not only natural selection
due to reduced predation—favors terrestrial breeding by
reducing the loss of reproductive fitness due to simulta-
neous polyandry. Amphibian mating systems offer plenty
of opportunity for loss of male fitness through simulta-

neous polyandry because fertilization is external in most
species, breeding aggregations are often large, and opera-
tional sex ratios (OSR) can be highly skewed in favor of
males (Kvarnemo and Ahnesjo 1996; Byrne and Roberts
2004). Simultaneous polyandry is likely more common in
explosive breeders that congregate around ponds and lakes
for reproduction and have fully exposed amplexus, because
a large number of males are actively searching for females
(Wells 1977; Chuang et al. 2013), increasing the probability
that more than one male will try to fertilize a female’s
clutch. The probability of simultaneous polyandry will be
smaller in prolonged breeders that congregate around wa-
ter bodies at lower densities and will be much smaller in
breeders that do not congregate around water (such as
direct-developing species), in species that actively defend ter-
ritories or nest sites (Chuang et al. 2013), or in species that
hide from competitors during amplexus (Ovaska and Rand
2001; Mangold et al. 2015). Our hypothesis is that the selec-
tive mechanism driving diversification of reproductive modes
is not simply predation of eggs and tadpoles but that intra-
sexual selection, specifically the escape from male-male com-
petition for fertilization, also contributes to the observed di-
versification in reproductive modes among frogs.

If, as is generally assumed, escape from aquatic predators
is the main selective force driving the evolution of frog re-
productive modes, we would expect that both eggs and lar-
vae would evolve in a correlated fashion across the phylog-
eny of frogs. If transitions to increased terrestriality occur
disproportionately in one of those components of repro-
ductive modes—for example, if across the phylogeny we
see more species variation in egg deposition than in tadpole
sites—then this indicates that the fitness benefits of aquatic
development potentially differ for those two life-history
stages. If, as we propose, decreased exposure to simulta-
neous polyandry is an important mechanism driving males
to seek alternate sites for reproduction, then we would ex-
pect higher variability in egg deposition site, as this is the
period most critical for defenses against opportunistic males
to enhance reproductive success (Martins et al. 1998; Byrne
and Roberts 1999). Further, we would expect decreased si-
multaneous polyandry in species with more terrestrial ovi-
position sites and a correlation between egg placement and
mating behaviors that reduce exposure of mating pairs, such
as amplexus in places hidden from competing males (e.g., in
bromeliads, tree holes, or subterranean chambers). Studies
that quantify reproductive success in frogs, especially those
that examine male mating success under different contexts,
are still scarce (Muralidhar et al. 2014; Mangold et al. 2015).
Likewise, mating system characteristics, such as potential
for polyandry and male-female interactions during court-
ship and breeding, are difficult data to obtain and are not
available yet for the vast majority of species, especially in
the tropics, where most of the diversity in reproductive modes
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is found (Haddad and Prado 2005). Therefore, direct tests of
the benefits of terrestrial breeding in terms of reduced poly-
andry are not currently feasible. However, male testes mass
serves as a proxy for the occurrence of simultaneous polyan-
dry among frog species. Testes mass is positively correlated
with production of sperm in vertebrates (Moller 1988;
Moller and Briskie 1995; Stockley et al. 1997), and anuran
males with larger testes typically encounter higher rates of
polyandry and sperm competition (Jennions and Passmore
1993; Byrne et al. 2002). Thus, we would also expect larger
testes in species with exposed amplexus because of their higher
susceptibility to interference by other males (Liao et al. 2011).

To test our hypothesis, we analyzed patterns of diversi-
fication in reproductive modes with a focus on particular
mechanisms that might be driving changes at the egg and
tadpole stages. Using phylogenetic analyses, we examined
evolutionary patterns in reproductive mode among species
in two families of frogs: treefrogs in the family Hylidae and
ground-dwelling frogs in the family Leptodactylidae. Hylids
are a wide-ranging family, with 952 species distributed in
temperate and tropical regions of North and South Amer-
ica, the West Indies, the Australo-Papuan region, and tem-
perate Eurasia. Leptodactylids include 200 species of primar-
ily ground-dwelling Neotropical species, occurring from the
extreme southern United States, Mexico, and the northern
Antilles, and south to Brazil, Argentina, and Chile (Frost
2015). Both families show diversity in all components of re-
productive mode, including egg and tadpole deposition sites,
and in mating, nesting, and parental care behaviors (Haddad
and Prado 2005). Our goals were to (1) reconstruct the evo-
lution of the egg and tadpole components of reproductive
mode and test which of those components contribute more
to the high diversity of reproductive modes in the tropics;
(2) test for correlated evolution among egg deposition and
tadpole development sites in both families to determine
whether evolutionary transitions are concordant; and (3) as-
sess the evolutionary correlations between terrestrial breed-
ing, hidden amplexus, parental care, and reduced polyandry
that are expected if sexual selection contributes to the evolu-
tion of terrestrial reproductive modes. We discuss our re-
sults in the context of alternative selective pressures on the
various components of reproductive modes and identify par-
ticular integrative approaches that will allow us to further re-
fine our understanding of how sexual selection and natural
selection have shaped diversity in reproductive modes of trop-
ical and temperate frog lineages.

Material and Methods
Species Data

We gathered data from the literature on various aspects of
reproduction in hylid and leptodactylid species. We divided
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reproductive mode into components based on life stage and
whether they were associated primarily with aquatic or ter-
restrial sites (table 1). Specifically, we focused on oviposi-
tion site, tadpole development site, whether species have ex-
posed or hidden amplexus, the presence or absence of parental
care, and species biogeographic distribution (table 1; fig. 1).
We chose oviposition and tadpole development categories
to reflect the full diversity observed in the two focal frog fam-
ilies; therefore, we categorized them as fully aquatic (eggs or
tadpoles directly in water), aquatic nest (foam nest in wa-
ter constructed during oviposition), arboreal or terrestrial
with no nest (eggs/tadpoles deposited either on leaf surfaces,
ground depressions, or phytotelmata, with no construction
of nest), or terrestrial with the construction of a nest (foam
nest on land, constructed cavity, or other modified ground
or vegetation structure; fig. 1). The first two of these catego-
ries (fully aquatic and aquatic nest) were considered aquatic
sites, while the others were classified as terrestrial for any
downstream analyses requiring dichotomous characters (ta-
ble 1). For species showing plasticity in oviposition or tad-
pole sites (Touchon and Warkentin 2008; Pupin et al.
2010; Toledo et al. 2012), we chose the state most commonly
reported for that species. Amplexus site for each species was
categorized as hidden or exposed depending on the poten-
tial access of other males to an amplectant pair. Species
breeding in crevices, chambers, or constructed enclosed nests
were categorized as having hidden amplexus, and species
breeding in aquatic or terrestrial nests that were open were
categorized as exposed. Finally, we gathered literature records
on the presence/absence of parental care (of eggs, tadpoles, or
both) and categorized each species’ distribution (temperate/
tropical). Species were classified as tropical if their distri-
butions occurred entirely, or primarily, between the Trop-
ics of Cancer and Capricorn, and species with distributions
outside that range were considered temperate both in the
northern and southern hemispheres. The full data set and
a list of source references are deposited in the Dryad Digital
Repository: http://dx.doi.org/10.5061/dryad.v67g3 (Zamudio
et al. 2016).

