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1 | INTRODUCTION ecological morphology (Wainwright & Reilly, 1994), which stresses

the importance of the environment in studies of organismal form
Arnold's (1983) ecomorphological paradigm describes the relation- and function. For example, ecomorphological approaches have
ships among morphology, performance, and fitness. In evolutionary been used to decipher how the environment relates to the evolu-
biology, these three factors are often studied through the lens of tion of morphology, performance, and lineage diversification (e.g.,
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Blackburn et al., 2013; Collar et al., 2010; Goodman et al., 2008).
Different selective forces may affect ecological morphology, in-
cluding natural and sexual selection (Lailvaux & Irschick, 2006).
Furthermore, sexual selection may play a key role in diversifica-
tion through its effect on functional morphology in the context of
habitat use (Butler et al., 2000; Cox et al., 2007; Kaliontzopoulou
etal., 2010, 2015).

A prevalent feature of animals is sexual dimorphism (SD), wherein
sexes exhibit extravagant differences in colour (Endler, 1984), or-
namentation (Whiting et al., 2015), shape (Adams et al., 2020), and
other phenotypic attributes. Of particular interest in the ecomor-
phological paradigm is body size, which is known to correlate with
a wide variety of other traits, including functional morphological
traits and performance. Males and females under distinct evolution-
ary pressures may evolve sexual size dimorphism (SSD), which can
result in SD of functional performance (e.g., Huey & Hertz, 1982;
Losos, 1990; Samejima & Tsubaki, 2010; Simon et al., 2022).
However, since performance does not depend on size alone, SD of
performance may be independent of dimorphism in size. If true, an
underlying morphological component of performance other than
body size would be expected to display SD. Thus, understanding the
evolution of performance, size and related morphological traits in
each sex is key to understanding the ways through which SD might
arise (Kaliontzopoulou et al., 2015).

Theory predicts that SD evolves through three general mecha-
nisms. First, SD may evolve due to anisogamy, where the sexes ex-
hibit different energetic investments in reproduction (Connallon &
Hall, 2018; Olsson et al., 2007). Such sex-specific differences are
sometimes related to environmental differences through trade-offs
between growth and reproduction (Cox et al., 2007; Garcia-Navas
etal., 2016; Shine, 2005). Second, SD may also evolve through differ-
ences in how each sex interacts with its environment (Lande, 1980;
Shine, 1989; Slatkin, 1984). Empirical evidence suggests that sex-
specific ecological demands resulting in SD are common (Bonnet
et al,, 2001; Butler et al., 2007; Butler & Losos, 2002; da Silva
et al., 2014; Simon et al., 2022; Temeles et al., 2010). Additionally,
De Lisle and Rowe (2017) found that the degree of separation in sex-
specific ecological demands may differ by habitat use, as indicated
by increased SD of gape size and other traits in salamander species
that were more aquatic than others. Third, SD may evolve through
resource competition between the sexes (De Lisle, 2019). While all
three of these mechanisms include (to varying extents) sex-based
differences in environments or resource use, less well-understood
is how SD in body size and other traits is related to the evolution of
ecological morphology across vertebrate groups.

Anurans (frogs and toads) are a diverse group of >7400 species
(Amphibia Web, 2022). They inhabit a wide variety of environments
and make an excellent study system to investigate the relationships
between SD, ecological morphology, and locomotor performance
(especially jumping; Gans & Parsons, 1966; Jenkins Jr & Shubin, 1998;
Juarez et al., 2020; Mendoza et al., 2020; Moen, 2019). Jumping per-
formance is essential for obtaining prey items or escaping from pred-
ators (Emerson, 1978; Gomes et al., 2002; Zug, 1972). Furthermore,

over 90% of anuran species have SSD (De Lisle & Rowe, 2013; Han
& Fu, 2013; Nali et al., 2014). For example, Strabomantis sulcatus
from Ecuador displays one of the greatest degrees of SSD, where
males (28 mm) are about half as large as females (51 mm; Frenkel &
Guayasamin, 2022). Notably, size-dependent selection associated
with fecundity (egg size and clutch size) drives SSD evolution in
frogs (Han & Fu, 2013; Nali et al., 2014). Larger female body sizes
are generally associated with larger clutches and eggs, though the
latter relationship is weaker than the former (Furness et al., 2022;
Gomez-Mestre et al., 2012). Moreover, Silva et al. (2020) reported
an association between fecundity and oviposition site (aquatic vs.
arboreal), suggesting effects of microhabitats on SSD. Finally, a rich
literature describes the relationship between morphology, jumping
performance, and microhabitat use in male anurans (Astley, 2016;
Citadini et al., 2018; Gomes et al., 2009; Mendoza et al., 2020;
Moen, 2019; Moen et al.,, 2013; Rebelo & Measey, 2019; Vidal-
Garcia & Keogh, 2015). Thus, anurans offer a great opportunity to
determine how SD of jumping performance, size, and relevant func-
tional traits (e.g., leg length and muscle mass) have evolved in an
ecological context.

