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ABSTRACT: Sexual size dimorphism (SSD) varies in animals from
male biased to female biased. The evolution of SSD is potentially
influenced by a number of factors, such as territoriality, fecundity,
and temporal breeding patterns (explosive vs. prolonged). In general,
frogs show female-biased SSD with broad variance among species.
Using comparative methods, we examine how different selective
forces affect male and female sizes, and we test hypotheses about
size-dependent mechanisms shaping SSD in frogs. Male size was
weakly associated with SSD in all size classes, and we found no
significant association among SSD, male size, temporal breeding pat-
tern, and male territoriality. In contrast, female size best explained
SSD variation across all size classes but especially for small-bodied
species. We found a stronger evolutionary association between female
body size and fecundity, and this fecundity advantage was highest in
explosively breeding species. Our data indicate that the fecundity
advantage associated with female body size may not be linear, such
that intermediate and large females benefit less with body size in-
creases. Therefore, size-dependent selection in females associated
with fecundity and breeding patterns is an important mechanism
driving SSD evolution in frogs. Our study underscores the fact that
lineage-specific ecology and behavior should be incorporated in com-
parative analyses of animal SSD.

Keywords: temporal breeding pattern, male territoriality, female fe-
cundity, sexual selection, Rensch’s rule, phylogenetic comparative
methods.

Introduction

Sexual size dimorphism (SSD)—the difference in body size
between adult males and adult females—varies in animals
from male biased, as in most mammals and birds (An-
dersson 1994; Abouheif and Fairbairn 1997; Isaac 2005),
to female biased, as in most invertebrates (Fairbairn 1997),

* Corresponding author; e-mail: r_nali@yahoo.com.br.
Am. Nat. 2014. Vol. 184, pp. 727-740. © 2014 by The University of Chicago.

0003-0147/2014/18406-55108$15.00. All rights reserved.
DOI: 10.1086/678455

frogs (Kupfer 2007), and snakes (Shine 1994), with some
cases of extreme female-biased SSD in fishes (Ota et al.
2010). Typically, differences in SSD have been attributed
to selective regimes in which larger males gain direct re-
productive benefit because of male-male competition or
as a result of female choice (leading to male-biased SSD)
or in which larger females are favored because of increased
fecundity (leading to female-biased SSD; Reeve and Fair-
bairn 1999; Dale et al. 2007; Kupfer 2009). However, many
studies examining SSD in a phylogenetic context show that
in most cases, the degree and direction of SSD within
lineages result from a complex combination of evolution-
ary processes acting on both males and females (Zamudio
1998; Serrano-Meneses et al. 2008; Pincheira-Donoso and
Tregenza 2011). Differences in mating systems and sex-
specific behaviors contribute to selection on male and fe-
male body sizes and therefore shape the macroevolutionary
distribution of SSD across animals (Ralls 1977; Shine 1989;
Abouheif and Fairbairn 1997; Kupfer 2007).

Rensch’s rule summarizes a macroevolutionary pattern
in the distribution of SSD (Rensch 1950) and states that
SSD decreases with body size when females are the larger
sex and increases with body size when males are the larger
sex. Rensch’s rule has been investigated primarily for ter-
restrial vertebrates (Fairbairn 1997; Davis and Roth 2008;
Stuart-Fox 2009; but see other examples in Fairbairn
1997). Allometric relationships consistent with Rensch’s
rule occur most often in lineages in which males are the
larger sex (Fairbairn 1997). This pattern has led to the
proposal that Rensch’s rule is a product of sexual selection
on male size, because of the fact that selection pressures
on males (e.g., male-male competition and female choice
for larger males) are expected to be strongest in taxa with
male-biased SSD (Abouheif and Fairbairn 1997). Incon-
sistencies with Rensch’s rule have been reported primarily
in lineages with female-biased SSD, likely related to se-
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lective pressures for increased fecundity (e.g., Ralls 1977;
Fairbairn 1997; Dale et al. 2007). Recent studies on an
increasing number of taxa have investigated the evolution
of SSD using a phylogenetic framework (e.g., Cox et al.
2003; Székely et al. 2004; De Lisle and Rowe 2013; Colleoni
et al. 2014). However, these do not yet capture taxonomic
diversity and lineage-specific selective mechanisms, pre-
cluding inference of the evolutionary complexities leading
to SSD divergences among species. Recent studies in var-
ious frog lineages have shown that Rensch’s rule does not
hold true (De Lisle and Rowe 2013; Han and Fu 2013;
Liao et al. 2013), despite broad variance in SSD among
species. Therefore, frogs are particularly interesting for the
study of selective mechanisms driving SSD.