Phylogenetic Inference

We downloaded nucleotide sequence data from GenBank
for all hylid and leptodactylid frogs for which we had the
phenotypic data listed above. The resulting data sets in-
cluded two mitochondrial and four nuclear loci for 240 hy-
lid frogs (~25% of the currently recognized species in the
family Hylidae; table Al; tables A1-A4 available online)
and two mitochondrial loci for 59 leptodactylid frogs
(~29% of the currently recognized species in the family
Leptodactylidae; table A2). We aligned sequences with Clustal
X 2.0.10 (Larkin et al. 2007), excluded any ambiguously
aligned sites, and used PartitionFinder 1.1.10 (Lanfear et al.
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Figure 1: Representative variation in components of reproductive modes in Hylidae and Leptodactylidae (see table 1). A, Eggs of Trachy-
cephalus mesophaeus deposited directly in water. B, Aquatic foam nest of Scinax rizibilis. C, Amplectant pair of Physalaemus cuvieri making
a foam nest on the water. D, Egg mass of Dendropsophus berthaluzae pending from a leaf. E, Amplectant pair of Scinax alcatraz laying eggs
in water accumulated in a bromeliad. F, Male of Hypsiboas faber guarding the clutch deposited in a constructed basin. G, Arboreal nest of
Phyllomedusa nordestina, consisting of a folded leaf. H, Male of Leptodactylus bufonius inside the constructed terrestrial chamber where the
eggs are laid. I, Terrestrial foam nest of Physalaemus atlanticus. ], Female of Leptodactylus podicipinus guarding the school of tadpoles that de-
velop in the water. K, Tadpole of Scinax aff. perpusillus developing in water accumulated in a bromeliad. L, Endotrophic tadpoles of Adenomera
aff. hylaedactyla developing inside the subterranean terrestrial chamber (opened for visualization). M, Female of Leptodactylus latrans guard-
ing the foam nest with an egg clutch. Photo credits: Daniel Loebmann (A, C, G, M), Harry Greene (H, J), Edelcio Muscat (K), and Marcelo
Kokubum (L); remaining photos by the authors.
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2012) to establish the substitution models and partitioning
schemes for the two analyses (table A3). We estimated the
phylogeny for each species using Bayesian phylogenetic anal-
yses implemented in Beast 1.8.0 (Drummond et al. 2012)
with a speciation birth-death incomplete sampling tree prior
and a lognormal relaxed clock that was unlinked across all
markers. For the hylid tree, we enforced monophyly for the
three subfamilies and strongly supported monophyletic gen-
era (bootstrap support > 95 in Pyron and Wiens 2011) and
obtained posterior distributions from two independent Mar-
kov chain Monte Carlo (MCMC) simulations, each run for
350 million generations. We assessed parameter conver-
gence using Tracer 1.5 (Rambaut et al. 2013). For the lep-
todactylid tree, we obtained posterior distributions from
two independent MCMC simulations, each run for 10 mil-
lion generations, and assessed convergence with Tracer
1.5. For both analyses, the effective sample size (ESS) for each
parameter was above 100, and simulations were repeated
without sequence data to test the influence of priors on pos-
terior distributions for all parameters. We combined tree
files from replicate runs using LogCombiner and discarded
the first 150 million and 1 million trees as burn-in, for hylids
and leptodactylids, respectively, prior to summarizing the
posterior distribution of trees using TreeAnnotator and gen-
erating a maximum clade credibility (MCC) tree for each
clade. To account for phylogenetic uncertainty in the subse-
quent comparative analyses, we randomly selected 100 post
burn-in phylogenies from the posterior distribution and
conducted analyses using both the MCC tree and the ran-
domly selected subset of trees.

Comparative Analyses

To reconstruct the evolutionary history of oviposition site
and tadpole development site across hylid and leptodactylid
frogs, we implemented stochastic character mapping (Boll-
back 2006) on the MCC tree and on the set of 100 sampled
phylogenies. This method calculates the conditional likeli-
hood of each character state at each node and then samples
the posterior distribution of states to simulate transitions
between character states along each branch. Character state
transitions are conditioned on a rate matrix and can occur
at any point along a branch (i.e., they are not restricted to
speciation events). We used the package phytools (Revell
2011), implemented in R 3.1.1 (R Core Development Team
2015), to summarize the results of 100 simulated recon-
structions on the MCC tree comparing the equal rates, sym-
metrical rates, and all rate models, with different models for
each trait. We used a likelihood-ratio test to select the best
model and then reran the analyses across the set of 100 phy-
logenies to estimate transition rates between states.

To assess whether the evolution of certain pairs of traits
are correlated on the phylogeny, we implemented Bayes-

Traits, a reversible-jump MCMC method (Pagel and Meade
2006) that visits dependent and independent models of
binary character evolution in proportion to their posterior
probability. Using a randomly selected set of 100 phyloge-
nies, we ran MCMC analyses for independent and de-
pendent models of character evolution for oviposition site
(aquatic or terrestrial) and tadpole development site (aquatic
or terrestrial) with respect to biogeographic distribution
(temperate or tropical) in hylids and for tadpole develop-
ment site, parental care (present or absent), and amplexus
(hidden or exposed) with respect to oviposition site in both
hylids and leptodactylids. We ran two independent Markov
chains of 10 million-100 million generations each for inde-
pendent models, dependent models, and the covarion model
(Tuffley and Steel 1998), which allows traits to vary their rate
of evolution within and between branches. We assessed con-
vergence and verified that ESS values for all parameters were
greater than 200 with Tracer 1.5 and compared the relative
performance of the different models via Bayes factors (BF).
For traits with strong support for the dependent model of
character evolution (BF > 5), we discarded the first 1 million—
10 million generations as burn-in and calculated mean transi-
tion rates among character states.

