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Abstract 30 

Sexual dimorphism is a common feature in animals, yet the degree of sexual 31 

dimorphism is not constant across taxa. Sometimes the magnitude of sexual 32 

dimorphism varies systematically with body size, resulting in evolutionary allometry of 33 

sexual dimorphism. While such patterns are commonly investigated for traits such as 34 

overall size, allometric variation in sexual dimorphism of other traits remains 35 

underexplored. Here, we characterize the evolutionary allometry of sexual dimorphism 36 

in a functional phenotypic trait (jumping performance) in anurans. Using morphology 37 

and anatomical approximations of jumping performance across 146 species, we test for 38 

evidence of the correlated selection model of sexual dimorphism evolution. We analyze 39 

patterns of evolutionary allometry of sexual dimorphism in key phenotypic traits, 40 

including: body size (snout-vent length and mass), relative leg length, relative leg 41 

muscle volume, mass-specific peak jumping energy, and peak jumping velocity. We find 42 

that as previously reported, sexual size dimorphism scales isometrically between 43 

species and is independent of sexual dimorphism in jumping performance. Notably, 44 

however, we found significant trends in the evolutionary allometry of sexual dimorphism 45 

in relative limb length, and in two components of jumping performance. Additionally, we 46 

found greater rates of evolution for females versus males in relative limb length, but not 47 

jumping performance. We also observed that the allometric trends in limb length 48 

dimorphism were related to performance allometry. Sexual dimorphism in jumping 49 

performance increased in species with high performance while females in high 50 

performance species displayed increased relative limb length. Thus, we hypothesize 51 

that selection acting on functional performance explains allometric patterns of sexual 52 



dimorphism in morphology. We discuss biological implications of our findings in relation 53 

to natural and sexual selection. This study highlights the types of insights one may gain 54 

by studying the allometry of sexual dimorphism from a functional perspective to learn 55 

about both patterns and processes in evolution. 56 

 57 

Introduction 58 

Sexual dimorphism is a common feature in animals and is documented across a variety 59 

of groups. Instances of sexual dimorphism may include sexual differences in traits such 60 

as color (Bell and Zamudio 2012), ornamentation (Stuart–Fox and Ord 2004), body size 61 

(Cox et al. 2007), or even shape (Kaliontzopoulou et al. 2007). Some traits tend to be 62 

exaggerated in males, while others tend to be exaggerated in females (Berry and Shine 63 

1980; Emlen et al. 2005). Often, the evolution of sexual dimorphism is the result of 64 

differential selection pressures exerted on males and females, stemming from both 65 

natural and sexual selection. For example, male-male competition (Baeza and Asorey 66 

2012) and mate choice (Hunt et al. 2009) can each lead to the evolution of sexual 67 

dimorphism, by applying greater directional selection on traits in males as compared 68 

with females. Conversely, forces such as fecundity selection may exert a greater 69 

pressure on female size as compared with male size, resulting in female-biased sexual 70 

size dimorphism (Pincheira-Donoso and Hunt 2017). Indeed, numerous selection-based 71 

scenarios can lead to the evolution of sexual dimorphism (e.g., differences in mortality 72 

rate, selection pressures due to habitat use, etc.), provided that there exists differential 73 

selection between males and females of the same species (Anderson and Vitt 1990; 74 

Kaliontzopoulou et al. 2015).  75 



Microevolutionary studies of sexual dimorphism commonly focus on 76 

characterizing the extent of sexual dimorphism in particular taxa and elucidating the 77 

selective forces that may have generated sex-specific differences (Lovich and Gibbons 78 

1992; Fairbairn and Preziosi 1996; Blanckenhorn 2005). However, when comparisons 79 

among taxa are made, it is often observed that the degree of sexual dimorphism is not 80 

consistent, but rather varies across species and clades (Selander 1966; Berry and 81 

Shine 1980; Owens and Hartley 1998; Blanckenhorn et al. 2006; De Lisle and Rowe 82 

2013; Kaliontzopoulou et al. 2015). Sometimes, this diversity of sexual dimorphism may 83 

reflect variation in intraspecific allometry. This scenario posits that the intraspecific 84 

relationship between body size and sex-specific differences is reflective of trends across 85 

taxa in the degree of sexual dimorphism relative to a species’ body size; resulting in 86 

evolutionary allometry of the degree of sexual dimorphism across taxa (Reiss 1986; 87 

Bonduriansky 2007; De Lisle and Rowe 2013). Alternatively, differences in the intensity 88 

of natural or sexual selection among taxa may result in differing degrees of sexual 89 

dimorphism across species (Blanckenhorn et al. 2006; Kaliontzopoulou et al. 2015), 90 

which may also vary with a species’ body size and explain interspecific variation. Thus, 91 

an important macroevolutionary question is to identify the extent to which patterns of 92 

sexual dimorphism vary across taxa, and why allometric trends in the magnitude of 93 

sexual dimorphism are observed (e.g., Rensch 1960).  94 

To this end, numerous studies have investigated interspecific trends in sexual 95 

dimorphism. In some lineages, the magnitude of sexual dimorphism does not vary with 96 

overall species’ body size, suggesting that the degree of sexual dimorphism is isometric 97 

(Astúa 2010; Liao et al. 2013; Hirst and Kiørboe 2014; Nali et al. 2014; Johnson et al. 98 



2017; Portik et al. 2020). Such patterns may result when males and females respond 99 

similarly to selection, such that their phenotypic proportions scale evenly with respect to 100 

each other (isometry). In other cases, the magnitude of sexual dimorphism covaries 101 

systematically with overall body size, resulting in allometric trends at the interspecific 102 

level. Two patterns are possible. First, when male size varies more across taxa than 103 

does female size (Fairbairn 1997), the degree of sexual dimorphism changes 104 

allometrically with overall size. This hyperallometry of sexual dimorphism (Abouheif and 105 

Fairbairn 1997; Fairbairn 1997; also Rensch 1960) describes cases where the degree of 106 

male-biased sexual dimorphism increases with increasing body size across male-biased 107 

species, and where female-biased sexual dimorphism increases with decreasing body 108 

size in female-biased species (see Fig. 1). Examples of hyperallometry of sexual 109 

dimorphism are found in, for example, insects, birds, mammals, and turtles (Abouheif 110 

and Fairbairn 1997; Dale et al. 2007; Ceballos et al. 2013; Johnson et al. 2017). 111 

Alternatively, hypoallometry describes the opposite pattern (Burbrink and Futterman 112 