SSD in frogs ranges from female biased to male biased.
Female frogs are larger than males in 90% of the species
(Shine 1979), a pattern that has been attributed to fecun-
dity selection favoring larger female body size (the fecun-
dity advantage hypothesis; Darwin 1874; Shine 1989).
However, male territoriality is common in frogs of all body
sizes: males emit aggressive calls to compete for mates,
chase invaders, and even engage in physical combats to
defend breeding territories (Wells 2007; Nali and Prado
2012). These agonistic interactions should favor larger
males with increased fighting ability (Shine 1989; Katsi-
karos and Shine 1997). In addition, male body size is often
used as advertisement (Lips 2005) and in some cases may
be a phenotype selected by females. Thus, among frogs,
male-male competition (intrasexual selection) and female
choice for males (intersexual selection) can operate either
independently or together to select for larger male body
size (Wells 1979; Tejedo 1988; Lips 2005). Therefore, we
expect that sex-specific selective pressures will depend on
traits of the mating system and other ecological and be-
havioral factors mediating breeding dynamics (Kupfer
2007; Wells 2007) and contribute differentially to the evo-
lution of SSD in this group.

Considering these selective mechanisms, Shine (1979)
stated that in larger species, males might reach or over-
come female size because of higher selective advantage for
male territoriality compared with female fecundity. This
framework is useful (fig. 1A) but likely an oversimplifi-
cation and does not account for many possible mecha-
nisms that could explain the full continuum of SSD in
frogs, which ranges from highly dimorphic female-biased
to male-biased SSD (fig. 2). A recent comparative review
of SSD in frogs showed that female fecundity is an im-
portant selective pressure driving SSD evolution whereas
male territoriality apparently fails to explain body size var-
iation, despite the fact that some species (~10%) show
male-biased SSD (Han and Fu 2013). However, the relative
strength of selection on body sizes of males and females
under these sex-specific regimes probably differs among
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Figure 1: A, Classical model for the evolution of sexual size di-
morphism (SSD) in frogs (based on Shine 1979). Female body size
increases as a result of strong selective pressure for fecundity increase.
Male body size increases as a result of high fitness of larger males
due to territorial defense and fighting ability. The intersection of the
curves represents the body size beyond which male territoriality be-
comes more important than female fecundity increase, leading to
male-biased SSD. B, Model for the evolution of SSD in frogs proposed
in this study, considering body size classes and different temporal
breeding strategies. Size-based fecundity for females may not be lin-
ear, such that intermediate and large females receive diminished
fitness advantages with increased body size. Males may also have
increased fitness as they become larger due to fighting ability and
female choice. The intersection of the curves represents the body size
beyond which male-biased SSD is likely. However, this is primarily
driven by diminished fecundity advantage for larger females and not
by high selective advantage for large territorial males. For details, see
“Discussion.”

body size categories. Thus, size-dependent selective mech-
anisms within sexes warrant further analyses (De Lisle and
Rowe 2013).

Temporal breeding pattern (explosive vs. prolonged) is
one ecological trait that likely differentially influences the
occurrence and intensity of selection on body sizes of both
sexes. Explosively breeding frogs have short reproductive
periods. Females arrive synchronously at high-density
breeding sites, where males generally actively search for
females and displace other males in amplexus but do not
defend territories or guard individual females (Wells 1977).
In prolonged-breeding species, females arrive at repro-
ductive sites asynchronously and are typically less nu-
merous than males, males benefit from defending terri-
tories and/or oviposition sites from which they call to
attract females, and females often inspect territories and
choose among available males (Wells 1977; Martins and
Haddad 1988; Nali and Prado 2012). Therefore, the degree
of male-male competition and the opportunity for mate
selection by females are strongly influenced by these breed-
ing patterns (Bourne 1993; Bastos and Haddad 1996; Wells
2007). In turn, they will influence the strength of natural
selection on traits important for reproduction, such as
male territoriality, clutch size, gonad investment, and male
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Figure 2: Properties of the sexual size dimorphism index (SSDi) used in this study. SSDi is symmetrical around 1; the grayscale bar represents
the extent of SSD (white, nondimorphic species; black, highly dimorphic species). The rectangle represents the empirical range of SSDi
(0.08-1.76) in our data set, divided into four equal classes for female-biased (left) and male-biased (right) SSD. The number of species

distributed in each SSDi class is listed in italics.

and female body sizes (Praderio and Robinson 1990; Prado
and Haddad 2005).