Testes Mass as a Proxy for Degree of Male-Male
Competition in Hylidae

We used relative testes mass (estimated as the percent testes
mass/adult male body mass) as a proxy for the degree of ex-
posure to simultaneous polyandry experienced by males of
different species (Jennions and Passmore 1993; Byrne et al.
2002; Prado and Haddad 2003). We gathered records of tes-
tes mass available for hylids in the literature and supple-
mented those with our own records. We also gathered from
the literature any observations of simultaneous polyandry.
Very few records of testes mass were available for the hy-
lid species included in our phylogeny (only 40% of species
in our database), precluding comparative analyses of these
data. Therefore, we recorded testes mass for all species we
could find and performed a qualitative comparison of rela-
tive testes mass in species with hidden and exposed am-
plexus and in tropical and temperate regions. We calculated
outliers and extreme values from species with hidden and
exposed amplexus and visualized the frequency distribu-
tion of relative testes mass for temperate species and trop-
ical species in a histogram in Statistica v. 10 (StatSoft 2011).
Finally, we used the Brown-Forsythe test to measure vari-
ance homogeneity between (1) species with hidden am-
plexus versus species with exposed amplexus and (2) trop-
ical species versus temperate species. The Brown-Forsythe
test is equivalent to Levene’s test but more robust, as it is less
sensitive to deviations from normality (Brown and Forsythe
1974). Although these analyses are not phylogenetically cor-
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rected, they are useful to explore the adequacy of this char-
acter as a potential proxy for simultaneous polyandry in frogs.

Results

Phenotypic Diversity in the Egg and Tadpole
Components of Reproductive Modes

Both focal families show diversity in egg deposition and tad-
pole development site, although not all reproductive phe-
notypes are present in each family (figs. A1, A3; figs. Al-
A3 available online).

In hylids, oviposition sites belong to one of four catego-
ries (fully aquatic, aquatic with a nest, terrestrial without nest
construction, and terrestrial with construction of a nest; ta-
ble 1; fig. 1), with multiple evolutionary transitions among
those categories, especially in tropical clades (fig. A1). Hylid
tadpoles develop in two contexts: fully aquatic or terrestrially
without a constructed nest; however, the majority of species
have aquatic tadpoles, and far fewer cases of terrestrial devel-
opment are evident among the species surveyed (fig. Al).
Cases of documented parental care occur infrequently but
are distributed throughout the tree (fig. A1), with four cases
of parental care of eggs and seven cases of parental care of
both eggs and larvae. The occurrence of parental care is likely
underdocumented in nature, yet all species in our phylogeny
with parental care have tropical distributions. Finally, hid-
den amplexus appears 18 times among species in different
clades but always in tropical species.

Evolution of Reproductive Modes in Frogs S47

In leptodactylids, oviposition sites belong to one of four
categories (fully aquatic, aquatic with a nest, terrestrial with-
out nest construction, and terrestrial with construction of a
nest; table 1; fig. 1), with multiple occurrences of all ovipo-
sition sites but fewer cases of terrestrial oviposition with no
nest construction (fig. A3). Leptodactylid larvae develop ei-
ther as fully aquatic tadpoles or terrestrially with a con-
structed nest; however, the majority of species have aquatic
tadpoles, and the five cases of terrestrial development occur
only in the genera Adenomera or Leptodactylus (both gen-
era in the Leptodactylinae subfamily; fig. A3). The nine cases
of documented parental care occur primarily in the Lepto-
dactylinae (fig. A3). Finally, hidden amplexus appears 16 times
among species in our phylogeny, always in the Leptodactylinae
(fig. A3).

Reproductive Traits and Tropical/Temperate
Transitions in Hylidae

To test whether egg deposition and tadpole development
show concerted evolution with temperate/tropical transi-
tions on the phylogenetic tree that might support the abiotic
constraint hypothesis in hylids, we used correlated trait evo-
lution analyses (fig. 2). We found support for a dependent
model of evolution for oviposition site with respect to region
(table 2). The dependent model diagram of evolutionary rates
shows evolutionary transitions toward terrestrial egg depo-
sition only in tropical frog species (fig. 2, q34) and a nonsig-
nificant transition rate back to aquatic eggs in tropical spe-

Tropical N
q43=1.068 A Aqueitlc Egg 4311119
7=0.45 / n=130 \z=o.27
7 a0t q13=2.947
7 Z=0.00 720.00 'Y
Tropical Temperate
Terrestrial Egg Aquatic Egg
n=59 n=51
= s
= z=098/ A
AN Z=0.18 )
42=0.008 B
d 7=0.99 N Temperate K 7/ q21=2.029
' A Terrestrial Egg ’ Z=0.23
n=0

Figure 2: Transition rates between discrete character states of biogeographic distribution (temperate or tropical) and oviposition sites
(aquatic or terrestrial) across 240 species of hylid frogs taken from the posterior distribution of BayesTraits. The thickness of the arrow
is proportional to the mean transition parameter estimate (g;) from the posterior distribution of BayesTraits, and Z indicates the frequency
with which each was assigned to zero (Z) in the dependent model analysis. Probable transitions (Z < 0.1) are in boldface, and improbable
transitions (Z > 0.20) are represented by dashed arrows. Sample sizes (the number of species for each combination of traits) included in the

analysis are indicated for each character state.
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Table 2: Transition rate models and associated harmonic mean estimates of the marginal

likelihood from BayesTraits

Family, model Independent  Dependent  Covarion
Hylidae:
Region vs. oviposition site —167.880 —163.115 —161.381
Region vs. tadpole development —120.981 —119.951 —121.122
Oviposition site vs. tadpole development —144.241 —124.086  —120.961
Oviposition site vs. parental care —141.734 NA —120.393
Oviposition site vs. amplexus —154.296 —129.127 —125.244
Leptodactylidae:
Opviposition site vs. tadpole development —34.765 —31.602 —31.573
Oviposition site vs. parental care —41.780 —43.091 —41.684
Oviposition site vs. amplexus —39.121 —32.180 —35.135