2019; Peñalver‐Alcázar et al. 2019); where variation in females is greater than in males, 113 

resulting in the allometry of sexual dimorphism that runs counter to hyperallometry (i.e., 114 

female-biased sexual dimorphism increases with increasing size, and male-biased 115 

sexual dimorphism increases with decreasing size: see Fig. 1). Many hypotheses have 116 

been proposed to explain the evolution of allometry of sexual dimorphism, including 117 

various types of sexual selection, differential natural selection (e.g., reproductive roles 118 

or resource utilization), and genetic correlations among the sexes (Colwell 2000; Dale et 119 

al. 2007; Serrano-Meneses et al. 2008; Cabrera et al. 2013).  120 



Correlational selection (Zeng 1988; Fairbairn 1997) is a quantitative genetic 121 

model that describes the evolution of allometry of sexual dimorphism, independent of 122 

genetic correlations among the sexes. Generally, this model predicts the evolution of 123 

interspecific allometry of sexual dimorphism following correlated male-female responses 124 

to selective pressures. Such a correlation implies that the optimal trait value in one sex 125 

is affected by the mean trait value in the other sex. Therefore, changes in one sex result 126 

in a correlated change in the other. The correlational selection model predicts 127 

hyperallometry as a result of diversifying selection on males with high trait values or 128 

females with low trait values. Conversely, the model predicts hypoallometry if 129 

diversifying selection acts on females with high trait values, or males with low trait 130 

values. Importantly, this model also predicts greater interspecific variance of one sex 131 

over the other. This is equivalent to diversifying selection acting on the trait variance 132 

generated through a higher rate of phenotypic evolution in one sex compared to the 133 

other. The evolution of sexual dimorphism arising from sexual differences in rates of 134 

phenotypic evolution have been identified empirically, as predicted from theory (see 135 

Lande 1980; Reeve and Fairbairn 2001; Ceballos et al. 2013; Cheng and Houle 2020).  136 

Much of the literature linking allometry and sexual dimorphism overwhelmingly 137 

documents patterns of sexual dimorphism in body size. However, natural and sexual 138 

selection may result in sexual dimorphism in traits other than body size. These include, 139 

for example, coloration, behavioral, physiological traits, or shape (Endler 1984; Price 140 

and Birch 1996; Adams et al. 2020; Logan et al. 2021). Importantly, behavioral or 141 

functional traits, such as climbing or jumping, which are typically characterized as 142 

measures of maximum or ‘peak’ performance, will respond directly to selection (Arnold 143 



1983). This is because in many situations, organismal performance is the substrate 144 

upon which selection acts (Arnold 1983). Unfortunately, although such performance 145 

traits serve a clear functional role in organismal survival, and frequently covary with 146 

body size, patterns of evolutionary allometry of sexual dimorphism in performance traits 147 

have generally been unexamined. This, then, provides the opportunity to understand 148 

how selection on both body size and functional behaviors have resulted in diverse 149 

patterns of sexual dimorphism. Investigating the relationship between allometry and 150 

sexual dimorphism in traits other than body size is crucial for unveiling how selection 151 

can produce diverse forms, some of which have evolved repeatedly across the animal 152 

tree of life. 153 

Anurans are one ideal system for studying the drivers of interspecific allometry of 154 

sexual dimorphism. Anuran amphibians comprise >7,000 species (AmphibiaWeb 2021) 155 

split between several major superfamilies with great morphological and ecological 156 

diversity. At a coarse level, two major groups of anurans include the Hyloidea and 157 

Ranoidea. The group Hyloidea is globally distributed and generally encompasses 158 

arboreal (though there are many exceptions) treefrogs with long legs. Included within 159 

Hyloidea are true toads of the family Bufonidae which are generally terrestrial, stout, 160 

and apt hoppers. Ranoid frogs generally include microhylid and ranid frogs which tend 161 

to have rounded bodies with short limbs and streamlined bodies with long muscular 162 

legs, respectively. Notably, Ranoidea includes some of the largest frogs in the world 163 

(e.g., Conraua). Anurans are comprised of many other superfamilies with relatively 164 

fewer species in each when compared to Hyloidea and Ranoidea. Included in these 165 

other group are species which have strong aquatic or terrestrial habits (e.g., Pipoidea 166 



and Pelobatoidea) or unique reproductive modes as seen in Midwife Toads and Tailed 167 

Frogs (Discoglossoidea and Leiopelmatoidea). Importantly, patterns of sexual size 168 

dimorphism, ecology, life history, and behavior are well documented in anurans. >90% 169 

of species exhibit sexual size dimorphism (De Lisle and Rowe 2013; Han and Fu 2013; 170 

Nali et al. 2014). Furthermore, fecundity selection has been linked to the evolution of 171 

sexual size dimorphism in some species (Han and Fu 2013) and this may be important 172 

in the evolution of interspecific allometry. Furthermore, the biomechanics of jumping 173 

performance is well-studied in this group, including recent advancements that allow the 174 

approximation of jumping performance from anatomical information (Juarez et al. 2020).  175 

In this study, we evaluate the evolution of jumping performance allometry in 176 

anurans. First, we revisit patterns of sexual size dimorphism, confirming isometric 177 

scaling between males and females across species. Next, we test whether patterns of 178 

sexual dimorphism in jumping simply covary with size and reflect patterns of sexual size 179 

dimorphism. Furthermore, we characterize patterns of sexual dimorphism in jumping-180 

related morphology and jumping performance using novel jumping approximation 181 

methods to characterize two aspects of peak jumping performance (velocity and 182 

energy) and examine interspecific allometric trends in each. Two alternative 183 

evolutionary hypotheses were evaluated: 1) jumping performance displays isometry, 184 

and 2) jumping performance displays allometry, potentially associated with increased 185 

evolutionary rates in one sex. We test the hypothesis that allometric patterns of sexual 186 

dimorphism are the result of diversifying selection linked to increased rates of evolution 187 

as predicted under the correlational selection model of interspecific allometry.  188 

 189 



Materials and Methods 190 

 191 

Data Collection 192 

We characterized evolutionary trends of the allometry of sexual dimorphism for several 193 

morphological and functional traits, including two measures of body size (snout-vent 194 

length and body mass), two morphological traits associated with jumping (limb muscle 195 

volume and limb length) and two functional performance estimates (mass-specific peak 196 

jumping energy and peak jumping velocity). Data analyzed here represented male and 197 

female mean values from 146 species obtained from 2,592 individual museum 198 

specimens (complete details of all measurement procedures are found in the Appendix). 199 

Anatomical approximations of peak jumping performance (velocity and energy) at take-200 

off were obtained using equations 1 and 3 of Juarez et al. (2020), based upon a series 201 

of anatomical measurements, as per below. To obtain these estimates, we measured 202 

body mass, snout-vent length, muscle volume, and limb length (Lcom) from each 203 

individual. Briefly, Lcom, the distance from the toes to the center of mass, was found as 204 

the summation of the sacral length and hindlimb length (Peplowski and Marsh 1997; 205 