To date, most comparative studies on anurans have focused on
males (e.g., Moen et al., 2016), given their higher availability in the
field (i.e., males call for reproduction) and thus in museum collec-
tions. Performance data for females and performance-associated
measures of SD are thus lacking at a broad macroevolutionary scale.
Nonetheless, sexual differences in jumping performance may exist
due to two non-mutually exclusive reasons. First, fecundity selec-
tion due to anisogamy may result in a larger female body size (i.e.,
related to clutch mass). In frogs, SSD is driven by fecundity selection
associated with larger females (Han & Fu, 2013; Nali et al., 2014).
Female jumping performance may be reduced if females increase
in body mass (e.g., due to increased clutch mass) without changing
another aspect of their anatomy (e.g., leg muscle mass or leg length)
to compensate (i.e., a trade-off; Jagnandan & Higham, 2018; Kuo
et al., 2011; Marsh, 1994; Moen et al., 2013). For example, Juarez
and Adams (2021) found that females have evolved longer legs at
a given body length, possibly to compensate for decreased jump-
ing performance associated with heavier bodies for carrying eggs.
Thus, in species that compensate for fecundity-related decreases in
jumping performance, we can expect (1) females to be larger than
males (female-biased SSD), (2) no SD of jumping performance, and
(3) a correlation between SSD and SD of jumping-related morphol-
ogy. Alternatively, if females do not compensate for reduced jump-
ing performance associated with heavier clutches, we may expect
(1) female-biased SSD, (2) male-biased SD of jumping performance,
and (3) no correlation between SSD and SD of jumping-related
morphology.

Second, natural selection on reproductive traits may lead to SD of
jumping performance that varies in degree or occurrence across partic-
ular microhabitats. This variation may occur if selection has resulted in
greater male or female body sizes in some microhabitats but not in oth-
ers, which could be related to reproductive traits, such as in species with
aquatic lifestyles and relatively larger clutches compared to arboreal
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species (Wells, 2007). Other reproductive traits that could lead to dif-
ferences in SSD between microhabitats include egg-laying site or the
presence of parental care. Laying clutches out of the water and parental
care are associated with larger eggs and smaller clutch sizes (Furness
et al., 2022; Gomez-Mestre et al., 2012) and such reproductive strat-
egies are most common in arboreal and terrestrial species (e.g., dend-
robatids, hylids or leptodactylids; Wells, 2007). Additionally, a greater
degree of SD of jumping performance might occur in species associ-
ated with water. Species with aquatic lifestyles include those living in
aquatic, semi-aquatic, and torrential microhabitats. Since females with
aquatic lifestyles are associated with heavy egg clutches, this may sub-
stantially weigh them down during jumping, resulting in lower jumping
performance. Therefore, ecology and egg mass may be related to SD of
jumping performance. Given the various ways in which microhabitat is
related to SSD, leg length and leg muscle mass, one unresolved question
is whether microhabitat has a similar role in driving sexual differences in
jumping performance and related morphological traits in anurans.

In this study, we aim to identify the evolutionary factors that
drive SD in anurans. As we described above, factors such as fecun-
dity selection, natural selection, and associations with microhabitats
may each lead to distinct patterns of sexual differences in jumping
performance and jumping-related morphology. We consider two
aspects of jumping performance: peak velocity and peak energy.
These traits are evolutionarily important because jumping velocity
is related to jumping distance (Marsh, 1994), which helps anurans
escape predation (Emerson, 1978; James et al., 2007). Moreover,
energy used during jumping may yield net metabolic costs limiting
the proportion of energy available for reproduction (e.g., calling in
males and egg production in females). Specifically, we (1) test for
SD in body size, jumping-related morphology and estimated jumping
performance, (2) test for correlations between SD in body size (SSD),
jumping-related morphology and estimated jumping performance
(sexual jumping dimorphism or SJD), (3) test whether SJD differs
based on microhabitat use and (4) determine how intrasexual vari-
ation in jumping performance, morphology and microhabitat might
explain the observed variation in SJD.

2 | MATERIALS AND METHODS
2.1 | Data collection

We gathered data from 3738 individual museum specimens and ana-
lysed data for 3444 individuals representing 146 species, including
43 of 54 families of anurans. See Appendix S1 for further details of
specimens included in this study and Supporting Information 2 for
specimen references and catalogue numbers. We based our sampling
oninclusionin arecent phylogenetic study of all 54 frog families (Feng
et al., 2017). We obtained museum specimens across collections in
the United States (see Acknowledgements), choosing collections that
had large samples of males and females for our sampled species.