Independent selective pressures on the sexes, which can
be either opposing or concordant, have resulted in a com-
plex distribution of body sizes in many animal lineages,
making the study of SSD particularly challenging. How-
ever, enhanced availability of reproductive and behavioral
data now makes it possible to perform fine-scale phylo-
genetic comparative analyses that reveal mechanisms shap-
ing male and female body sizes. Here we quantify patterns
of SSD evolution in frogs, using data on 718 species from
38 families. First, we test whether frogs follow Rensch’s
rule to examine the distribution of SSD in this female-
biased lineage. We then examine size- and behavior-
dependent selective mechanisms on males and females that
may drive the evolution of SSD in frogs. We tested four
main hypotheses: (1) evolutionary changes in male size
associated with territoriality predict variation in SSD
among species, and this effect will be most pronounced
in species with large body sizes; (2) evolutionary changes
in female size associated with fecundity predict variation
in SSD among species, and this effect will be most pro-
nounced in species with small body sizes; (3) explosively
breeding females show stronger size-based selective ad-
vantage for fecundity because of limited breeding oppor-
tunities; and (4) prolonged-breeding males show stronger
selective pressure for territoriality because of the fitness
advantage of this behavior and female choice, potentially
increasing selection for large male body sizes. We consid-
ered body size categories within each sex and temporal
aspects of reproductive activity associated with fecundity

and territoriality to test whether selective mechanisms act
differentially in species along a size continuum and/or
among reproductive categories (explosive vs. prolonged).

Material and Methods
Comparative Species Data and Analyses

We gathered from the literature the following data on 718
frogs from 38 families: (1) average male snout-vent length
(SVL); (2) average female SVL; (3) temporal breeding pat-
tern (prolonged or explosive); (4) clutch size (number of
eggs/clutch), estimated by either egg counts in the field or
number of mature oocytes in preserved specimens; and
(5) evidence of male territoriality, such as aggressive calls,
combat scars, or male-male physical combat. Analyses for
each hypothesis test used subsets of these data, according
to their availability in our data set. The full data set is
deposited in the Dryad Digital Repository: http://dx.doi
.0rg/10.5061/dryad.270sf (Nali et al. 2014).

We conducted phylogenetic independent contrast (PIC)
analyses (Felsenstein 1985) using an amphibian phylogeny
with original branch lengths (Pyron and Wiens 2011). We
placed additional species not included in the original tree
according to proposed phylogenetic relationships in other
studies (Faivovich et al. 2005; Nascimento et al. 2005; Frost
et al. 2006; Wiens et al. 2010; Clemente-Carvalho et al.
2011; Orrico 2012; Peloso et al. 2014). For these additional
species, branch lengths were estimated as the arithmetic
means of adjacent branches. All PIC analyses were per-
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Figure 3: Allometric relationships between male and female body sizes in frogs, using data corrected (A) and noncorrected (B) for phylogeny
(phylogenetic independent contrasts [PICs]). Solid lines represent isometric axes (8 = 1), and dashed lines represent reduced major axis

regressions with (8 statistically similar to 1. SVL, snout-vent length.

formed in Mesquite (ver. 2.75; Maddison and Maddison
2011).

As a measurement of SSD for each species, we calculated
an SSD index (SSDi) based on a two-step ratio, in which
M is male SVL and F is female SVL (Lovich and Gibbons
1992; revised by Smith 1999). Step 1: for species in which
M > F, SSDi = MJF. Step 2: for species in which F> M,
SSDi = 2 — (F/M).

SSDi is the best possible ratio on a linear scale if the
data set exhibits a range of SSD where both sexes can be
the larger sex (Smith 1999). SSDi is symmetrical around
1, such that when SSDi > 1, males are the larger sex, and
when SSDi < 1, females are the larger sex. In frogs, cases
of male-biased SSD are fewer than cases of female-biased
SSD; thus, in the majority of cases, SSDi < 1, and sexual
dimorphism decreases as SSDi approaches 1 (fig. 2).

We applied branch length standardization to avoid lin-
ear correlation between independent contrasts and their
standard deviations (Garland et al. 1992). We log trans-
formed the data set and adopted the exponential trans-
formation of branch lengths, which removed these cor-
relations in all cases. The only exception occurred in the
analysis of male and female sizes versus SSD in small spe-
cies (see below), for which we used the branch lengths
method of Nee (Purvis 1995). For each analysis, degrees
of freedom were subtracted according to the number of
polytomies in the topology (Purvis and Garland 1993), all
of which were considered soft (i.e., because of lack of data).

