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ecomorphology; provide evidence for multiple and complex phenotypic adaptations. The anu-

frogs; ran body plan, for example, is evolutionarily conserved and shows clear spe-

jumping performance; cializations to jumping performance back at least to the early Jurassic.

phylogenetic comparative method. However, there are instances of more recent adaptation to habit diversity in
the post-cranial skeleton, including relative limb length. The present study
tested adaptive models of morphological evolution in anurans associated with
the diversity of microhabitat use (semi-aquatic arboreal, fossorial, torrent, and
terrestrial) in species of anuran amphibians from Brazil and Australia. We use
phylogenetic comparative methods to determine which evolutionary models,
including Brownian motion (BM) and Ornstein-Uhlenbeck (OU) are consis-
tent with morphological variation observed across anuran species. Further-
more, this study investigated the relationship of maximum distance jumped as
a function of components of morphological variables and microhabitat use.
We found there are multiple optima of limb lengths associated to different
microhabitats with a trend of increasing hindlimbs in torrent, arboreal, semi-
aquatic whereas fossorial and terrestrial species evolve toward optima with
shorter hindlimbs. Moreover, arboreal, semi-aquatic and torrent anurans have
higher jumping performance and longer hindlimbs, when compared to terres-
trial and fossorial species. We corroborate the hypothesis that evolutionary
modifications of overall limb morphology have been important in the diversi-
fication of locomotor performance along the anuran phylogeny. Such evolu-
tionary changes converged in different phylogenetic groups adapted to similar
microhabitat use in two different zoogeographical regions.

understand how different selective pressures have

Introduction moulded the evolution of morphological patterns

The relations between morphology, behaviour and
ecology have been studied in several phylogenetic
groups (e.g. primates: Crompton, 1984; birds: Moreno
& Carrascal, 1993; squamates: Losos, 1990a; Martins
et al., 2001; Harrison et al., 2015; and amphibians: Zug,
1972; Gomes et al.,, 2009; Vidal-Garcia et al., 2014) to
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(Irschick & Losos, 1999). Locomotion and its morpho-
logical correlates have received a great deal of attention
(Zug, 1972, 1978; Emerson, 1979; Losos, 1990b; Gomes
et al., 2009; Jorgensen & Reilly, 2013; Moen et al.,
2013) because many ecologically relevant activities,
such as escaping from predators, foraging and searching
for reproductive partners, depend on locomotion
(Meylan & Clobert, 2004; Husak et al., 2006). There-
fore, locomotor performance has been widely regarded
as being associated with fitness (Christian & Tracy,
1981; Arnold, 1983; Garland, 1999).

An interesting group to address the relations between
morphological specializations and locomotor
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performance are the Anurans. Anuran body shape pre-
sents specializations associated with jumping perfor-
mance that are old and phylogenetically conserved,
being present in their most basic aspects in fossils from
the Jurassic period (Shubin & Jenkins, 1995). Ascar-
runz et al. (2016) re-assessed saltatorial performance of
the basalmost and oldest stem-anuran Triadobatrachus
massinoti, from early Triassic. These authors suggested
that the trunk of these animals mostly reflects the
nonelongated ancestral condition and confirmed previ-
ous hypotheses that they were probably not specialized
jumpers (Ascarrunz et al., 2016). The origin and main-
tenance of adaptations to jumping performance in anu-
ran amphibians are probably related to selective
pressures associated with prey capture and escape from
predators (Gans & Parsons, 1966; Zug, 1972; Emerson,
1978; Gomes et al.,, 2002). Despite the constituent basic
aspects of body shape in anurans being highly con-
served, this group displays a wide variety of microhabi-
tat occupation, including leaf litter, underground
chambers, edges of ponds, reservoirs, streams and riv-
ers, inside phytotelmata such as bromeliads, and on
bush vegetation and tree branches (Bertoluci & Rodri-
gues, 2002; Haddad et al., 2008).

The diversity in microhabitat use is linked to the evo-
lution of locomotor performance and hindlimb mor-
phology. Terrestrial and fossorial species tend to show
lower jumping performance and shorter hindlimbs than
semi-aquatic and arboreal species (Zug, 1972, 1978;
Gomes ef al., 2009; Enriquez-Urzelai ef al, 2015;).
Some morphological adaptations such as rotund shape,
short limbs and well-developed metatarsal tubercles
(spade-shaped) are related to species with burrowing
habits (Duellman & Trueb, 1986; Wells, 2007; Vidal-
Garcia et al., 2014). Also distinctive morphology and
performance is associated with the microhabitat
diversity, regardless of clade position or geographic
precedence (Moen et al., 2013). Even though ecomor-
phological comparative investigations on anurans have
been conducted on large phylogenetic scales (Zug,
1972, 1978; Emerson, 1979; Marsh, 1994; Gomes et al.,
2009; Moen et al., 2013; Enriquez-Urzelai et al., 2015),
studies that incorporate measurements of locomotor
performance are still scarce in the literature (Zug, 1972,
1978; Gomes et al., 2009; Herrel et al., 2016). It is also
noteworthy that these studies have been particularly
biased in terms of zoogeographical areas, with poor rep-
resentation of Neotropical and Ethiopic fauna, for
example. Furthermore, the relations between morphol-
ogy, locomotion performance and microhabitat use are
rarely considered into an integrated evolutionary con-
text.

Here, we use phylogenetic comparative methods to
determine which evolutionary models, including
Brownian motion and Ornstein—Uhlenbeck, are consis-
tent with morphological variation observed across anu-
ran species from Brazilian and Australian faunas.