We estimated jumping performance via anatomy-based approxi-
mations of peak velocity and energy at take-off, as described in detail
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by Juarez et al. (2020) and Juarez and Adams (2021). Briefly, these
methods use body mass, leg muscle volume and L___ (0.67 times the

distance from the sacral joint to the tip of the toes; Peplowski &

com

Marsh, 1997) to approximate peak jumping performance. Total mus-
cle volumes (the sum of thigh and calf muscle volume) were esti-
mated using the geometric equation for the volume of a bicone, as
described in Juarez and Adams (2021). See Appendix S2 for a com-
parison of using leg muscle volume instead of muscle mass to ap-
proximate jumping performance. The relationships between jumping
performance measured in vivo and anatomical approximations
showed an r? of 0.87 and 0.67, respectively for take-off velocity and
peak energy, as determined from 96 individuals across 16 species for
which necessary data were available (see Appendix S3 for details).
Following Juarez et al. (2020), anatomical approximations described
in vivo jumping performance better than any single input variable
when compared using AIC and r? (Appendix $3). We used raw values
of muscle volume and L . for performance estimates. However, for
including muscle volume and L, in linear models, we standardized
each by individual body mass and snout-vent length, respectively,
to account for the fact that both traits scale (isometrically) with
body size (Moen, 2019). We calculated the natural log values be-
fore estimating species means for males and females for all traits in
this study: peak jumping velocity, peak jumping energy, relative leg
length, relative muscle volume, body mass, and snout-vent length.
Species means were estimated from 3 to 18 males (median = 14) and
3 to 17 females (median = 14) per species. Finally, we pruned the
time-calibrated molecular phylogeny of Feng et al. (2017) to match
the species-mean dataset using the treedata function in the R (ver-
sion 4.1.2; R Core Team, 2022) package geiger, version 2.0.7 (Harmon
et al., 2008).

We classified each species by microhabitat use following previ-
ous literature (Moen et al., 2013; Moen & Wiens, 2017). As in those
studies, our classification emphasized non-breeding microhabitats,
including arboreal, terrestrial, burrowing, semi-aquatic, aquatic, and
torrential microhabitats. Importantly, species in all of these micro-
habitats jump when moving on land (Citadini et al., 2018; Gomes
et al.,, 2009; Moen et al., 2013, 2021), including nearly all aquatic
species when moving between water bodies (e.g., De Villiers &
Measey, 2017). We also included a leaf-litter classification, whose
members' jumping performance has not been considered previ-
ously in a phylogenetic comparative context. This latter classifica-
tion groups all frogs that are found in leaf litter, typically in forests
near wetlands or streambeds (e.g., Dugo-Cota et al., 2019; Jongsma
et al., 2017). We obtained microhabitat data from the primary lit-
erature, online databases (e.g., Amphibia Web, 2022) and other
published studies (Moen et al., 2013; Moen & Wiens, 2017). We list
microhabitat classifications and sources in Table S1 of the SI.

2.2 | Statistical analyses and data visualization

We used phylogenetic paired t-tests to test for SD in body size

(snout-vent length), relative L relative muscle volume, peak

com’
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jumping energy and peak jumping velocity. Phylogenetic paired t-
tests were based on the method of Lindenfors et al. (2010), as imple-
mented in the phyl.pairedttest function in phytools package version
1.0-1 (Revell, 2012) in R. Each aspect of dimorphism was calculated

as the difference in natural log values between males and females

(e.g., SDvelocity = Iog( A:v: ) = log(Myei) — log(Fyel)) for use in phyloge-

netic models (Smith, 1998). To visualize the evolution of differences

in male and female anatomical approximations of jumping perfor-
mance, we used maximum likelihood to map ancestral trait estimates
of SJD in peak jumping velocity and energy onto the phylogeny of
Feng et al. (2017) using contMap in phytools. We then used phylo-
genetic multiple regression to determine relationships between SJD
and sexual differences in body size (snout-vent length), relative L
and relative leg muscle mass. Additionally, we tested for interactions
between microhabitat and sexual differences in body size, relative
L., and relative leg muscle mass. We also evaluated levels of phy-
logenetic signal (Adams, 2014a; Blomberg et al., 2003) for estimates
of jumping velocity and energy using the physignal function in the
geomorph package version 4.0.3 (Adams et al., 2021).