Note: Boldface models correspond to those with strong support based on Bayes factors (>5). For ovipo-

sition site and parental care in Hylidae, the dependent model without the covarion did not reach convergence

within 100 million generations; therefore, we do not report the harmonic mean estimate of the marginal like-

lihood for this model. NA = not applicable.

cies (fig. 2, q43). None of the temperate species in our phy-
logeny have terrestrial eggs, and transitions from temperate
to tropical habitats among species that retain aquatic eggs
occur frequently on the phylogeny (fig. 2, q13). Thus, egg
deposition shows asymmetry in transition rates with the
concerted evolution of terrestriality and tropical distribu-
tions (fig. 2). In contrast, for tadpole development site, we
found support for an independent model of evolution with
respect to region (table 2). Therefore, we find no evidence of
a unidirectional tendency within hylids to terrestriality in
tadpole development sites when considered by region. Com-
bined, these results indicate that evolutionary changes in
hylids between tropical and temperate biomes are not equal
for the egg and tadpole components of reproductive modes
and that egg deposition shows a strong and unidirectional
evolutionary change toward terrestrial eggs in the tropics,
which is decoupled from changes in microhabitat for tad-
pole development (fig. 2).

Reconstruction of Evolutionary Transitions
for Eggs and Tadpoles

To examine transitions in reproductive traits more finely,
we used stochastic trait mapping to reconstruct the timing
and placement of changes in oviposition and tadpole devel-
opment sites on the phylogenies for each group (figs. 3, A2,
A4). Our study partitioned egg and tadpole development
sites, allowing us to evaluate whether the lability of those
two characters differed over the course of diversification in
each family.

We found the symmetrical rates model to be the best fit
for mapping egg deposition site on the hylid phylogeny and
unambiguously reconstructed aquatic egg deposition as the
ancestral state (table A4; fig. A2). Transitions among the
four categories of egg deposition site varied, with a consid-

erably larger proportion of changes from the fully aquatic
state to terrestrial oviposition, either with or without the con-
struction of a nest (fig. 3A). More than half (21.04) of the
transitions on the phylogeny were between the fully aquatic
state and terrestrial egg deposition with no constructed nest,
and a smaller yet still significant number of transitions (5.03)
occurred between aquatic and terrestrial egg deposition in a
nest. For tadpole development site, we found the all-rates-
different model was the best fit for mapping this trait on
the hylid phylogeny and that a fully aquatic tadpole develop-
ment site was the ancestral state (table A4; fig. A2). Tran-
sitions in hylid tadpole development site occurred between
fully aquatic state and terrestrial sites with no nest; however,
transitions to aquatic habitats were more frequent (fig. 3B).

In leptodactylids, the equal rates model was the best fit
for mapping both egg deposition and larval development
sites (table A4), and we estimated an ambiguous ancestral
state for egg deposition site (either terrestrial with nest or
fully aquatic) and an aquatic development ancestral state
for tadpole development (fig. A4). For both egg deposition
and larval development, transitions among states were dis-
tributed across the tree (fig. A4), underscoring the lability in
transition rates for both life stages in this tropical family.
For egg deposition sites, transitions to aquatic nests from
tully aquatic eggs or from terrestrial eggs deposited in a nest
were slightly higher than the opposite transitions (fig. 3C).
Tadpole development sites showed a relatively low number
of changes, with slightly more evolutionary shifts from aquatic
to terrestrial development in constructed nests (fig. 3D).

Correlated Evolution among Reproductive Traits

To test for potential selective mechanisms shaping different
reproductive stages, we applied correlated trait evolution anal-
yses between egg deposition, tadpole development, parental
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care, and location of amplexus across the phylogeny for
each family. Specifically, we tested for concerted evolution
between (i) egg deposition and tadpole development sites
(terrestrial or aquatic), (ii) egg deposition site and parental
care (present or absent), and (iii) egg deposition site and am-
plexus (hidden or exposed). The first analysis tests whether
selection at the egg and tadpole stages causes evolutionarily
conversion on one or more combinations of traits and
whether those are similar between the two clades. The com-
parison of egg deposition and parental care tests whether se-
lection for terrestrial eggs incurs a cost in terms of continued
parental investment in offspring. Finally, concerted evolu-
tion between egg deposition and hidden or exposed am-
plexus tests whether terrestrial egg deposition provides ben-
efits in terms of reducing male competition and potential
polyandry.

For Hylidae, we found evidence for concerted evolution
between egg deposition and tadpole development site, pa-
rental care, and amplexus (table 2; figs. 4, 5). In hylids, the
combination of aquatic egg and terrestrial larvae does not
occur in any of the taxa surveyed. Patterns of evolutionary
change among the remaining combinations of traits show
that changes in egg deposition sites for species with aquatic
larvae occur in both directions on the tree (fig. 44, q31 and
q13); however, for species with terrestrial eggs, transitions to
terrestrial larval development sites are much more likely
(fig. 4A, q34) than transitions to aquatic sites (fig. 44, q43).
Thus, in this family, egg deposition site is the more labile trait.
Hylids also show a distinct pattern of evolutionary transi-
tions to parental care depending on oviposition site. The
vast majority of hylids show the pattern of fully aquatic eggs
and no parental care, which is likely the ancestral character
state for the family. The combination of aquatic eggs and
parental care does not occur in any species; parental care
evolves only in species with terrestrial eggs (fig. 4B). Finally,
we found a strong signal of concerted evolution between
egg deposition site and hidden or exposed amplexus. Among
species with exposed amplexus, we find bidirectional transi-
tions between aquatic and terrestrial egg deposition (fig. 54,
ql2 and q21), and among hylids with terrestrial eggs, tran-
sitions to hidden amplexus are more likely than transitions
to exposed amplexus (fig. 5A, q24 > q42). Finally, having
aquatic eggs and hidden amplexus is a rare state combina-
tion (fig. 5A), evidenced by the large number of transitions
away from that state (fig. 54, q31 and q34). Thus, hidden
amplexus occurs in species with both terrestrial and aquatic
egg deposition (albeit much more frequently in the former),
and we find concerted evolution of hidden amplexus in spe-
cies that transition from aquatic to terrestrial eggs.