Juarez et al. 2020), and limb muscle volume was obtained as the bilateral sum of the 206 

muscle volume of the fore and hind limbs: 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 2(23𝜋𝜋𝑟𝑟1𝑟𝑟2𝐻𝐻1 + 2
3𝜋𝜋𝑟𝑟3𝑟𝑟4𝐻𝐻2), where r1 207 

and r2 are the radii represented by half the muscle depth and width of the thigh, r3 and r4 208 

are half the muscle depth and width of the calf, and H1 and H2 are cone heights 209 

represented by half the femur and tibiofibula lengths, respectively (for additional details 210 

see Appendix).  211 



 From these measures, approximations of jumping velocity and jumping energy 212 

were then obtained (see Juarez et al. 2020). Specifically, the anatomical approximation 213 

for peak jumping velocity (vAppx.) was obtained as follows: 214 

𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴. = �2𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝑚𝑚

, (1) 215 

where Lcom is as above, FPCSA is muscle force, here estimated as the muscle volume 216 

(vmuscle), and m is body mass. Likewise, the anatomical approximation for peak jumping 217 

energy (EAppx.) was obtained as:  218 

𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴. = 𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. (2) 219 

Since several of these traits covary strongly with body size (Moen 2019; Juarez et al. 220 

2020), interpretations of sex-specific patterns are compromised. Thus, as is common in 221 

the field (e.g., Astley 2016), we size-standardized Lcom using snout-vent length, and 222 

muscle volume and jumping energy using body mass; the resulting relative muscle 223 

volume, relative Lcom, and mass-specific jumping energy were used in subsequent 224 

analyses. Finally, all traits were natural log transformed before estimating species 225 

means for each sex. All data may be found in Dryad (XXX upon manuscript 226 

acceptance). 227 

 228 

Data Analysis and Visualization 229 

To evaluate interspecific trends in sexual dimorphism, we used a series of phylogenetic 230 

comparative analyses. First, morphological and functional performance data were 231 

matched to a time-dated molecular phylogeny for anurans (Fig. 2; Feng et al. 2017). 232 

The phylogeny was pruned to match the dataset using the treedata function in the 233 



geiger package version 2.0.7 (Harmon et al. 2008) and plotted using the phytools 234 

package version 0.7-70 (Revell 2012). We estimated phylogenetic signal (Κ) for jumping 235 

performance and relevant morphological traits using the physignal function, with 10,000 236 

random permutations of the data to estimate significance level, in the geomorph 237 

package version 4.0.0.99 (Adams 2014; Adams et al. 2021). We tested whether sexual 238 

dimorphism of jumping performance covaries with sexual size dimorphism by regressing 239 

the natural log of jumping energy and velocity against the natural log of sexual size 240 

dimorphism. We estimated sexual size dimorphism using the appropriate measure of 241 

body size (Astley 2016): mass and snout-vent length for each of jumping energy and 242 

velocity, respectively. Next, interspecific patterns in the allometry of sexual dimorphism 243 

were evaluated for each trait by regressing natural log male values onto natural log 244 

female values (see Fig. 1). We incorporated phylogenetic covariance in these models 245 

through phylogenetic generalized least squares (PGLS), implemented using the gls 246 

function in the R package nlme version 3.1-152 (R Core Team 2020; Pinheiro et al. 247 

2021). Here, phylogenetic non-independence was estimated using a phylogenetic 248 

covariance matrix (Felsenstein 1985; Martins and Hansen 1997) obtained under 249 

Brownian motion, based on the phylogeny of Feng et al. (2017). Upon estimation of 250 

model parameters, we then used a slope test (t-test) to determine whether trends in 251 

sexual dimorphism differed from isometry (𝛽𝛽0 = 1.0). The test statistic in these models is 252 

𝑡𝑡 =  𝛽𝛽−𝛽𝛽0𝑆𝑆𝑆𝑆 , where 𝛽𝛽 is the estimated slope, 𝛽𝛽0 is the null hypothesis, and SE is the 253 

standard error of 𝛽𝛽. For tests where the null hypothesis is isometry, 𝛽𝛽0 = 1.0. 254 

 Statistical evaluation of allometric patterns involves phylogenetic regression and 255 

a slope test to determine if the true slope differs from 𝛽𝛽0 = 1 . There has been 256 



considerable discussion in the allometric literature as to whether model I or model II 257 

regression is more appropriate, in part because species values for both males and 258 

females are measured with error (see e.g., Wharton et al. 2006; Bonduriansky 2007; 259 

Ives et al. 2007; Hansen and Bartoszek 2012; Killmer and Rodríguez 2017; Adams et 260 

al. 2020). However, as pointed out by Kilmer and Rodríguez (2017), when 261 

measurement error variance is small in proportion to total variance, slope attenuation is 262 

limited, and slopes from model I regression are robust. Additionally, when biological 263 

variation and measurement error is present in interspecific data, slope estimates from 264 

model II regression are strongly biased (Hansen and Bartoszek 2012). For these 265 

reasons, we performed model I PGLS regression here, assigning the larger sex 266 

(females) as the independent variable (following Liao et al 2013 and Portik et al 2020). 267 

Additionally, we implemented phylogenetic regressions with intraspecific sampling error 268 

(see Appendix), to evaluate the robustness of our findings while incorporating 269 

intraspecific variation. Finally, we compared male and female rates of evolution for 270 

jumping performance (analyzed multivariately) and relevant morphological variables 271 

using the compare.multi.evol.rates function (see Adams 2013; Denton and Adams 272 

2015) in geomorph. We used 10,000 random permutations to evaluate significance. All 273 

analyses were accomplished in R version 4.0.3 (R Core Team 2020). All code 274 

associated with this manuscript may be found at https://github.com/bhjuarez/allometry-275 

dimorphism-jumping (upon manuscript acceptance). 276 

 277 

Results 278 

https://github.com/bhjuarez/allometry-dimorphism-jumping
https://github.com/bhjuarez/allometry-dimorphism-jumping


General trends of sexual dimorphism (the log ratio of males to females), for each trait 279 

are found in Fig. 3. Here the distribution of traits indicated female-biased dimorphism in 280 

most morphological traits: body size (snout-vent length: mean ± standard error = -0.14 ± 281 

0.01, median = -0.14), body mass (mean = -0.44 ± 0.04; median = -0.43), relative 282 

muscle volume (mean = -0.37 ± 0.05, median = -0.32), with the exception of relative 283 