To determine how sexual jumping dimorphism was related to
microhabitat use and SSD, we evaluated the fit of two separate
phylogenetic multiple regression models for peak jumping velocity
and peak jumping energy. In accordance with previous studies (e.g.,
Moen, 2019), we included a covariate in our models to account for
the role of size in the context of jumping performance. When model-
ling SJD of velocity, our covariate was SD of snout-vent length (SVL).
In contrast, our covariate was SD of body mass when modelling SJD
in jumping energy (see Astley, 2016).

Next, since SD differences emerge from evolutionary factors
individually affecting males and females (Butler et al., 2000; Butler
& Losos, 2002; Kaliontzopoulou et al., 2015), we fit phylogenetic
analysis of variance (ANOVA) models to test for microhabitat ef-
fects on the natural log of peak jumping performance (velocity and
energy) for both males and females treated separately (i.e., two sets
of analyses). We then used phylogenetic ANOVA to test for mor-

phological differences across microhabitats for relative L rela-

com’
tive muscle volume and body mass to determine how each variable
may uniquely contribute to differences in jumping performance in
each sex. These latter microhabitat analyses included only female
data, given we used them to explain our findings of the relation-
ship between female jumping velocity and microhabitat (with no
such relationship found in males). For these phylogenetic multiple
regressions, we estimated model coefficients and calculated pair-
wise statistics and least-squares means for each microhabitat using
the Im.rrpp and pairwise functions in the R package RRPP version
1.2.3 (Collyer & Adams, 2018). We used 10 000 residual permu-
tations to obtain effect sizes (Z-scores) and to evaluate the model
significance and pairwise differences (Adams & Collyer, 2018a,
2018b; Collyer et al., 2015). To account for multiple compari-
sons in pairwise tests, we used the Sidak-like step-down proce-
dure (mutoss library version 0.1-12; MuToss Coding Team, 2017)
to obtain adjusted p-values after setting the family-wise error
rate to a = 0.05. To aid in the visualization of pairwise results, we
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7| ™ Burrowing bra'y
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FIGURE 1 Diversity of male and female differences in jumping
velocity and energy. Males are represented as circles and females
as triangles, with lines linking the sexes of each species. Shape
colours indicate species' microhabitat use. Data were natural log-
transformed. Approximate (unlogged) units for velocity and energy
are m’?kg "2 and m®kg™?, respectively. These units differ from
those typical of velocity and energy due to parameter substitutions
in our approximations (see Supporting Information).

estimated probability densities using the ggridges package version
0.5.3 (Wilke, 2021) for trait data after applying a phylogenetic
transformation, rendering the data independent of phylogenetic
covariance (Garland Jr. & Ives, 2000; Adams, 2014b). We plotted
least-squares means obtained from microhabitat models onto

these densities to aid interpretation.

3 | RESULTS
3.1 | Sexual dimorphism is prevalent in anurans

We summarized estimates of SD in several ways. A scatterplot of
velocity and energy (Figure 1) shows pairs of male and female spe-
cies means. Here, the length and direction of these vectors repre-
sent SD in jumping performance for each species (e.g., see Adams
et al., 2020; Herler et al., 2010; O'Higgins & Collard, 2002) and dem-
onstrate how the magnitude and direction of SJD varied substantially
across taxa. Additionally, since energy is defined as proportional to
the square of velocity (E = %mvz), we may have reasonably expected
a correlation between species means of jumping velocity and energy
after log transformation; these correlations were r = 0.33 in males
and r = 0.37 in females. We also visualized how SJD diversity has
evolved by plotting tip estimates of SJD and ancestral-state estima-
tions on a phylogeny (Figure 2). The estimates of phylogenetic signal
for SJD of velocity and energy were statistically significant but low
(K =0.287, p = 0.0015; K, =0.244,p =0.0125).

velocity energy
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Anatomical approximations of jumping performance indi-
cated males jump an average of 1.03 times as fast (median = 1.03,
range = 0.84-1.22) as females (Figure 3a), using an average of
0.70 times as much energy (median = 0.73, range = 0.14-2.24;
Figure 3b). As an extreme example of a male-biased jumping veloc-
ity difference, Ceratophrys cornuta males should jump about 22%