In Leptodactylidae, we found evidence for concerted evo-
lution between egg deposition and tadpole development site
and between egg deposition site and amplexus, but indepen-
dent evolution between egg deposition site and parental care

(table 2; figs. 4, 5). As in Hylidae, none of the species of Lep-
todactylidae have the combined characters of aquatic eggs
and terrestrial larvae (fig. 4C). In species with terrestrial eggs,
transitions to terrestrial larvae are most common (fig. 4C,
q34). However, in species with aquatic larvae, transitions to
aquatic eggs are most common (fig. 4C, q31). Therefore,
in leptodactylids, egg and tadpole development sites are evo-
lutionarily correlated. This pattern is in contrast to evolu-
tionary transitions in hylids, where we find similar rates of
change between terrestrial and aquatic egg deposition among
species with aquatic larvae (fig. 4A4). Leptodactylids also show
a polarized distribution of amplexus with egg deposition site,
both in terms of occurrence of paired phenotypes and esti-
mated evolutionary transitions over the tree (fig. 5B). No lep-
todactylids have the combination of aquatic eggs and hidden
amplexus, and very few have terrestrial eggs and exposed am-
plexus (fig. 5B). Among leptodactylids with terrestrial eggs,
we found similar evolutionary transitions to hidden or ex-
posed amplexus (fig. 5B, q24 similar to q42). In contrast, spe-
cies with exposed amplexus are more likely to transition to
aquatic egg deposition than vice versa (q21 > q12). There-
fore, as in hylids, terrestrial egg laying is correlated with hid-
den amplexus. However, in contrast to hylids, we do not see
a linear paired progression toward terrestrial egg laying and
hidden amplexus but rather a preponderance of aquatic egg
deposition/exposed amplexus and terrestrial deposition/hid-
den amplexus paired states.

Testes Mass as a Proxy for Male-Male
Competition in Hylidae

We analyzed relative testes mass across 129 aquatic and ter-
restrial breeding species belonging to 16 hylid genera. We
found that relative testes mass in species with hidden am-
plexus is typically smaller (average = 0.16%, variance =
0.006%, range = 0.08%—0.29%, N = 11 species) and
significantly smaller in variance compared to species with
exposed amplexus (average = 0.38%, variance = 0.35%,
range = 0.02%—4.16%, N = 118 species, Brown-Forsythe
F = 14.05, P < .001; fig. 6A). We found six upper outliers
and nine upper-extreme values in species with exposed am-
plexus, and these outliers include 7 of the 13 records of si-
multaneous polyandry available for hylids. No outliers, ex-
treme values, or observations of simultaneous polyandry
were found for the species with hidden amplexus. Likewise,
we found that relative testes sizes are more variable in trop-
ical hylids ranging from 0.02% to 4.16% (average = 0.38%,
variance = 0.39%, N = 99 species) in contrast to the smaller
range of temperate species (0.05%—1.4%, average = 0.32%,
variance = 0.11%, N = 30 species; fig. 6B), but the var-
iances between these groups were not statistically different
(Brown-Forsythe F = 0.47, P = .49).
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Discussion

Highly diverse reproductive modes in vertebrates offer an
excellent opportunity to understand the selective mecha-
nisms underlying the evolution of a complex, modular phe-
notype. Frogs, in particular, have high diversity in repro-
ductive characters, in part because their biphasic life cycle
results in opportunity for independent evolutionary transi-
tions and adaptations in egg deposition and tadpole devel-
opment sites (Wassersug 1975). This diversity makes frogs
ideal for studies of the relative contributions of natural se-
lection and sexual selection in shaping the various compo-
nents contributing to reproductive success (Summers and
Earn 1999; Bell and Zamudio 2012; Nali et al. 2014). In our
analyses of reproductive mode evolution in Hylidae and Lep-
todactylidae, we found key differences and similarities that
point to broader evolutionary trends in lineage- or region-
specific selective pressures. Our analyses corroborate the
higher diversity of reproductive modes in tropical regions
and point to egg deposition sites as the character contribut-
ing the most to this regional pattern. We also found that
evolutionary transitions in egg deposition and tadpole de-
velopment sites differed between the two families. Likewise,
phylogenetic correlates of parental care differed between the
two families, with a significant correlation between terres-
trial egg deposition and parental care for hylids but indepen-
dent evolution between these two phenotypes in leptodac-
tylids. Finally, we found for both families concerted evolution
between terrestrial egg deposition and hidden amplexus,
supporting our hypothesis that intrasexual selection may
play a role in the evolution of terrestrial egg deposition.

The Roles of Natural and Sexual Selection on
Independent Components of Reproductive Modes

In hylids, our results showed numerous evolutionary ori-
gins of terrestrial eggs and a larger number of phylogenetic
transitions from terrestrial to aquatic larvae than vice versa
(fig. 3). However, the concerted evolution between those
two traits on the phylogeny indicates that transitions in
egg deposition sites are more labile and that this lability
occurs along with the retention of aquatic larvae (fig. 4).
Thus, different selective forces may be involved in the evo-
lution of these two reproductive mode components (egg/
larvae sites). The maintenance of aquatic tadpoles in species
with terrestrial eggs may be explained by the clear benefits
of development in predictable and food-rich aquatic envi-
ronments (Wilbur and Collins 1973; Wassersug and Wil-
bur 1974) and the fact that many species have evolved tac-
tics to avoid tadpole predation, such as escape, reduced
mobility, and unpalatability (Skelly and Werner 1990; Pe-
tranka and Hayes 1998; Alford 1999; Jara and Perotti 2009).
At least in temperate environments, where the phenology of

pond productivity and predator communities has been best
characterized, amphibian larvae face a trade-off: predation
and competition may be low, and resources plentiful, in re-
cently filled ponds (Wilbur 1980; Morin et al. 1990); however,
rapid pond drying can cause complete reproductive failure
in amphibian species (Newman 1992; Laurila and Kujasalo
1999). Wassersug (1975) proposed that the evolution of di-
rect developers may be favored when ponds do not pro-
vide a predictable flush of resources, as in aseasonal tropical
ponds. These conditions may reduce the selective advan-
tage of aquatic larvae in those particular environments, thus
potentially explaining the higher diversity of terrestrial larval
forms or direct development in the tropics (Wassersug 1975).
However, our results show that, at least for hylids, the main-
tenance of aquatic tadpoles must have a strong selective ad-
vantage, even in the tropics.