Lcom (mean = 0.01 ± 0.00, median = 0.01). However, when functional performance traits 284 

were examined, both exhibited male-biased dimorphism in jumping performance; 285 

including mass-specific peak jumping energy (mean = 0.06 ± 0.01, median = 0.08) and 286 

peak jumping velocity (mean = 0.03 ± 0.01, median = 0.04). Additionally, we found that 287 

male and female morphological and performance traits all featured significant and 288 

similar levels of phylogenetic signal including body mass (Κ𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 0.32,𝑃𝑃 = 0.0002; 289 

Κ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0.35,𝑃𝑃 < 0.0001), snout-vent length (Κ𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 0.32,𝑃𝑃 = 0.0002; Κ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =290 

0.35,𝑃𝑃 < 0.0001), relative Lcom (Κ𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 0.33,𝑃𝑃 = 0.0003; Κ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0.40,𝑃𝑃 < 0.0001), 291 

relative muscle volume (Κ𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 0.34,𝑃𝑃 < 0.0001; Κ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0.35,𝑃𝑃 < 0.0001), and 292 

jumping performance (Κ𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 0.29,𝑃𝑃 = 0.0016; Κ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 0.34,𝑃𝑃 = 0.0003). Finally, we 293 

found that sexual size dimorphism is not significantly related to sexual dimorphism of 294 

jumping performance (mass-specific energy: F = 2.20, r2 = 0.02, df = 144, P = 0.1406; 295 

velocity: F = 0.02, r2 = 0.00, df = 144, P = 0.8896). 296 

When allometric trends were evaluated (Fig. 4), all traits displayed significant 297 

associations between male and female values: snout-vent length (F = 585.02, r2 = 0.80, 298 

df = 144, P < 0.0001), body mass (F = 556.52, r2 = 0.79, df = 144, P < 0.0001), relative 299 

muscle volume (F = 590.38, r2 = 0.80, df = 144, P < 0.0001), relative Lcom (F = 882.16, r2 300 

= 0.86, df = 144, P < 0.0001), mass-specific peak jumping energy (F = 497.18, r2 = 0.78, 301 



df = 144, P < 0.0001), and peak jumping velocity (F = 2531.75, r2 = 0.78, df = 144, P < 302 

0.0001). As with previous studies, evolutionary patterns of body size dimorphism were 303 

isometric, implying that the degree of sexual size dimorphism did not differ 304 

systematically with overall organismal size (snout-vent length: β = 0.96 (95% 305 

Confidence Interval = 0.88, 1.03), t = -1.09, P < 0.220; body mass: β = 0.95 (0.87, 1.03), 306 

t = -1.16, P < 0.203). Additionally, relative muscle volume exhibited isometry (muscle 307 

volume: β = 0.928 (0.85, 1.00), t = -1.88, P < 0.069). However, relative limb length 308 

displayed an allometric trend of sexual dimorphism with a slope of less than 1.0 (Lcom: β 309 

= 0.843 (0.79, 0.90), t = -5.51, P < 0.0001). Species that seem to be driving this pattern 310 

include the ranoid frogs Sylvirana guentheri and Strongylopus grayii, and the hyloid 311 

frogs Litoria caerulea and Pseudis paradoxa in which females tend to have an Lcom 7–312 

20% greater than males at a given body size. Likewise, both mass-specific jumping 313 

energy and jumping velocity displayed significant allometry, with slopes less than 1.0 314 

(energy: β = 0.87 (0.79, 0.94), t = -3.38, P < 0.002; velocity: β = 0.87 (0.79, 0.94), t = -315 

3.38, P < 0.001). Notable species include Astylosternus diadematus, Rana draytonii, 316 

and Heleophryne purcelli whose females exhibit velocity approximation values that are 317 

2–5% greater than males. Comparisons of these results with models incorporating 318 

intraspecific sampling error yielded identical interpretations and biological conclusions 319 

(see Appendix for detailed results). We determined through tests of evolutionary rate 320 

that female Lcom evolves faster than male Lcom (𝜎𝜎𝐹𝐹2 = 0.026, 𝜎𝜎𝑀𝑀2  = 0.022, P = 0.0032). 321 

However, we found that male and female jumping performance evolves at statistically 322 

similar rates between the sexes (𝜎𝜎𝐹𝐹2 = 0.142, 𝜎𝜎𝑀𝑀2  = 0.138, P = 0.7295).  323 

 324 



Discussion 325 

The evolutionary allometry of sexual dimorphism is important for understanding the 326 

ways in which patterns of sexual dimorphism are generated and maintained in different 327 

groups. However, the vast majority of studies on the allometry of sexual dimorphism 328 

focus on body size. In this study, we examined such interspecific trends in anurans, 329 

corroborating previous findings that anurans generally display female-biased size 330 

distributions (Shine 1979; Monnet and Cherry 2002; Silva et al. 2020). Our findings also 331 

provide the first evidence of allometry in the sexual dimorphism of jumping traits in 332 

anurans. We found support for the correlated selection model of evolutionary allometry 333 

of sexual dimorphism. These findings are inconsistent with a model of sexual 334 

dimorphism evolution which predicts allometry of sexual dimorphism simply through 335 

genetic correlations among the sexes. Histograms of sexual dimorphism in body size 336 

and key jumping-related traits showed clear dimorphic patterns consistent with the 337 

findings in this study. Here, we also corroborate previous findings of isometry of sexual 338 

dimorphism in body size (Liao et al. 2013; Nali et al. 2014; Portik et al. 2020). Likewise, 339 

we found the same isometric pattern of sexual dimorphism in leg muscle volume. 340 

However, we discovered a hypoallometric pattern of limb length (Lcom), mass-specific 341 

peak jumping energy, and peak jumping velocity, with significant differences in the rate 342 

of Lcom evolution between males and females. Lcom evolved faster in females relative to 343 

males. We rejected the hypothesis that patterns of sexual dimorphism in jumping 344 

performance simply reflect patterns of sexual size dimorphism.  345 

Anurans generally exhibit female-biased sexual size dimorphism (Nali et al. 346 

2014), and our finding of evolutionary isometry of sexual size dimorphism is consistent 347 



with an interpretation that although females tend to be larger, this pattern does not vary 348 

across the range of sizes among species. Thus, our findings are consistent with those 349 

of Nali et al. (2014) and Liao et al. (2013), who also found isometric patterns of size 350 

dimorphism in anurans. Other studies (Han and Fu 2013) have reported mixed results, 351 

with weak evidence of hyperallometry of sexual size dimorphism when some data are 352 

excluded, but isometry of body dimorphism when all species are included (Portik et al. 353 