JournaL of Evolutionary Biology

faster than females. Unlike estimates of jumping velocity, sexual
differences in jumping energy were more typical in C. cornuta (rel-
ative to other species in this study), with males expected to use
about half as much energy to jump relative to females. Notably,
male C. cornuta are about half as large as females (mass = 60g vs.
120g, respectively; Amphibia Web, 2022). While we found SJD in
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FIGURE 2 Ancestral-state estimates of sexual dimorphism (SD) in peak jumping velocity and energy. SD was estimated as natural log
(M/F). Branch colours indicate SD estimates. Root estimates for velocity and energy are 0.06 and -0.32, respectively, which include O
within their 95% confidence intervals. Tip label colours represent microhabitat classifications. Frog images represent microhabitats, in the
same order as the legend (from top to bottom): arboreal (Phyllomedusa tomopterna), leaf-litter (Chiasmocleis bassleri), terrestrial (Epidalea
calamita), burrowing (Scaphiopus hurterii), semi-aquatic (Ptychadena mascareniensis), aquatic (Xenopus tropicalis) and torrential (Amolops
tuberodepressus). The top photo (Phyllomedusa) shows a case of sexual size dimorphism (smaller male on top), whereas the middle photo
(Scaphiopus) shows a species without size dimorphism (male behind female). All photos by DS Moen.
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(M = F values). Vertical dashed lines
denote the median of each distribution.
Jumping performance is based on
anatomical approximations (see text).

FIGURE 4 Relationships between
various aspects of sexual dimorphism in
anurans. Red lines indicate statistically
significant regression lines. SD is sexual
dimorphism, r? is the coefficient of
determination and p is the p-value. All
variables are natural log-transformed.
(a) Insignificant relationship between
sexual dimorphism of both estimated
jumping velocity and body length (snout-
vent length). (b) Significant relationship
between sexual dimorphism of both
estimated jumping velocity and relative
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(c) Significant relationship between sexual
dimorphism of both estimated jumping
velocity and relative leg muscle volume.
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Significant relationship between sexual
dimorphism of both relative leg muscle
volume and relative L ... Regression line is
y =-0.249 + 3.622x.
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many species, anurans as a whole did not exhibit SJD in velocity male-female difference in jumping velocity and energy after ac-
(phylogenetic paired t-test: t = 0.93, df = 144, p = 0.35) or en-

ergy (t =-0.32, df = 144, p = 0.75). In other words, the average

counting for evolutionary relatedness was statistically indistin-
guishable from zero.
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Furthermore, we found females were, on average, 1.14 times as
long (median = 1.13, range = 0.80-1.87; Figure 3c) and 1.51 times
as heavy as males (median = 1.44, range = 0.5-6.03; Figure 3d). As
an extreme example, Odorrana hosii females measured an average of
77.67mm in body length and weighed an average of 32.65g, while
males measured 44.72mm in length and weighed 5.41g. Although
SSD was highly prevalent in anurans, differences in SSD seem to
be explained mostly by evolutionary history. In other words, after
accounting for evolutionary relatedness, we found the average
anuran does not display sexual size dimorphism when consider-
ing mass (t =-0.57, df = 144, p = 0.57) or body length (t =-0.79,
df = 144, p = 0.43). We did not find an average sexual difference
in relative L, (mean = 1.01, median = 1.01, range = 0.93-1.11;
t = 1.22, df = 144, p = 0.22; Figure 3e). Finally, females possessed
relative leg muscle volumes that were on average 1.42 times larger
(median = 1.37, range = 0.42-7.23) than in males (Figure 3f). For
example, Strabomantis sulcatus females exhibited 7.23 times more
leg muscle volume than males, after accounting for body-size dif-
ferences. Although the average sexual difference in relative leg
muscle volume was 42%, we found no evidence for a consistent
difference across species after accounting for evolutionary related-
ness (t =-0.20, df = 144, p = 0.84). Overall, the results of the phylo-
genetic t-tests suggest a high degree of relatedness among species
with substantial SD.

3.2 | Sexual dimorphism of jumping performance is
correlated with morphology

We found that evolutionary patterns of SJD in jumping veloc-
ity were related to some but not all aspects of SD in morphology.
Interactions between microhabitat and SD of morphology overall
did not yield significant results after accounting for multiple com-
parisons (see Appendix S4). SJD in jumping velocity was not related
to SSD (F = 1.06, r? =0.01, Z = 0.55, p = 0.3133; Figure 4a) but
was significantly related to SD of L . (F = 24.30, r?=0.13,Z = 3.56,
p = 0.0001; Figure 4b). Additionally, we found the relationship be-
tween SJD in velocity and SD of leg muscle volume depended on
whether the latter was added to the model before the SD of L.
The effect of SD of leg muscle volume was not significant if added to
the model last (F = 1.52, r* =0.01, Z = 0.83, p = 0.2176), but signifi-
cant otherwise (F = 24.63,r? =0.13, Z = 3.57, p = 0.0001; Figure 4c).
The effect of SD of L, was significant even if added to the model
last (F = 47.41, ? =0.25,Z = 4.49, p = 0.0001), implying a correla-
tion between SD of L_,,, and leg muscle volume. We confirmed this
significant (but weak) relationship separately (F = 9.96, r? =0.06,
Z=2.46,p=0.0021; Figure 4d).