Our two focal families show distinct patterns of evolu-
tionary correlation between egg deposition and larval de-
velopment sites. In leptodactylids, phylogenetic transitions
between states are less numerous but differ in that transi-
tions to aquatic egg laying in a foam nest (from a terrestrial
state) and transitions to terrestrial tadpole development are
more common (fig. 3). In contrast to the clearly decoupled
pattern we recovered in hylids, the correlation between lep-
todactylid egg and tadpole environments shows that evolu-
tionary transitions favor two paired-state combinations:
aquatic eggs/aquatic larvae or terrestrial eggs/terrestrial lar-
vae (fig. 4). Although both families breed in a variety of hab-
itats ranging from ephemeral ponds in arid environments
to permanent water bodies in enclosed forests, ground-
dwelling species of leptodactylids are more closely associ-
ated with arid and open environments (de Sa et al. 2014).
Foam nests, which are common in this group, have long
been recognized as a protection against desiccation, preda-
tion, and thermal extremes (Heyer 1969; Downie 1988, 1990).
Heyer (1969) argued that foam-nesting behavior originated
in wet forests and preadapted leptodactylines for colonizing
drier open habitats. A recent study of reproductive modes in
Leptodactylinae found no correlation between habitat (open
or forest) and reproductive modes (Pereira etal. 2015). How-
ever, divergence time estimates suggest that the foam nest
originated in the warm climates of the Eocene, followed by
rapid diversification, mainly in the genera Adenomera, Phy-
salaemus, and Leptodactylus, during a cold and dry period at
the Oligocene/Miocene boundary (Fouquet et al. 2013). In
our study, although we did not examine species habitat, we
did find correlated evolution of terrestrial eggs and larvae
in this family, which may be a consequence of their deeper
evolutionary history. Therefore, differences among hylids
and leptodactylids might be explained by the strength of
natural selection on eggs and tadpoles during their evolu-
tionary histories (e.g., due to the higher chance of desicca-
tion in leptodactylids) despite sexual selection for hidden
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egg laying among adults in both families (due to male-male
competition).

Our data also indicate that selective pressures for paren-
tal care are different in each lineage. Parental care in hylids
shows a pattern of concerted evolution with terrestrial eggs,
while in leptodactylids, egg deposition site and parental care
are evolutionarily independent. In hylids, when parental
care occurs, it typically takes one of two forms: either de-
fense of eggs during a short period preceding eclosion or
provisioning of terrestrial larvae (i.e., providing trophic eggs
for oophagous tadpoles). In our data set, defense of eggs oc-
curs in three members of the genus Hypsiboas and in one
species of Litoria (Litoria longirostris), and in each of these
cases, eggs are defended against physical disturbance by
other breeding males (McDonald and Storch 1993; Martins
et al. 1998). Parental care of eggs with subsequent provi-
sioning of tadpoles evolved in seven species in our data set
(in the genera Anotheca, Ecnomiohyla, Osteocephalus, and
Osteopilus), and in all cases, tadpoles develop in bromeliads
or tree hole cavities (Lehtinen et al. 2004). For these phy-
totelm breeders, parental care with provisioning most likely
increases the survival of tadpoles that have limited food avail-
ability or limited ability to forage and obtain nourishment
in the microhabitats where they develop (Perry and Roitberg
2006). In contrast, in leptodactylids with parental care, females
typically attend and actively defend aquatic egg clutches and
schools of tadpoles when approached by predators (fig. 1/,
1M; Martins 2001; Rodrigues et al. 2011; de Sé et al. 2014).
Complete terrestrial development accompanied by maternal
provisioning with trophic eggs is rare in leptodactylids, and
the few cases occur in species of the Leptodactylus pentadac-
tylus group, where females provide unfertilized oocytes for
developing tadpoles (Gibson and Buley 2004; Prado et al.
2005; de Sa et al. 2014). Thus, most cases of care in Lep-
todactylidae are maternal care of eggs and larvae, with a fo-
cus on defense rather than provisioning. Cases of female-
only parental care are uncommon in externally fertilizing
vertebrates, including frogs (Gross and Shine 1981; Crump
1996), and the certainty of paternity hypothesis has been
proposed to explain the evolution of maternal care in cases
where breeding males do not have assurance of relatedness
to all the offspring in the clutch (Gross and Shine 1981).
Some of these leptodactylids with maternal care of aquatic
eggs and tadpoles exhibit polyandrous behavior and large
testes size (Prado et al. 2000; Prado and Haddad 2003), mak-
ing them an excellent focus for future studies of the costs
and benefits of parental care by alternate sexes. Our analyses
show that in the two families we examined, the evolution of
parental care is relatively rare, but when it evolves, the be-
havior has different benefits: paternal defense of terrestrial
eggs or maternal provisioning of terrestrial tadpoles in hy-
lids and maternal defense of primarily aquatic tadpoles in
leptodactylids.
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Polyandry as a Selective Mechanism
for Terrestrial Egg Deposition

We predicted three outcomes if our hypothesis that male-
male competition and avoidance of simultaneous polyan-
dry favored the evolution of terrestrial reproductive modes.
First, we predicted that the evolution of egg deposition and
larval development sites would differ in lability and in di-
rection, because intrasexual selection would be a more im-
portant mechanism during egg laying rather than at other
life-history stages. Second, we predicted that hidden am-
plexus and terrestrial egg laying would evolve in concert. Fi-
nally, we predicted that, overall, male relative testes mass
would be smaller in species with hidden amplexus, due to
lower risk of sperm competition.