2020). Thus, our results contribute to the growing body of evidence suggesting that 354 

sexual size dimorphism is generally consistent with isometry in anurans.  355 

By contrast, we found patterns of evolutionary allometry in Lcom and jumping 356 

performance (Fig. 4), suggesting that the degree of sexual dimorphism in jumping 357 

differs systematically across the range of Lcom and jumping ability. Furthermore, tests of 358 

evolutionary rate, under the expectation of the correlational selection model that the 359 

sexes differ in trait variance, reveal that diversifying selection on female Lcom drives the 360 

evolutionary allometry of Lcom and jumping performance. These patterns were 361 

significantly hypoallometric and suggested that males and females of species with 362 

generally longer legs (relative to other species) are under natural or sexual selection for 363 

possessing disproportionately longer legs. This may be the case if females are evolving 364 

longer legs to overcome increases in body size. Corroborating evidence for this 365 

hypothesis is manifested in the research showing that longer limbs lead to increased 366 

jumping performance (Peplowski and Marsh 1997; Juarez et al. 2020). Furthermore, the 367 

evolution of Lcom might also be related to the evolution of size and overcoming the 368 

biomechanical cost of carrying large egg masses, as fecundity selection has been 369 

linked to sexual size dimorphism in some species (Han and Fu 2013) and carrying large 370 



egg masses have been shown to decrease overall jumping performance in lizards (Kuo 371 

et al. 2011). Continuing the logic of the correlational selection model, species with low 372 

values of Lcom do not seem to be under selection for possessing shorter or longer limbs, 373 

relative to body size. Visually, this trend is not obvious from the allometry plots (Fig. 4), 374 

since there do not seem to be many species at higher trait values that are below the 1:1 375 

line of isometry. This is explained by the fact that these traits show significant 376 

phylogenetic signal, thus a plot of the logged data (versus interpretation of phylogenetic 377 

models) is insufficient for explaining evolutionary patterns under the correlational 378 

selection model. The hypoallometric pattern describing jumping performance also 379 

reveals that species with overall higher jumping performance are associated with 380 

females with greater performance than males, and the converse is true in species with 381 

overall lower jumping performance.  382 

Interestingly, we did not find differences in rate of evolution of jumping 383 

performance between the sexes and this pattern is inconsistent with diversifying 384 

selection driving the evolution of the allometry of sexual dimorphism under the 385 

correlational selection model. This results from the lack of greater interspecific variation 386 

in one sex over the other as determined through evolutionary rate analyses. Thus, 387 

another mechanism might be driving the evolution of allometry of sexual dimorphism of 388 

jumping. Alternatively, the correlated selection model assumes that diversifying 389 

selection acts only on one sex and not the other, leaving the other sex to evolve by 390 

indirect (correlated) selection alone (see Fairbairn 1997). It is unlikely that female 391 

jumping performance but not male jumping performance is under selection in nature 392 

given that jumping is a behavior with many uses including locomotion, escaping 393 



predation, and prey capture.  For example, males are known to face increased 394 

predation risks relative to females, especially while calling to attract mates, and this has 395 

been documented extensively (Ryan et al. 1982; Rand 1985; Bastos and Haddad 396 

1997). Male jumping performance would be under especially strong selection if calling 397 

was energetically costly, resulting in a net metabolic cost to the calling animal as found 398 

in male anurans (Taigen and Wells 1985; Prestwich 1994). Increased jumping 399 

performance in this case would limit costs associated with predator evasion. Thus, it 400 

should be expected that jumping performance is under the influence of several distinct 401 

selective forces (which might vary between species), resulting in a ‘many-to-one’ 402 

mapping of selective forces to fitness (sensu Wainwright et al. 2005) that shape its 403 

evolution. Future research should aim to develop an understanding of selective 404 

pressures on male jumping performance at the interspecific level, and an understanding 405 

of the role of life history or ecological traits (e.g., reproductive traits, microhabitats) in 406 

the evolution of sexual dimorphism. 407 

Our findings are consistent with the hypothesis that selection acting on functional 408 

performance influences patterns of morphological evolution. This, in turn, would suggest 409 

that jumping behavior evolved prior to morphological specializations for increased 410 

jumping performance. Many authors have stressed the importance of behavior as a 411 

“pacemaker” in evolution (Mayr 1963; Grant 1963), where behavior partly determines 412 

the tempo of evolution by allowing organisms to overcome challenging situations or 413 

environments and potentially facilitating speciation. Specifically, the alternative 414 

adaptation hypothesis (West-Eberhard 1986, 1989) describes how plastic behaviors 415 

(such as jumping) may precede morphological specialization through the facultative use 416 



and possible fixation of the focal behavior, followed by sympatric speciation and 417 

morphological changes (e.g., longer legs or larger muscles) specifically matched to the 418 

environment that elicits the behavior. In this study, we found evidence of selection for 419 

increased jumping performance on weak jumpers. Such a pattern would in fact be 420 

consistent with the alternative adaptation hypothesis (sensu West-Eberhard 1986), if 421 

early-diverging anurans were poor jumpers with morphological specialization for high 422 

jumping performance evolving later, if high-performance jumps evolved rapidly after the 423 

initial evolution of jumping in anurans (indicating an increase in the evolutionary rate; 424 

West-Eberhard 1986), and if high-performance jumping evolved convergently many 425 

times (indicating many instances of morphological specialization for increased 426 

performance). These predictions are supported by the findings of Reilly and Jorgensen 427 

(2010) where: 1) pelvic morphology typical of early-diverging anurans implies that they 428 

were not great jumpers, and 2) that morphology associated with high performance (long 429 

distance) jumping evolved convergently multiple times. However, their findings do not 430 

support the prediction that high-performance jumps evolved early in the history of anura 431 

(at least relative to extant species). Wcislo (1989) describes behavior as allowing 432 

organisms to effectively “modify” their environment and as being important in promoting 433 

divergence in relation to sexual behaviors, feeding behaviors, and habitat selection. 434 

Thus, jumping performance may be important in each of these and may potentially link 435 

patterns of allometry of sexual dimorphism with patterns of speciation.  436 

Interpreting the precise mechanism of allometric patterns of sexual dimorphism in 437 

traits other than body size may be difficult since most of the proposed mechanisms rely 438 

on body size being the focal trait (Fairbairn 1997). However, we use patterns of sexual 439 



dimorphism to propose a clear mechanism for the evolution of allometry of sexual 440 

dimorphism in jumping performance. This study shows that future research on the 441 

evolutionary allometry of sexual dimorphism in traits other than body size would benefit 442 

from using a functional approach to understand which traits, and their dimorphism, 443 

might be relevant in a particular study system. Using a functional approach would allow 444 

researchers to more accurately identify which traits selection is targeting, particularly 445 

when studying complex functional systems. Lastly, this study underscores the diverse 446 

insights gained from, and importance, of studying the evolutionary allometry of sexual 447 

dimorphism in traits other than body size.  448 

 449 

Declarations: Not applicable. 450 

 451 

Funding: This work was supported by a National Science Foundation Graduate 452 

Research Fellowship (to BHJ), National Science Foundation Grant DBI-1902511 (to 453 