SJD in jumping energy was significantly related to body size, L .
and leg muscle volume. Interactions between microhabitat and SD
of morphology were insignificant or accounted for less than 0.5%
of the variance in SJD of jumping energy (see Appendix S4). We
found that SJD in jumping energy was significantly related to SD in
snout-vent length (F = 18595.82, r? =0.94, Z = 21.67, p = 0.0001),
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FIGURE 5 Probability density functions of phylogenetically
transformed sexual dimorphism (SD) in peak jumping velocity and
energy across microhabitats. SD was estimated as natural log(M/F)
values. Vertical grey lines are averages for each distribution.
Colours follow the schematic used in other figures. Note that
velocity and energy are logged ratios and thus do not have units.

L. (F= 62200, ? =0.03, Z = 9.81, p = 0.0001) and leg muscle
volume (F = 343.33, 1 =0.02, Z = 8.04, p = 0.0001). The statisti-
cal significance of model terms (SD of snout-vent length, L, and
leg muscle volume) did not depend on the order in which they were
added to the model. Notably, the effect sizes (e.g., r? and Z-scores)
of SD of L, and leg muscle volume were minimal compared to SSD,
which explained most (94%) of trait variance in SJD in jumping en-
ergy. Since energy is proportional to body mass (E = %va), we may
reasonably expect strong correlations between energy, body size
(snout-vent length or body mass), or the dimorphism of each.

3.3 | Sexual dimorphism in jumping performance
across microhabitats

Aside from predictions based on fecundity selection, we next ex-
amined how natural selection through microhabitat-specific evolu-
tionary pressures might have influenced the evolution of jumping
performance. Using phylogenetic multiple regression, we found that
SD in jumping velocity was unrelated to SSD (F = 0.95, r? =0.01,
Z =0.48, p = 0.3398) but varied by microhabitat (F = 5.60, r? =0.19,
Z = 3.80, p = 0.0002; Figure 5). We also found that SJD in jumping
energy was significantly related to both SD of mass (F = 2351.46,
r?=0.93,Z = 13.77,p =0.0001) and microhabitat (F = 5.65, r* =0.01,
Z = 3.82, p =0.0001; Figure 5). Despite a statistically significant
overall effect of microhabitat on SJD, pairwise tests did not reveal
any significant differences between specific microhabitats, after
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accounting for multiple comparisons. All pairwise tables are found
in the SI.

3.4 | Sex-specific diversity in jumping performance

When jumping performance was evaluated for each sex individually,
we found no relationship between male jumping velocity and body
length (F = 0.02, r? =0.00, Z =-1.27, p = 0.8838) or microhabitat
use (F = 1.54, r* =0.06, Z = 0.94, p = 0.1698). In contrast, we found
that male jumping energy was related to body mass (F = 2035.55,
2 =093, Z = 13.29, p =0.0001) but not microhabitat (F = 1.37,
r? =0.00,Z = 0.74, p = 0.2266).

In females, we found that jumping velocity was not explained
by body length (F = 0.70, > =0.00, Z = 0.29, p = 0.4062) but was
significantly related to microhabitat (F = 3.65, r? =0.13, Z = 2.55,
p = 0.0058; Figure 6). Pairwise tests, after accounting for multiple
comparisons, revealed that burrowing females tended to jump more
slowly than arboreal females (padj =0.0187) and leaf-litter females
(padj =0.0218; for complete results see Sl). As in males, female
jumping energy was related to body mass (F = 1973.60, r? =0.93,
Z = 12.77, p = 0.0001), but female jumping energy also differed
between microhabitats (F = 3.55, r? =0.01, Z = 2.51, p = 0.0057;
Figure 6). Pairwise tests showed two notable differences in fe-
male jumping energy between microhabitats, after accounting for

multiple comparisons. Arboreal females jump with more energy
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o
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FIGURE 6 Probability density functions of phylogenetically
transformed female peak jumping velocity across microhabitats.
Vertical grey lines are averages for each distribution. Brackets
on the right represent significant pairwise differences (see text).
Colours follow the schematic used in other figures. Approximate
units for velocity and energy are In(m*?kg /2 and In(m%kg™),
respectively.

relative to burrowing females (padj =0.0167) and semi-aquatic fe-
males (padj =0.0218). Notably, microhabitat and body mass together
accounted for about 93% of trait variance in jumping energy for both

males and females.