Tests of Predictions and Hypotheses

Rensch’s Rule. To assess Rensch’s rule, we performed a
reduced major axis (RMA) regression between log male
SVL and log female SVL for both phylogenetically cor-
rected and noncorrected data for 691 species (Bohonak
and van der Linde 2004), with male size assigned to the
X-axis (Abouheif and Fairbairn 1997). RMA assesses
Rensch’s rule by checking whether 3 (regression slope) is
statistically different from 1, as judged by 95% confidence
intervals (ClIs; Fairbairn 1997; Fairbairn 2005; Frydlova
and Frynta 2010); if yes, there is an allometric relationship
between male and female sizes. On the other hand, if 3 =
1, the data do not conform to this allometry (Rensch 1950;
Fairbairn 1997), indicating that male and female sizes are
isometric.

The Targets of Selection: Male and Female Body Sizes and
SSD. Using PICs, we conducted ordinary least squares
(OLS) regressions between (1) log male SVL versus log
SSDi and (2) log female SVL versus log SSDi to test for
an evolutionary association between SSD and male and
female body sizes. OLS regression was used because it is
appropriate when one variable is a ratio (SSDi) and the
other is a direct measurement (male and female sizes;
Smith 1999; Davis and Roth 2008; Asttia 2010). Given our
a priori expectations for size-dependent selective mecha-
nisms, we also tested for evolutionary correlations for spe-
cies in three body size categories; the PIC regressions were
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Table 1: Ordinary least squares regression analyses of phylogenetic independent contrasts (PICs) for male body size, female body
size, and sexual size dimorphism (SSD) for three species size categories

PIC log male size vs. PIC log SSDi

PIC log female size vs. PIC log SSDi

Species N P R*  Slope SSD direction P R*  Slope SSD direction

All 690 <.001 .04 13 Decreases with increased .002 .014 —.08 Increases with increased
male body size female body size

Small 113 036 .037 17 Decreases with increased <001 .12 —.29 Increases with increased
male body size female body size

Intermediate 471 .10 .006 Not correlated with male  <.001 .12 —.32  Increases with increased
body size female body size

Large 104 039 .04 .19 Decreases with increased ~ <.001 .11 —.32  Increases with increased

male body size

female body size

Note: Statistically significant results shown in bold. N, sample size; SSDi, sexual size dimorphism index.

conducted independently for (1) small species, (2) inter-
mediate-sized species, and (3) large species by considering
species below or above 1 SD of the mean log male SVL
as small and large species, respectively. Body sizes in our
data set are normally distributed (Shapiro-Wilk = 0.97;
P = .07). Therefore, using 1 SD from the mean to delimit
large and small body size categories will result in a larger
number of species of intermediate sizes, as expected for
animal lineages (Gaston and Blackburn 2000), but still
with significant sample sizes in the large and small body
size categories (approximately 16% each). We tested
whether differences in the number of species in each size
category could potentially bias our results by randomly
subsampling 110 intermediate-sized species and repeating
the OLS regression analyses for both male and female sizes
versus SSD. We used male size to assign species to the
three size classes because, in general, males are more fre-
quently sampled in the field; thus, the average male size
for each species will be more accurate.

Adaptive Mechanisms for Male and Female Body Sizes. To
test whether female size is positively correlated with fe-
cundity, we conducted regression analyses through the or-
igin between PICs of female size and number of eggs/
clutch for those species for which we had fecundity data.
Here we considered two potential biases in our data set.
First, we excluded frogs with terrestrial and/or highly spe-
cialized reproductive modes from our size-fecundity anal-
ysis (N = 103), because they often have larger and fewer
eggs per clutch (Salthe and Duellman 1973), and their
specialized reproductive modes impose additional selective
pressures on clutch characteristics. Therefore, we retained
in the size-fecundity analysis 294 species of frogs with
aquatic reproduction typical of most frogs (Haddad and
Prado 2005). A second possible source of bias is that our
estimates of fecundity include both number of mature
oocytes in preserved specimens and number of eggs from
clutches collected in the field, and these two measures may

not correspond. To account for this possibility, we used a
smaller data set for which we had specific information on
the origin of fecundity estimates (oocytes or clutch) and
performed independent size-fecundity regression analyses,
with the first including fecundity estimates independent
of their origin and a second one excluding the records
obtained from preserved specimens (Nali et al. 2014).
These two regressions did not differ; thus, we included all
fecundity data in subsequent analyses.

To test male territoriality as a potential mechanism
shaping SSD evolution, we compared PIC regressions for
log male size versus log SSDi for territorial and nonter-
ritorial species. Slopes of the two independent regressions
were compared using ANCOVA in GraphPad Prism 6
(GraphPad Software).