DCA), and a California Academy of Natural Sciences Michele L. Aldrich Collections 454 

Research Grant (to BHJ). 455 

 456 

Conflicts of interest/Competing interests: Not applicable. 457 

 458 

Ethics approval: Not applicable. 459 

 460 

Consent to participate: 461 

 462 



Consent for publication: All authors consent to publication of this study. 463 

 464 

Availability of data and material (data transparency): All data may be found in 465 

DRYAD (upon manuscript acceptance). 466 

 467 

Code availability (software application or custom code): All code associated with 468 

this manuscript may be found at https://github.com/bhjuarez/allometry-dimorphism-469 

jumping (upon manuscript acceptance). 470 

 471 

Authors’ contributions: All authors contributed to the study conception and design. 472 

Material preparation, data collection, and analyses were performed by Bryan H. Juarez. 473 

The first draft of the manuscript was written by Bryan H. Juarez and all authors 474 

commented on previous versions of the manuscript. All authors read and approved the 475 

final manuscript.  476 

https://github.com/bhjuarez/allometry-dimorphism-jumping
https://github.com/bhjuarez/allometry-dimorphism-jumping


References 477 

Abouheif E, Fairbairn DJ (1997) A comparative analysis of allometry for sexual size 478 

dimorphism: Assessing Rensch’s rule. Am Nat 149:540–562. 479 

Adams DC (2014) A generalized K statistic for estimating phylogenetic signal from 480 

shape and other high-dimensional multivariate data. Syst Biol 63:685–697. 481 

Adams DC, Glynne E, Kaliontzopoulou A (2020) Interspecific allometry for sexual shape 482 

dimorphism: Macroevolution of multivariate sexual phenotypes with application to 483 

Rensch’s rule. Evolution 74:1908–1922. 484 

Adams DC, Collyer ML, Kaliontzopoulou A, et al. (2021) Geomorph: Software for 485 

geometric morphometric analyses. R package version 4.0.0.99. https://cran.r-486 

project.org/package=geomorph. 487 

AmphibiaWeb (2021) <https://amphibiaweb.org> University of California, Berkeley, CA, 488 

USA. Accessed 11 Jul 2021. 489 

Anderson RA., Vitt LJ (1990) Sexual selection versus alternative causes of sexual 490 

dimorphism in teiid lizards. Oecologia 84:145–157. 491 

Arnold SJ (1983) Morphology, performance and fitness. Am Zool 23:347–361. 492 

Astley HC (2016) The diversity and evolution of locomotor muscle properties in anurans. 493 

J Exp Biol 219:3163–3173. 494 

Astúa D (2010) Cranial sexual dimorphism in New World marsupials and a test of 495 

Rensch’s rule in Didelphidae. J Mammal 91:1011–1024. 496 

Baeza JA, Asorey CM (2012) Testing the role of male–male competition in the evolution 497 

of sexual dimorphism: A comparison between two species of porcelain crabs. 498 

Biol J Linn Soc Lond 105:548–558. 499 



Baken EK, Adams DC (2019) Macroevolution of arboreality in salamanders. Ecol Evol 500 

9:7005–7016. 501 

Bastos RP, Haddad CFB (1997) Predation on the toad Bufo crucifer during reproduction 502 

(Anura: Bufonidae). Amphib-reptil 18:295–298. 503 

Bell RC, Zamudio KR (2012) Sexual dichromatism in frogs: Natural selection, sexual 504 

selection and unexpected diversity. Proc Biol Sci 279:4687–4693. 505 

Berry JF, Shine R (1980) Sexual size dimorphism and sexual selection in turtles (order 506 

testudines). Oecologia 44:185–191. 507 

Blanckenhorn WU (2005) Behavioral causes and consequences of sexual size 508 

dimorphism. Ethology 111:977–1016. 509 

Blanckenhorn WU, Stillwell RC, Young KA, et al. (2006) When Rensch meets 510 

Bergmann: Does sexual size dimorphism change systematically with latitude? 511 

Evolution 60:2004–2011. 512 

Bonduriansky R (2007) Sexual selection and allometry: A critical reappraisal of the 513 

evidence and ideas. Evolution 61:838–849. 514 

Burbrink FT, Futterman I (2019) Female-biased gape and body-size dimorphism in the 515 

New World watersnakes (tribe: Thamnophiini) oppose predictions from Rensch’s 516 

rule. Ecol Evol 9:9624–9633. 517 

Cabrera MP, Scrocchi GJ, Cruz FB (2013) Sexual size dimorphism and allometry in 518 

Liolaemus of the L. laurenti group (Sauria: Liolaemidae): Morphologic lability in a 519 

clade of lizards with different reproductive modes. Zool Anz 252:299–306. 520 



Ceballos CP, Adams DC, Iverson JB, et al. (2013) Phylogenetic patterns of sexual size 521 

dimorphism in turtles and their implications for Rensch’s rule. Evol Biol 40:194–522 

208. 523 

Cheng C, Houle D (2020) Predicting multivariate responses of sexual size dimorphism 524 

to direct and indirect selection. Am Nat 196:391–405. 525 

Colwell RK (2000) Rensch’s rule crosses the line: Convergent allometry of sexual size 526 

dimorphism in hummingbirds and flower mites. Am Nat 156:495–510. 527 

Cox RM, Butler MA, John-Alder HB (2007) The evolution of sexual size dimorphism in 528 

reptiles. In: Fairbairn DJ, Blanckenhorn, WU, and Székely T (eds) Sex, Size and 529 

Gender Roles: Evolutionary Studies of Sexual Size Dimorphism. Oxford 530 

University Press, New York, pp 38–49. 531 

Dale J, Dunn PO, Figuerola J, et al. (2007) Sexual selection explains Rensch’s rule of 532 

allometry for sexual size dimorphism. Proc Biol Sci 274:2971–2979. 533 

De Lisle SP, Rowe L (2013) Correlated evolution of allometry and sexual dimorphism 534 

across higher taxa. Am Nat 182:630–639. 535 

Denton JSS, Adams DC (2015) A new phylogenetic test for comparing multiple high-536 

dimensional evolutionary rates suggests interplay of evolutionary rates and 537 

modularity in lanternfishes (Myctophiformes; Myctophidae). Evolution 69:2425–538 

2440. 539 

Emlen DJ, Hunt J, Simmons LW (2005) Evolution of sexual dimorphism and male 540 

dimorphism in the expression of beetle horns: Phylogenetic evidence for 541 

modularity, evolutionary lability, and constraint. Am Nat 166 Suppl 4:S42–68. 542 