Our results confirm that across both families, egg and
larval sites are correlated but differ in terms of the direction
of evolutionary transitions. In hylids, aquatic larval devel-
opment is the most common state, independent of egg de-
position sites (fig. 4). In contrast, in leptodactylids, aquatic
or terrestrial habitats for both eggs and larvae are evolving
in concert. We also confirmed that terrestrial egg laying is
evolutionarily associated with hidden amplexus (fig. 5) in
both families, but the transition among pairs of correlated
traits differ. In hylids, we see the evolution of terrestrial eggs
first with exposed amplexus and, secondarily, with hidden
amplexus, suggesting that the selective benefit for the initial
removal of eggs from water bodies was likely driven by nat-
ural selection (perhaps escape from predation). This transi-
tion to terrestrial eggs was also paralleled by a correlated tran-
sition in the evolution of parental care (either as egg defense
or tadpole provisioning), as discussed above. Once species
with terrestrial eggs evolved, hidden amplexus became the
most likely transition. Therefore, in hylids, we see a stepwise
evolution of terrestriality in egg deposition, likely shaped by
both natural and sexual selection. In contrast, in leptodacty-
lids, amplexus and egg deposition are correlated on the tree
but converge on either aquatic eggs with exposed amplexus
or on terrestrial eggs with hidden amplexus, with no con-
comitant correlations between egg terrestriality and paren-
tal care. This pattern indicates that there is little selective ad-
vantage to leptodactylids with terrestrial eggs and exposed
amplexus (a state with low frequency), and thus the evolu-
tion of terrestrial eggs is much more closely tied to the evo-
lution of hidden amplexus. Therefore, in Leptodactylidae,
the evolution of terrestrial breeding is likely due, primarily,
to sexual selection. Whether these patterns hold for other
clades of frogs is not known, primarily because earlier com-
parative analyses of reproductive modes have not examined
egg and tadpole characters independently and have assumed
that any changes in these traits were driven only by selection
to protect offspring from predators.
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Finally, in hylids, the group for which we had data on
relative testes mass, this phenotype shows the expected pat-
tern of larger testes in species with exposed amplexus and,
especially, in species with documented potential for simulta-
neous polyandry (fig. 6). Our analyses of testes mass in hy-
lids underscore the promise of this phenotype as a proxy
for potential polyandry in frogs. Empirical evidence shows
that testes mass is an indicator for mating systems with
high male-male competition (Kusano et al. 1991; Jennions
and Passmore 1993; Byrne et al. 2002). Studies on mating
behavior in species of two anuran families (Rhacophoridae
and Leptodactylidae) show a positive correlation between
number of males participating in the spawn, frequency of
polyandrous behavior, and testes size (Jennions and Pass-
more 1993; Prado and Haddad 2003). This pattern may
hold for species in our study as well. For example, in Lep-
todactylus chaquensis, up to eight males spawn in an ex-
posed nest, and testes mass accounts for over 4% of body
mass. In contrast, for Leptodactylus podicipinus, only up
to two males have been observed with a female in a con-
structed basin covered by leaves, and testes accounts for
0.75% of male body mass (Prado and Haddad 2003). For
males of the Leptodactylus fuscus group, which obstruct
the entrance to terrestrial nests (Martins 1988), testes mass
accounts for only 0.05% of body mass (Prado and Haddad
2003). We found a similar pattern of testes size range in
hylids with hidden versus exposed amplexus (e.g., Aplasto-
discus vs. Scinax, respectively), providing further evidence
that hidden amplexus sites decrease the probability that
competing males will find or have access to pairs in am-
plexus.

Records of simultaneous polyandry across frogs are scarce
and, undoubtedly, poorly documented in nature (5% of the
species in our data set; Prado and Haddad 2003). One poten-
tial shortcoming of using testes mass as a proxy for simulta-
neous polyandry is that other behaviors, such as male aggres-
sive defense of amplexus sites, may alter the relationship
between testes mass and the true occurrence of polyandry.
For example, male gladiator frogs in the Hypsiboas faber group
often vigorously defend constructed terrestrial basins (fig. 1F),
which are exposed amplexus/oviposition sites, against male
intruders (Kluge 1981; Martins et al. 1998), thus decreasing
the chance of simultaneous polyandry. This territorial be-
havior may also lead to small relative testes mass (0.08%),
comparable to that of species with hidden amplexus. In con-
trast, for the polyandrous hylid Scinax brieni, which is the
species with the highest relative testes mass in our data set
(4.16%), no records of male aggressiveness exist in the lit-
erature. Despite these potential alternate mechanisms, our
data show that testes mass is more variable in species with
a high chance of polyandry, and future work should focus
on the generality of this pattern across frogs with varying
nest-defense behaviors.

Behaviors Associated with Hidden Amplexus

Hidden amplexus often entails specific mating behaviors
that corroborate a reduced chance of polyandry. Specialized
reproductive modes where the amplectant pair is completely
hidden, such as in species of Aplastodiscus and the L. fuscus
group (Martins 1988; Haddad and Sawaya 2000), preclude
some alternative male mating tactics, such as male displace-
ment or satellite males. Courtship in Aplastodiscus is pro-
longed, involving tactile and chemical signals between the
sexes (Haddad and Sawaya 2000; Brunetti et al. 2015), and
females thoroughly inspect male-constructed nests before
accepting to mate. This elaborate courtship leading to fe-
male choice serves as a filter that reduces the chances of al-
ternative mating tactics because intruding males are detected
and rejected by the female (Haddad and Sawaya 2000; Zina
and Haddad 2006). Likewise, if competing males find a
chamber, the space is limited inside, potentially hampering
the entrance of a second male (but see Faggioni et al. 2011).
In the specific cases of L. fuscus, once the female enters a
chamber, the male closes the entrance using his head, to pre-
vent the entrance of competitors (Heyer 1969; Martins 1988).
Aside from reduced polyandry, hidden amplexus may pro-
vide advantages to females, as well. For example, females
may also benefit from (i) reduced damage and exposure
due to harassment by multiple males; (ii) increased likelihood
of male involvement in site selection and, therefore, better-
quality oviposition sites; or (iii) increased likelihood of male
parental care. Our data do not allow us to discern the ad-
vantages to each sex; however, these mechanisms may have
provided an advantage for females engaging in hidden am-
plexus, leading to stronger selection in favor of this trait.

Context Dependence and Plasticity in Reproductive Modes

A number of frog species show plasticity in reproductive
modes, adopting different tactics depending on social and
environmental factors such as densities, OSR, potential pred-
ators, or abiotic conditions at breeding sites. Some of the best-
documented examples of plasticity in reproductive mode are
in the families Hylidae and Leptodactylidae (Toledo et al.
2012). Hylids of the genus Dendropsophus switch among
aquatic and arboreal egg deposition across populations or
even within the lifetime of an individual, based on humidity
and larval predator abundance (Miranda et al. 2008; Touchon
and Warkentin 2008; Touchon 2012; Touchon and Worley
2015). Leptodactylid frogs from the Physalaemus spiniger
group alternatively construct foam nests floating on the water
surface of ponds, terrestrially on humid soil, or in the axils of
bromeliads, depending on the availability of moisture in those
environments (Haddad and Pombal 1998; Pupin et al. 2010).
These species show plasticity in egg laying depending on spe-
cific environmental conditions; however, other species alter
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reproductive behavior based on social dynamics at breeding
sites. For example, Hypsiboas faber exhibit facultative paren-
tal care depending on the degree of competition from
surrounding males; males protect eggs deposited in clay
nests when male density in ponds is high (Martins et al.
1998). Male Crinia georgiana allocate less time to attracting
females and more time to multimale spawning when densi-
ties and OSR are high (Byrne and Roberts 2004), and Rana
adenopleura shortens amplexus time as an adaptive repro-
ductive strategy to reduce risks of fertilization failures and
territory loss resulting from male-male competition when
OSR are high (Chuang et al. 2013). To date, we know of
no examples that clearly show plasticity in egg deposition
site and amplexus site as a response to male-male competi-
tion or perceived risk of sperm competition. However, we
still lack detailed quantitative studies on the context depen-
dence of amplexus location in frogs. The difficulty of observ-
ing entire mating events in the field, combined with the gen-
eral sensitivity of amplexus behavior to disturbance, makes
those data difficult to obtain. Nonetheless, the plasticity in
behaviors associated with egg laying, parental care, and
mating behaviors in a number of species indicate that male-
male competition is an important selective force in a number
of frog mating systems and may, therefore, also contribute to
diversification of frog reproductive modes.