Breeding Patterns and Strength of Selection. To test our
hypothesis that females of explosively breeding species
show greater strength in selection for fecundity, we con-
ducted size-fecundity PIC regressions for prolonged and
explosive breeders separately and compared regression
slopes with ANCOVA. We then tested for evolutionary
associations between female body sizes and SSD according
to the breeding pattern and size class, by conducting OLS
regressions for PICs of log female SVL versus log SSDi for
females in three body size classes (small, intermediate, and
large species) and explosive or prolonged breeding
categories.

For males, to test whether prolonged breeding pattern
is correlated with male territoriality across the phylogeny,
we used the test of correlated character evolution (Pagel
1994) using 100 randomizations of characters on the tree,
implemented in Mesquite (ver. 2.75; Maddison and Mad-
dison 2011).
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Results
Rensch’s Rule

Our data confirmed that Rensch’s rule does not hold in
frogs (N = 691 species). With or without phylogenetic
correction, the slopes of the RMA regressions were not sig-
nificantly different from 1 (independent contrasts: slope =
1.008 * 0.018; 95% CI = 0.972-1.043; R* = 0.78; non-
corrected data: slope = 1.007 + 0.010; 95% CI = 0.988-
1.027; R* = 0.93; intercept = 0.049 =+ 0.016; fig. 3).

The Targets of Selection: Male and Female
Body Sizes and SSD

The OLS regression analyses between PICs of log male
SVL and log female SVL versus log SSDi showed significant
results for all but one comparison (table 1; fig. 4). Male
body size predicted SSD for all species together and for
small- and for large-sized species, such that species with
larger males have less pronounced SSD (or tend toward
male-biased SSD), but correlations had low coefficients of
determination (R* < 0.04). Male size did not predict SSD
among intermediate-sized species. For females, our results
showed that SSD increases with increased female size for
all species, with low coefficient of determination (R* =
0.014). However, when females were analyzed separately
by body size category, increased female size better ex-
plained SSD increases (R’ ranging from 0.11 to 0.12; table
1; fig. 4). Our analyses of randomly subsampled inter-
mediate-sized species showed statistically identical results
(males: P = .70, R* = 0.001; females: P < .001, R* =
0.13) when compared with the full data set (table 1).

Adaptive Mechanisms for Male and Female Body Sizes

Female size-fecundity regression analyses including and
excluding mature oocyte estimates yielded identical results
(mature oocytes and actual clutch sizes: R* = 0.68, P <
.001, N = 64; actual clutch sizes only: R* = 0.65, P <
.001, N = 48); thus, the origin of fecundity estimates do
not bias our downstream analyses. Female size correlated
positively with fecundity (fig. 54; R* = 0.32, P < .001,
N = 293) across all frogs with aquatic reproduction; larger
females produce more eggs, even after controlling for
phylogeny.

We also compared the relationship between PICs of male
body size and SSDi for territorial and nonterritorial species

A Phylogenetic Analysis of SSD in Frogs 733

and found significant results for both categories (territo-
rial: R = 0.11, P<.001, N = 157, slope = 0.143; non-
territorial: R = 0.024, P<.001, N = 534, slope = 0.098).
Slopes for both PIC correlations were positive, showing
that species with larger male body sizes have less pro-
nounced SSD. However, the regression slopes were statis-
tically similar (ANCOVA: F, , = 0.73, P = .39), indi-
cating that the potential fitness benefit of large body size
holds for all species, and male territoriality is not the sole
explanation for the evolution of SSD in frogs.

Breeding Patterns and Strength of Selection

In females, both explosive (R* = 0.63, P<.001, N = 64)
and prolonged (R* = 0.42, P < .001, N = 77) breeders
showed significant positive size-fecundity relationships
(fig. 5B). The slope for explosive breeders (2.55) was
higher—although marginally not significant—than that
for prolonged breeders (1.92; ANCOVA: F, ,, = 2.998,
P = .08); in addition, female body size in explosive breed-
ers better explained variation in clutch size (R* = 0.63)
when compared with prolonged breeders (R* = 0.42). We
then compared the relationship of female size versus SSD
for prolonged and explosive breeders, considering all spe-
cies and separately by size categories (table 2; fig. 6). We
found that (1) for all species together, increases in female
body size poorly explained variation in SSD for both ex-
plosive and prolonged breeders (R* = 0.043 and 0.065,
respectively); (2) for small-sized species, increases in fe-
male body sizes best explained variation in SSD for both
explosive and prolonged breeders (R* = 0.57 and 0.41,
respectively); (3) for intermediate-sized species, increases
in female sizes poorly explained variation in SSD for both
explosive and prolonged breeders; and (4) for large-bodied
species, female size did not predict SSD variation for spe-
cies with either breeding pattern (table 2). Therefore, the
advantages of female size increases are not linear across
size categories and are most important for small-bodied
female frogs independent of breeding pattern.