3.5 | Microhabitat-specific differences in
morphology are unrelated to patterns of female
jumping evolution

We found that female relative L, was significantly associated with
microhabitat use (F = 3.69, r? =0.14, Z = 2.34, p = 0.0137). In con-
trast, neither relative muscle volume (F = 1.32, ? =0.05, Z = 0.67,
p = 0.2541) nor body mass (F = 1.26, ? =0.05,Z =0.59, p =0.2785)
was associated with microhabitat. Pairwise comparisons did not re-
veal significant differences in relative L between any pair of mi-
crohabitats. These morphological patterns for L, are distinct from
differences in female jumping velocity and energy across micro-
habitats, suggesting that multiple factors combine idiosyncratically
in each species to drive the differences in female jumping across

microhabitats.

4 | DISCUSSION

Of longstanding interest in evolutionary biology is understand-
ing how phenotypic diversity evolves and is maintained within
the context of the environment. Often this is studied by measur-
ing anatomical traits or quantifying organismal performance and
relating diversity to habitat. Considerable effort has been devoted
to understanding the macroevolutionary dynamics of a variety of
phenotypes and groups. In some groups, most knowledge of mac-
roevolution is drawn from one sex (e.g., males in anurans), which
often stems from practicality. However, for groups exhibiting SD,
this practice offers further research opportunities for uncover-
ing sex-specific differences in the evolutionary drivers of SD and
phenotypic diversity. In this study across 146 species that span the
breadth of anuran diversity (43 of 54 families), our results were con-
sistent with evidence of fecundity selection and natural selection
(within microhabitats) driving sexually dimorphic and sex-specific
patterns of jumping performance and morphology. In addition to
discussing the effects of selective pressures on anurans, we also
describe major findings of SD in specific traits, newly identified dif-
ferences in jumping performance between males and females and
the roles of microhabitat and morphology in generating phenotypic
diversity in frogs and toads.

While many species exhibited dimorphism in the traits we sur-
veyed, we found a lack of statistical support for dimorphism across
species. We note this result quantifies the average degree of SD in
anurans, rather than falsifying literature evidence of how common
SD is across Anura. In fact, our estimate of females being 14% lon-
ger than males, on average, falls between two previously reported
estimates (16%, Han & Fu, 2013; 11.6%, Portik et al., 2020). Notably,
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we found the average magnitude of sexual differences in relative leg
muscle volume was greater than previously recognized: females have
leg muscles with 42% more volume than those of males after ac-
counting for differences in body length. We also identified a general
pattern wherein males tend to jump faster while using less energy
compared to females, and this dimorphism seems to have existed in
the common ancestor of anurans (Figure 2). Additionally, we found
that female jumping velocity and energy differed among microhabi-
tats (unlike in males; Moen, 2019). None of the jumping-related traits

(body size, L and leg muscle volume) used to estimate jumping

com’
performance explained microhabitat-specific differences in female
jumping performance, indicating that estimated biomechanical per-
formance depends on the combined influence of each morphological
trait. Overall, this study is the first to investigate links between or-
ganismal performance, morphology and SD in anurans.

Fecundity selection is an evolutionary factor driving female
jumping velocity. Specifically, we found (1) no significant sexual bias
in jumping performance and (2) a correlation between SSD and SD

of relative L___ (and correlated changes in SD of relative leg muscle

com
volume). Each of these results align with the expectations associated
with fecundity selection, where females ‘account’ for reductions in
jumping performance related to fecundity-related increases in body
mass (i.e., mass increases are due to egg masses) by evolving propor-
tionally longer legs and proportionally more muscle volume. While
we did not find a significant (average) size difference between males
and females, this result does not indicate that fecundity selection fails
to affect female jumping energy. Instead, we interpret this result to
signify that fecundity selection and female-biased SSD are common
in anurans, but the average degree of SSD is small. This interpreta-
tion agrees with previous findings of fecundity selection and female-
biased SSD in the literature on anurans (De Lisle & Rowe, 2013; Han
& Fu, 2013; Juarez & Adams, 2021; Nali et al., 2014). Our novel find-
ing is that fecundity selection has impacted the evolution of jumping
velocity in female anurans.