Endler JA (1984) Natural and sexual selection on color patterns in poeciliid fishes. In: 543 

Zaret TM (ed) Evolutionary ecology of neotropical freshwater fishes, 1st edn. 544 

Springer, Dordrecht, pp 95–111. 545 

Fairbairn DJ (1997) Allometry for sexual size dimorphism: Pattern and process in the 546 

coevolution of body size in males and females. Annu Rev Ecol Syst 28:659–687. 547 

Fairbairn DJ, Preziosi RF (1996) Sexual selection and the evolution of sexual size 548 

dimorphism in the water strider, Aquarius remigis. Evolution 50:1549–1559 549 

Felsenstein J (1985) Phylogenies and the comparative method. Am Nat 125:1–15. 550 

Feng YJ, Blackburn DC, Liang D, et al. (2017) Phylogenomics reveals rapid, 551 

simultaneous diversification of three major clades of Gondwanan frogs at the 552 

Cretaceous-Paleogene boundary. Proc Natl Acad Sci USA 114:E5864–E5870. 553 

Grant V (1963) The origin of adaptations. Columbia University Press, New York. 554 

Han X, Fu J (2013) Does life history shape sexual size dimorphism in anurans? A 555 

comparative analysis. BMC Evol Biol 13:1–11. 556 

Hansen TF, Bartoszek K (2012) Interpreting the evolutionary regression: the interplay 557 

between observational and biological errors in phylogenetic comparative studies. 558 

Syst Biol 61:413–425. 559 

Harmon LJ, Weir JT, Brock CD, et al. (2008) GEIGER: Investigating evolutionary 560 

radiations. Bioinformatics 24:129–131. 561 

Hirst AG, Kiørboe T (2014) Macroevolutionary patterns of sexual size dimorphism in 562 

copepods. Proc Biol Sci 281:20140739. 563 



Hunt J, Breuker CJ, Sadowski JA, et al. (2009) Male-male competition, female mate 564 

choice and their interaction: Determining total sexual selection. J Evol Biol 565 

22:13–26. 566 

Ives AR, Midford PE, Garland T Jr (2007) Within-species variation and measurement 567 

error in phylogenetic comparative methods. Syst Biol 56:252–270. 568 

Johnson PJ, Noonan MJ, Kitchener AC, et al. (2017) Rensching cats and dogs: Feeding 569 

ecology and fecundity trends explain variation in the allometry of sexual size 570 

dimorphism. R Soc Open Sci 4:170453. 571 

Juarez BH, Moen DS, Adams DC (2020) A morphological method to approximate 572 

jumping performance in anurans for macroevolutionary studies. Evol Biol 573 

47:260–271.  574 

Kaliontzopoulou A, Carretero MA, Adams DC (2015) Ecomorphological variation in male 575 

and female wall lizards and the macroevolution of sexual dimorphism in relation 576 

to habitat use. J Evol Biol 28:1–15. 577 

Kaliontzopoulou A, Carretero MA, Llorente GA (2007) Multivariate and geometric 578 

morphometrics in the analysis of sexual dimorphism variation in Podarcis lizards. 579 

J Morphol 268:152–165. 580 

Kilmer JT, Rodríguez RL (2017) Ordinary least squares regression is indicated for 581 

studies of allometry. J Evol Biol 30:4–12. 582 

Kuo C-Y, Gillis GB, Irschick DJ (2011) Loading effects on jump performance in green 583 

anole lizards, Anolis carolinensis. J Exp Biol 214:2073–2079. 584 

Land R (1980) Sexual dimorphism, sexual selection, and adaptation in polygenic 585 

characters. Evolution 34:292–305. 586 



Liao WB, Zeng Y, Zhou CQ, et al. (2013) Sexual size dimorphism in anurans fails to 587 

obey Rensch’s rule. Front Zool 10:1–7. 588 

Logan ML, Neel LK, Nicholson DJ, et al. (2021) Sex-specific microhabitat use is 589 

associated with sex-biased thermal physiology in Anolis lizards. J Exp Biol 590 

224:jeb235697. 591 

Lovich JE, Gibbons JW (1992) A review of techniques for quantifying sexual size 592 

dimorphism. Growth Dev Aging 56:269–281. 593 

Martins EP, Hansen TF (1997) Phylogenies and the comparative method: A general 594 

approach to incorporating phylogenetic Information into the analysis of 595 

interspecific data. Am Nat 149:646–667. 596 

Mayr E (1963) Animal species and evolution. Harvard University Press, Cambridge.  597 

Moen DS (2019) What determines the distinct morphology of species with a particular 598 

ecology? The roles of many-to-one mapping and trade-offs in the evolution of 599 

frog ecomorphology and performance. Am Nat 194:E81–E95. 600 

Monnet JM, Cherry MI (2002) Sexual size dimorphism in anurans. Proc Biol Sci 601 

269:2301–2307. 602 

Nali RC, Zamudio KR, Haddad CFB, et al. (2014) Size-dependent selective 603 

mechanisms on males and females and the evolution of sexual size dimorphism 604 

in frogs. Am Nat 184:727–740. 605 

Owens IPF, Hartley IR (1998) Sexual dimorphism in birds: Why are there so many 606 

different forms of dimorphism? Proc Royal Soc B 265:397–407. 607 



Peñalver‐Alcázar M, Galán P, Aragón P (2019) Assessing Rensch’s rule in a newt: 608 

Roles of primary productivity and conspecific density in interpopulation variation 609 

of sexual size dimorphism. J Biogeogr 46:2558–2569. 610 

Peplowski MM, Marsh RL (1997) Work and power output in the hindlimb muscles of 611 

Cuban tree frogs Osteopilus septentrionalis during jumping. J Exp Biol 612 

200:2861–2870. 613 

Pincheira-Donoso D, Hunt J (2017) Fecundity selection theory: Concepts and evidence. 614 

Biol Rev Camb Philos Soc 92:341–356. 615 

Pinheiro J, Bates D, DebRoy S, et al. (2021) nlme: Linear and nonlinear mixed effects 616 

models. R package version 3.1-152, <URL: https://CRAN.R-617 

project.org/package=nlme>. 618 

Price T, Birch GL (1996) Repeated evolution of sexual color dimorphism in passerine 619 

birds. Auk 113:842–848. 620 

Portik DM, Blackburn DC, McGuire JA (2020) Macroevolutionary patterns of sexual size 621 

dimorphism among African tree frogs (Family: Hyperoliidae). J Hered 111:379–622 

391. 623 

Prestwich KN (1994) The energetics of acoustic signaling in anurans and insects. Integr 624 