For males, the test of phylogenetically correlated char-
acter evolution showed that prolonged breeding pattern is
not associated with male territoriality (likelihood differ-
ence = 4.90; P = .11), despite the fact that in our data
set territorial behaviors were more commonly observed in
prolonged-breeding species (50%) than in explosively
breeding ones (33%).

Figure 4: Regression analyses between independent contrasts of male (filled circles) and female (open circles) sizes and sexual size dimorphism
(SSD) in frogs. Solid lines are shown for significant results only. Positive slopes represent SSD decreases, and negative slopes represent SSD
increases (see table 1). A, B, All species. C, D, Small species. E, F, Intermediate species. G, H, Large species. PIC, phylogenetic independent

contrast; SSDi, sexual size dimorphism index; SVL, snout-vent length.
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Figure 5: Size-fecundity relationships between independent contrasts of female body size and clutch size for all frogs included here (A)
and species with explosive breeding pattern (filled circles, solid line) and prolonged breeding pattern (open circles, dashed line; B). PIC,

phylogenetic independent contrast; SVL, snout-vent length.

Discussion

Macroevolutionary patterns reflect selective pressures and
processes that occur over long time periods, manifested
among species within lineages (Brooks and McLennan
1991). Comparative studies, which take into account the
phylogenetic relationships among taxa, are key to com-
prehending mechanisms underlying biological diversity
and phenotypes (Harvey and Pagel 1991). In this study,
we found that in 616 of 691 frogs (89%), females were
larger than males, corroborating earlier surveys of SSD in
this group (Shine 1979; De Lisle and Rowe 2013; Han and
Fu 2013). We showed that frogs do not follow Rensch’s
rule, showing isometry in the evolution of male and female
body sizes (De Lisle and Rowe 2013; Liao et al. 2013) and
corroborating the prediction that Rensch’s rule might not
hold in lineages where 80% or more of the included species
exhibit female-biased SSD (Fairbarn 1997). Allometry con-
sistent with Rensch’s rule is expected in lineages where
male body sizes respond to environmental variables or
selective pressures more strongly than those of females
(Fairbairn 2005; Colleoni et al. 2014). Although some re-
cent studies have identified highly female-biased lineages
that follow Rensch’s rule (e.g., Davis and Roth 2008; Stu-
art-Fox 2009), we did not observe that pattern in frogs,
likely because females are under stronger selective pres-
sures for increased body size compared to males. Our anal-
yses also reveal that males and females experience different
size-dependent selection because of differential fitness ben-

efits of reproductive strategies between sexes (Carranza
2009). The explanation of SSD in female-biased lineages,
therefore, depends specifically on which sex is the main
target of selection on body size.

We found a significant positive correlation between male
size and SSD4, indicating that species with larger males show
less-pronounced SSD, tending to male-biased SSD. How-
ever, male size explained little of the observed variation in
SSD in all body size categories, indicating a biologically weak
correlation (table 1; fig. 4). The relationship between male
size and SSD held for territorial and nonterritorial males,
but the slopes for the two groups were statistically identical,
indicating that selection on territorial males does not con-
tribute disproportionately to SSD in frogs. The idea that
larger frogs generally exhibit more intense physical male-
male combats has been widespread (Wells 1977; Shine
1979); indeed, studies of some species have shown that
larger male frogs can achieve higher reproductive success
by defeating younger and smaller males (Howard 1984; Kat-
sikaros and Shine 1997). However, male-male combats are
common even in small-bodied species with female-biased
SSD (Haddad 1991; Costa et al. 2010). Although larger male
size may be advantageous in intrasexual contests (male-male
competition), male frogs also rely on other fitness-related
traits that may be body size independent, such as forearm
thickness for male displacement, time at reproductive site,
energy expenditure in calling activity, or early sexual ma-
turity (e.g., Howard and Kluge 1985; Howard et al. 1994;

This content downloaded from 128.84.127.212 on Tue, 2 Dec 2014 10:53:21 AM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

A Phylogenetic Analysis of SSD in Frogs 735

Table 2: Ordinary least squares regression analyses between phylogenetic independent contrasts (PICs) for female body size and
sexual size dimorphism (SSD) in explosively and prolonged-breeding species in three species size categories

Explosive: PIC log female size vs. PIC log SSDi

Prolonged: PIC log female size vs. PIC log SSDi

Species N P R*  Slope SSD direction P R*  Slope SSD direction

All 98/121 .038 .043 —.13 Increases with increased .004 .065 —.11 Increases with increased
female body size female body size

Small 17/14 <001 .57 —.67 Increases with increased .01 41 —.57 Increases with increased
female body size female body size

Intermediate  70/91 .06 .05 Not correlated with <001 .17 —.27 Increases with increased

female body size
Not correlated with .98
female body size

Large 9/14 12 .28

female body size
Not correlated with
female body size

.0003

Note: Statistically significant results shown in bold. N, respective sample size; SSDi, sexual size dimorphism index.