What Is Special about the Tropics?

Our analyses corroborate previous findings that frog repro-
ductive modes reach their highest diversity in the tropics
(Crump 1974; Hodl 1990). This pattern has been attributed
to higher availability of diverse microhabitats for egg and
tadpole development in tropical environments (Haddad
and Prado 2005) and more permissive abiotic conditions
for species breeding in warmer and more humid tropical en-
vironments (Gomez-Mestre et al. 2012). Our analyses show
that in hylids, the higher diversity in the tropics stems pri-
marily from variation in egg deposition sites and that tad-
pole development sites vary far less across regions (figs. 2,
A1-A4). Therefore, although the environmental constraint
and availability of habitat hypotheses may still be valid, they
do not fully explain why these constraints apply only to the
evolution of terrestrial eggs and not also to larval develop-
ment.

Our findings indicate that frog mating systems in the
tropics might, in general, expose males to higher intrasex-
ual selection and higher potential for simultaneous poly-
andry. Almost all records of polyandrous systems in our
study were found in tropical species, yet to our knowledge,
a systematic review of mating systems in tropical and tem-
perate species and their potential for polyandry has not yet
been done. In the tropics, frogs successfully exploit highly
diverse habitats for reproduction, ranging from general lo-
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tic or lentic water bodies to highly specific microenviron-
ments such as bromeliads (Haddad and Prado 2005), and
it is possible that this large array of environments provides
more opportunities for hidden amplexus in humid terres-
trial microenvironments. In our analyses, tropical hylids
showed higher variance in relative testes mass compared
to species from temperate regions. It does not follow, how-
ever, that the variance in testes mass of temperate species
is noninformative; although smaller, the variance of rela-
tive testes masses in temperate species is statistically sim-
ilar to that in tropical species (fig. 6B), and we propose
that these may very well correlate with subtle differences
in mating system and the potential for polyandry. Our
results point to future productive research avenues exam-
ining regional differences in the opportunity for polyandry
in frog mating systems and its contribution to overall diver-
sity in frog reproductive modes.

Temperate Assumptions and Next Steps in the
Study of Frog Reproductive Modes

Despite early interest in the diversity of reproductive
modes in the tropics (Crump 1974; Duellman 1985), most
studies of the evolutionary and ecological consequences of
amphibian mating have been influenced by the historically
rich records of amphibians breeding in temperate zones
(Wilbur and Collins 1973; Morin 1987; Petranka and
Thomas 1995). As we gain more information about the
complexity of reproductive modes globally, it has become
clear that temperate amphibians represent only a fraction
of that diversity, especially in certain components, such as
egg deposition sites, amplexus site, and parental care. Yet
most of our hypotheses for evolution of this complex phe-
notype have been based on the assumption that predation
of eggs and larvae are the selective force driving diversifi-
cation (Magnusson and Hero 1991; Azevedo-Ramos et al.
1999). This temperate assumption has guided much pro-
ductive work on life-history evolution but also limited our
collective vision. New natural history data on mating sys-
tems and reproductive modes both in tropical and temper-
ate species are rapidly accumulating (Anstis 2013; Haddad
et al. 2013; Gururaja et al. 2014; Iskandar et al. 2014), and
those data will likely challenge our preconceived notions
of how—and why—these complex phenotypes evolve. Our
study sets a framework for studies of reproductive modes in
frogs that addresses these same evolutionary patterns and
proposes broader mechanisms for evolution of this diversity.

We tested the hypothesis that sexual selection—specifi-
cally, male-male competition and avoidance of simulta-
neous polyandry—might contribute to diversification in re-
productive modes in two ecologically distinct clades of
frogs. Our results generally support this hypothesis, but fur-
ther studies are needed to elucidate how natural and sexual
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selection each contribute to diversification in these and
other taxa. Frogs are underexploited in comparative stud-
ies of sexual selection, despite their great diversity in repro-
ductive modes and mating system dynamics. Studies that
quantify fitness consequences of polyandry in frog species
are sorely needed, and genetic studies of mating system
outcomes are surprisingly few for frogs compared to other
vertebrate groups (Avise et al. 2002; Griffith et al. 2002) and
are typically limited to very derived reproductive modes or
strategies (Vieites et al. 2004; Muralidhar et al. 2014; Mangold
et al. 2015). The reasons for this scarcity in parentage and
mating system studies may be a combination of the difficulty
in observing nocturnal and cryptic mating behaviors and the
challenge of genotyping the often large number of progeny
produced during mating. In addition, as we have discussed,
mating behaviors are often facultative and context depen-
dent (Caldwell 1992; Wells 2007; Chuang et al. 2013), thus
lowering the likelihood of observing specific behaviors. Fi-
nally, the number of researchers focused on mating sys-
tems and reproductive modes in frogs is highly biased to-
ward species in temperate zones. Future research on the
evolution of reproductive modes will require detailed field
characterization of reproductive behaviors, including the na-
ture and intensity of potential polyandry in representative
species that differ in reproductive modes, to test whether
egg deposition sites can in fact decrease competition for fer-
tilization success by males. In the two families we examined,
characterizing fitness consequences among species with var-
ied egg deposition sites offers a unique opportunity to identify
context-dependent selection shaping reproductive pheno-

types.
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Top left, amplectant pair of Scinax alcatraz laying eggs in water accumulated in a bromeliad. Right, male of Leptodactylus bufonius inside
the constructed terrestrial chamber where the pair will lay their eggs. Bottom left, male of Hypsiboas faber guarding the clutch deposited in a
constructed basin. Photo credits: Kelly R. Zamudio (top left, right) and Célio F. B. Haddad (bottom left).
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