Comp Biol 34:625–643. 625 

R Core Team (2020) R: A language and environment for statistical computing. R 626 

Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-627 

project.org/ 628 

Rand AS (1985) Tradeoffs in the evolution of frog calls. Proc Anim Sci 94:623–637. 629 

https://cran.r-project.org/package=nlme
https://cran.r-project.org/package=nlme
https://www.r-project.org/
https://www.r-project.org/


Reeve JP, Fairbairn DJ (2001) Predicting the evolution of sexual size dimorphism. J 630 

Evol Biol 14:244–254. 631 

Reilly SM, Jorgensen ME (2010) The evolution of jumping in frogs: Morphological 632 

evidence for the basal anuran locomotor condition and the radiation of locomotor 633 

systems in crown group anurans. J Morph 272:149–168. 634 

Reiss MJ (1986) Sexual dimorphism in body size: Are larger species more dimorphic? J 635 

Theor Biol 121:163–172. 636 

Rensch B (1960) Evolution above the species level. Columbia University Press, New 637 

York. 638 

Revell LJ (2012) phytools: An R packagefor phylogenetic comparative biology (and 639 

other things). Methods Ecol Evol 3:217-223. 640 

Ryan MJ, Tuttle MD, Rand AS (1982) Bat predation and sexual advertisement in a 641 

neotropical anuran. Am Nat 119:136–139. 642 

Selander RK (1966) Sexual dimorphism and differential niche utilization in birds. Condor 643 

68:113–151. 644 

Serrano-Meneses MA, Córdoba-Aguilar A, Azpilicueta-Amorín M, et al. (2008) Sexual 645 

selection, sexual size dimorphism and Rensch’s rule in Odonata. J Evol Biol 646 

21:1259–1273 647 

Shine R (1979) Sexual selection and sexual dimorphism in the Amphibia. Copeia 648 

1979:297–306. 649 

Silva NR, Berneck BVM, da Silva HR, et al. (2020) Egg-laying site, fecundity and 650 

degree of sexual size dimorphism in frogs. Biol J Linn Soc Lond 131:600–610. 651 



Stuart-Fox, DM, Ord TJ (2004) Sexual selection, natural selection and the evolution of 652 

dimorphic coloration and ornamentation in agamid lizards. Proc Royal Soc B 653 

271:2249–2255. 654 

Taigen TL, Wells KD (1985) Energetics of vocalization by an anuran amphibian (Hyla 655 

versicolor). J Comp Physiol B 155:163–170. 656 

Wainwright PC, Alfaro ME, Bolnick DI, et al. (2005) Many-ton-one mapping of form to 657 

function: A general principle of organismal design? Integr Comp Biol 45:256–262. 658 

Wcislo WT (1989) Behavioral environments and evolutionary change. Annu Rev Ecol 659 

Syst 20:137–169. 660 

West-Eberhard MJ (1986) Alternative adaptations, speciation, and phylogeny (a 661 

review). Proc Natl Acad Sci USA 83: 1388-1392. 662 

West-Eberhard MJ (1989). Phenotypic plasticity and the origins of diversity. Annu Rev 663 

Ecol Syst 20:249–278. 664 

Wharton DI, Wright IJ, Falster DS, et al. (2006) Bivariate line-fitting methods for 665 

allometry. Biol 81:259–291. 666 

Zeng Z-B (1988) Long-term correlated response, interpopulation covariation, and 667 

interspecific allometry. Evolution 42:363–374.  668 



Figure Legend 669 

 670 

Figure 1. Possible interspecific allometry relationships between male and female sizes 671 

across species. Figure sensu: Abouheif and Fairbairn 1997. Isometry is represented as 672 

the 1:1 line. In this construction, hyperallometry (β > 1.0) describes scenarios where 673 

male-biased sexual dimorphism increases with increasing body size, while female-674 

biased sexual dimorphism increases with decreasing body size. Hypoallometry (β > 1.0) 675 

describes the converse relationship.  676 

 677 

Figure 2. Phylogeny of the 146 anuran species included in this study. Tree pruned from 678 

Feng et al. (2017). Myobatrachidae and Heleophrynidae are not assigned to a 679 

superfamily. Images taken from PhyloPic. Images used under a Public Domain 680 

Dedication 1.0 license. The tailed frog image is used with credit to Sarah Werning under 681 

a Creative Commons Attribution 3.0 Unported license; 682 

https://creativecommons.org/licenses/by/3.0/. 683 

 684 

Figure 3. Sexual dimorphism of morphology and jumping performance in 146 species of 685 

anurans. Red vertical lines denote the 95% Confidence Interval of the mean. Log ratios 686 

representing sexual dimorphism are unitless. Black vertical line denotes a ratio of 0 687 

indicating lack of dimorphism. A. SVL is snout-vent length (mean ± standard error = -688 

0.14 ± 0.01, median = -0.14). B. Mass is body mass (mean = -0.44 ± 0.04; median = -689 

0.43). C. Muscle volume reflects bilateral limb muscle volume (mean = -0.37 ± 0.05, 690 

median = -0.32). D. Lcom is the distance from the tip of the toes to the center of mass 691 



(see text; mean = 0.01 ± 0.00, median = 0.01). E. Peak jumping energy estimated using 692 

anatomical approximation (mean = 0.06 ± 0.01, median = 0.08). F. Peak jumping 693 

velocity estimated using anatomical approximation (mean = 0.03 ± 0.01, median = 694 

0.04). 695 

 696 

Figure 4. Evolutionary allometry of sexual dimorphism in 146 species of anurans. Logs 697 

are natural logs. Solid black lines are phylogenetic least squares regression lines. 698 

Dashed red line is 1:1 line. A. Isometry of snout-vent length (SVL) in anurans (y = 699 

0.957x -0.252). B. Isometry of body mass in anurans (y = 0.953x - 0.514). C. Isometry of 700 

relative muscle volume (y = 0.928x - 1.183). D. Hypoallometry of relative Lcom (y = 701 

0.843x + 0.131). E. Hypoallometry of mass-specific peak jumping energy (y = 0.861x - 702 

0.868). F. Hypoallometry of peak jumping velocity (y = 0.866x - 0.388). Slope of 703 

regressions are not significantly different from one in A, B, C, but are significantly less 704 

than one in D, E, and F. 95% Confidence Intervals of the slope methods to approximate 705 

jumping performance are given in the main text.  706 