Byrne 2008; Zhang and Lu 2013). Furthermore, even in
species with male-male combat, small males can attain re-
productive success through alternative breeding tactics, such
as female interception, satellite behavior, sneaked fertiliza-
tions, or postmating clutch piracy (Howard 1984; Haddad
1991; Prado and Haddad 2003; Vieites et al. 2004; Zamudio
and Chan 2008). Combined, these multidirectional selective
forces on male body size in frogs may explain the weak
evolutionary correlation between SSD and male body size
and the similar relationship of male sizes versus SSD be-
tween territorial and nonterritorial species. Thus, our first
hypothesis was rejected. This same pattern was found in
eublepharid geckos, where territoriality was not correlated
to SSD, but other traits such as head size dimorphism and
presence of precloacal pores were under strong selection for
increased male fitness (Kratochvil and Frynta 2002).

In contrast to males, we found a stronger correlation
between female size and SSD, especially when analyzing
body size categories independently (table 1; fig. 4). This
corroborates our hypothesis that females are the main target
of selection driving patterns of SSD in frogs. Cases in which
selection strongly favors larger females might occur because
of a size-based fecundity advantage (Darwin 1874). In frogs,
a positive relationship between female size and number and/
or size of eggs is a common pattern (Crump 1974; Prado
and Haddad 2005; Pupin et al. 2010), even when controlling
for phylogeny (Han and Fu 2013; this study). However,
previous studies have not taken into account how temporal
breeding patterns might influence the strength of both nat-
ural and sexual selections on body sizes of both sexes. Wool-
bright (1983) proposed a model of frog SSD evolution com-
paring prolonged and explosively breeding species but
assuming that the strength of selection for size-based fe-
cundity was strong and constant for females independent
of their breeding pattern. In our study, however, we found
that fecundity in explosive breeders increases more rapidly
with female body size; that is, selection for larger female
body size may be stronger for explosive breeders (slope =

2.55) when compared with prolonged breeders (slope =
1.92). This trend is marginally not significant (P = .08),
so it lends some support to our hypothesis that explosively
breeding females show stronger size-based selective advan-
tage for fecundity. One possible mechanism is that explosive
breeders have few opportunities to breed in a season (Wells
1977, 1979); thus, higher fecundity per clutch might be more
advantageous to ensure maximum production of offspring
in a single bout. In fact, our data showed that changes in
female body size better explained changes in fecundity for
explosive (R> = 0.63) than for prolonged breeders (R* =
0.42), indicating that factors other than body size may affect
the evolution of clutch size, especially in prolonged-breeding
species. Explosive breeders typically show generalized
aquatic reproduction, while prolonged breeders exhibit a
high diversity of reproductive modes (Haddad and Prado
2005; Prado et al. 2005). Explosive breeders tend to use
ponds at the beginning of the breeding season to avoid larval
predation and competition (Prado et al. 2005), whereas pro-
longed breeders use a large variety of microhabitats through-
out the season. Therefore, in addition to the effects of body
size, prolonged breeders might experience a wider range of
external factors during the longer breeding season (e.g.,
larval predation and competition pressures, number of
clutches per breeding season, food availability) affecting
clutch size (Kaplan 1987; Reading and Clarke 1988; Girish
and Saidapur 2000; Prado et al. 2005).