Natural selection associated with microhabitat-specific differ-
ences has influenced jumping energy. For example, arboreal females
may jump with more energy compared to semi-aquatic females due
to differences in both body size (snout-vent length) and jumping
velocity. Aquatic frogs exhibit larger clutch sizes (number of eggs)
compared to arboreal frogs (Wells, 2007) and larger clutch sizes
are associated with larger body sizes (Furness et al., 2022; Gomez-
Mestre et al., 2012). Thus, semi-aquatic frogs with larger bodies
and larger clutch sizes may be expected to dedicate a greater pro-
portion of their body mass to reproduction, compared to arboreal
females. Arboreal females jumping with greater energy is also con-
sistent with the observation that arboreal females jump faster than
semi-aquatic females (though this difference was not statistically
significant; Table Sé). Additionally, the difference in jumping en-
ergy between burrowing frogs and arboreal frogs may best be ex-
plained by differences in jumping velocity: burrowing females jump
slower than arboreal and leaf-litter females (Table Sé), a result likely
due to selection for increased burrowing performance. For exam-

ple, burrowing frogs may exhibit trade-offs between jumping and

JournaL of Evolutionary Biology

burrowing performance (Citadini et al., 2018; Mendoza et al., 2020).
Furthermore, our finding that arboreal and leaf-litter females jump
faster than burrowing females may also be related to body size.
Arboreal and leaf-litter females displayed the smallest average
body length of all microhabitats (though body lengths largely over-
lapped and differences were not significant). Previous work suggests
smaller bodies are associated with jumping power amplification due
to elastic recoil (Mendoza et al., 2020). Thus, reproductive biology
and functional ecology modulate the effects of natural selection on
jumping performance, potentially enabling frogs to inhabit specific
microhabitats or invade new ones.

Unlike overall female jumping performance, we did not find ev-
idence for microhabitat-specific patterns of SJD. This is related to
our finding that males showed similar jumping performance across
microhabitats, as identified previously (Moen, 2019; Rebelo &
Measey, 2019). SD is an emergent pattern due to differences be-
tween the sexes where if males do not differ across microhabitats
and females do, we can expect SD to differ across microhabitats due
to the female pattern. However, our results do not support this ex-
pectation, and this is likely due to very similar distributions of jump-
ing energy between males and females accompanied by small sexual
differences in the variance (scale) of jumping energy found across
microhabitats (Figures 6 and S1). Overall, we conclude that patterns
of male and female jumping performance combine idiosyncratically
to result in a lack of an association between SJD and microhabitat.
This is possibly due to the large overlap in jumping performance
across microhabitats and small sexual differences in the scale of
jumping energy.

Lastly, we found that individual female morphological traits (L,
and leg muscle volume) are not related to microhabitat in the same
way as female jumping performance. This is not surprising, given our
findings that anatomical approximations of jumping outperform sin-
gle anatomical variables in predicting in vivo jumping performance
(see Sl). Our findings reinforce previous work describing how jump-
ing performance is highly correlated to the combined biomechanical
effects of multiple components within the musculoskeletal system
(James et al., 2007; Juarez & Adams, 2021; Juarez et al., 2020;
Marsh, 1994; Moen, 2019).

Despite our growing knowledge of anuran jumping performance,
we still lack extensive interspecific data for potentially important
anatomical variables involved in jumping, such as plantaris pinnation
angle (Juarez et al., 2020; Mendoza & Azizi, 2021) and most aspects
of muscle physiology (Astley, 2016). This might limit our ability to
understand the relationship between form and function across the
ecomorphological diversity of anurans. Alternatively, in the context
of male jumping velocity, the congruence between this study (which
uses morphology to approximate jumping performance) and others
generates two hypotheses. First, traits such as pinnation angle might
not tend to vary across species based on microhabitat. Second, the
volume of the leg muscles might account for enough variance in
jumping to understand ecomorphological evolution in frogs. This
is opposed to the physiological cross-sectional area, which takes
both pinnation angle and specific tension into account (see Juarez
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et al., 2020). One limitation of our approach (e.g., using muscle vol-
ume as a proxy for force) is the inability to directly compare units
of approximation and in vivo units of performance. Using the re-
gression equations as in Juarez et al. (2020), more data than are
currently available for most species are needed to obtain accurate
parameter estimates. Finally, interspecific comparisons of observed
(in vivo) jumping performance in both males and females to the ap-
proximations herein will be important for confirming our results on
sex-based differences in jumping. The lack of data on anuran females

relative to males currently precludes such a comparison.

5 | CONCLUSIONS

Our study highlights previously undescribed patterns of how fe-
cundity selection and natural selection may influence phenotypic
diversity in jumping performance and jumping-related morphology
between the sexes and microhabitats across the anuran tree of life.
We have described how sexual differences in jumping performance
may arise through natural selection on the various links between
jumping performance, ecology and reproduction. Our findings show
the culmination of species- and sex-specific selective pressures: spe-
cies have evolved sexual jumping dimorphism in a great variety of
ways, demonstrating the importance of studying interspecific pat-
terns of both organismal performance and morphology in combina-
tion to better understand the evolutionary history of diverse taxa.
This study serves as a foundation for the study of how patterns of
SD evolve in vertebrates, particularly within the context of organis-
mal performance and ecology.
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