Because (1) prolonged and explosively breeding females
tend to have different size-based fecundity advantages and
(2) female body size versus fecundity varies among species
with different breeding patterns, we reanalyzed the PIC
regressions for female size versus SSD for these breeding
categories separately. We found that the phylogenetic cor-
relation between increased female body size and increased
SSD is much more evident for small species independent
of breeding category (fig. 6), suggesting that size-based
fecundity advantage is strongest in small-bodied species.
One could argue that increased fecundity should select for
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larger females independent of body size classes, but trade-
offs with other traits could limit this advantage. For ex-
ample, in some frogs, size-assortative mating occurs be-
cause cloacal juxtaposition is necessary to assure
maximum fertilization efficiency during spawning, pro-
moting an optimum male size/female size ratio (Bastos
and Haddad 1996; Wogel and Pombal 2007; Lu et al. 2010).
This mechanical limitation has also been observed in garter
snakes (Shine et al. 2001). On the other hand, the fitness
cost of small body size should be highest for small females,
because their capacity for egg production is limited com-
pared with larger species (Prado and Haddad 2005; Pupin
et al. 2010; this study). For explosive breeders, few repro-
ductive events increase selective pressures for fecundity
increase. Prolonged breeders, in contrast, have more re-
productive opportunities, but small animals tend to have
shorter life spans (Berube et al. 1999; Ricklefs and Scheuer-
lein 2001; Voituron et al. 2011); thus, small prolonged-
breeding species might also experience strong pressures
for fecundity increase. Our data support the fact that the
fecundity advantage of female body size may not be linear
(small females benefit more with body size increase), de-
creasing the overall correlation between female body size
and SSD in pooled analyses (fig. 1B). Our findings un-
derscore that size-dependent mechanisms may explain the
high degree of variation in frog SSD (fig. 2) and corrob-
orate our hypothesis that evolutionary changes in female
size associated with fecundity predict variation in SSD
among species and that this relationship is strongest for
small-bodied species.

Temporal breeding patterns could also differentially af-
fect males because of the fitness consequences of territorial
behaviors and male body size. Compared with explosive
breeders, prolonged-breeding males should benefit more
from defending territories and oviposition sites that are
selected by females (Wells 1977). Thus, we predicted that
prolonged-breeding males should show higher rates of ter-
ritoriality, potentially leading to stronger selective pressure
for larger male body sizes. However, we did not find an
evolutionary association between male territoriality and
prolonged breeding pattern, despite the fact that territo-
riality was more common among prolonged breeders
(50%) when compared with explosive ones (33%) in our
data set (Nali et al. 2014). One possible limitation of our
data is that territorial behaviors are not systematically re-
ported in the literature; therefore, lack of evidence does
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not necessarily mean that a given species is not territorial
but only that such behaviors have not been observed. As
we accumulate further natural history data on reproduc-
tive behaviors, our inferences of the complex associations
between male breeding patterns and territoriality may be-
come clearer. Currently, our data refute the fourth hy-
pothesis and emphasize that the association between body
size, territoriality, and breeding patterns in male frogs is
not obvious, likely due to a variety of additional male traits
that increase fitness, as previously discussed (Howard et
al. 1994; Byrne 2008; Zhang and Lu 2013).

A number of studies of SSD in other animal groups
have been recently published, allowing for comparisons
beyond frogs. In mammals, male-biased SSD is a common
pattern, and female-biased dimorphism is generally ex-
plained by reduced male-male competition and concom-
itant evolutionary decreases in male size (Isaac 2005). A
study of small mammals with a lack of SSD further showed
that this pattern was not driven by size-based fecundity
selection (Lu et al. 2014). These findings in mammals are
contradictory to our results and likely stem from the dif-
ferent reproductive strategies adopted by mammals and
frogs (Pianka 1970). On the other hand, a study on pri-
mates showed that length of female sexual receptivity was
associated with the evolution of copulatory plugs in males
(passive mate guarding), which in turn could alter the
strength of sexual selection on male size (Dunham and
Rudolf 2009). Similarly, we found that temporal breeding
patterns in frogs, which also determine the period of sexual
receptivity, may affect size-fecundity relationships in fe-
males, thus shaping the evolution of SSD. Dale et al. (2007)
argued that social mating system is a key life-history var-
iable that predicts size allometry and SSD in birds because
of differential selection on males and females. Likewise,
we found that social dynamics during breeding, which are
influenced by temporal breeding patterns, imposed selec-
tive mechanisms that differ between the sexes in frogs.
Among ectotherms, strong sexual selection on male size
drives SSD evolution in New World pit vipers, but fecun-
dity selection on female size in this clade is less evident
(Hendry et al. 2014). A fine-scale analysis revealed, though,
that arboreal lineages showed higher rates of SSD evolution
and a pronounced shift to female-biased dimorphism
(Hendry et al. 2014). Habitat types have also influenced
the evolution of male body size and SSD in turtles, in
which terrestrial males are proportionally larger than

Figure 6: Regression analyses between independent contrasts of female body size and sexual size dimorphism (SSD) in frogs with explosive
breeding pattern (filled circles) and prolonged breeding pattern (open circles). Solid regression lines represent significant results, the dashed
line represents the marginally not significant result, and negative slopes represent SSD increases (see table 2). A, B, All species. C, D, Small
species. E, F, Intermediate species. G, H, Large species. PIC, phylogenetic independent contrast; SSDi, sexual size dimorphism index; SVL,

snout-vent length.
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