Specifically, we hypothesize that current variation in
morphology across anuran species is consistent with
stabilizing selection related to distinct phenotypic
optima in different categories of microhabitat use. We
predict that fossorial and terrestrial species have shorter
hindlimbs than semi-aquatic, arboreal and torrent spe-
cies. Short hindlimbs are thought to improve burrowing
performance in fossorial species and facilitate walking/
hopping ability in terrestrial species (Emerson, 1978;
Zug, 1978), whereas long hindlimbs provide locomotory
benefits in more aquatic habitats by improving propul-
sion when swimming in high-flow stream systems in
aquatic and torrent species, respectively (Laurent, 1964;
Emerson, 1978). Long hindlimbs may also improve
arboreal agility in species that climb trees (Zug, 1978;
Emerson, 1985, 1991).

To test this hypothesis, we compared the fit of spe-
cies” morphology estimates to models that approximate
evolution according to either Brownian motion or
Ornstein—Uhlenbeck (OU) processes. Better fit of Brow-
nian motion models would indicate that contemporary
variation in morphology is consistent with the absence
of consistent selection associated with microhabitat use.
Alternatively, better fit of OU models would incorpo-
rate selection pressures that lead the adaptations
towards different evolutionary optima across selective
regimes (e.g. microhabitat wuse). Furthermore, we
hypothesize that interspecific variation in anuran loco-
motor performance is associated with variation in mor-
phology and microhabitat use. Particularly, we predict
that fossorial and terrestrial species have shorter hin-
dlimbs and lower maximum jumping distance than
semi-aquatic, arboreal and torrent species. Accordingly,
we employed phylogenetic regressions to investigate
the relationship of maximum distance jumped as a
function of components of morphological variables and
microhabitat use.

Materials and methods

Morphological data

Species studied and measurements in museum
collections

This study was conducted using 64 anuran species (44
species from Brazil and 20 species from Australia, such
as shown in Table S1). The Brazilian and Australian
measured specimens were available, respectively, at the
Museum of Zoology from the University of Sao Paulo
(MZUSP) and the South Australian Museum in Ade-
laide (SAM). The choice of species was carried out to
cover the maximum morphological diversity and occu-
pation of structural niches within each phylogenetic
group. With this sampling approach, we intended to
obtain the maximum number of evolutionary transi-
tions along the phylogenetic tree, increasing the power
to detect patterns of morphological evolution. We also
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considered the specimens’ availability in the museum
collections.

The number of individuals measured from each spe-
cies ranged from three to 10, and all measurements
were performed using digital callipers to the nearest
0.1 mm. Only adult males were measured, and sex was
identified by external morphological characters, such as
presence of vocal sacs, inguinal spots, nuptial pads,
spines on fingers, darkened throats and differences in
colour generally present in males. In the absence of
external characters, sex determination occurred
through the presence of vocal slits in adult males
(Pombal & Izecksohn, 2011).

Morphological variables

Eight morphometric traits were obtained for each indi-
vidual: humerus length (HUM, measured from tip of
elbow to posterior insertion point of forelimb at the
body wall); radioulnar length (RAD, measured from
distal edge of outer palmar tubercle to tip of elbow);
hand length (HAND, measured from distal edge of
outer palmar tubercle to distal tip of third finger);
femur length (FEM, measured from posterior tip of
ischium to knee); tibiofibular length (TBFB, measured
from tip of knee to tip of heel/proximal end of the tar-
sus); tarsus length (TAR, measured from tip of heel to
proximal edge of inner metatarsal tubercle); foot length
(FOOT, measured from proximal edge of inner metatar-
sal tubercle to tip of outstretched fourth toe); and the
snout-to-vent length (SVL, measured from proximal
edge of inner metatarsal tubercle to tip of outstretched
fourth toe tip of snout to posterior end of the ischium).
The same measurements were performed in animals
used in the locomotor performance tests, and they were
all included in the phylogenetic analysis.

Phylogenetic tree

A composite phylogenetic tree with 64 species was
compiled (Fig. S1), mainly based on topology and
divergence times proposed by Pyron (2014), which is
the most comprehensive current phylogenetic hypothe-
sis for anurans. Phylogenetic information was available
for 31 preserved Brazilian species and for all 20 pre-
served Australian species in Pyron (2014). Some adjust-
ments were necessary to include another 13 Brazilian
species as follows: for inclusion of Rhinella ornata, a spe-
cies from the R. crucifer group of species (Baldissera
et al., 2004), the topological position and divergence
time for Rhinella crucifer in Pyron (2014) were assumed.
For Melanophryniscus moreirae, the divergence time
between the genus Melanophryniscus and the other clade
formed by species of the family Bufonidae in Pyron
(2014) was assumed. Scinax rizibilis were inserted in the
topology at the base of the cladistic divergence between
the clades S. catharinae and S. ruber according to Faivo-
vich (2002). Pseudis platensis and P. paradoxa were
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inserted in the phylogeny considering the basal most
divergence within the genus in Pyron (2014). Hylodes
asper and H. phyllodes, as well as Physalaemus olfersii and
P. cuvieri, were also inserted in the phylogeny consider-
ing the basal most divergence within the genus in
Pyron (2014). To include Leptodactylus fuscus, the topo-
logical position of L. longirostris was assumed (Pyron,
2014), given that Leptodactylus fuscus is a sister species of
L. longirostris according by Pyron & Wiens (2011). To
include Leptodactylus latrans, the topological position of
L. leptodactyloides was assumed (Pyron, 2014), given that
Leptodactylus latrans (former L. ocellatus) is a sister group
of L. leptodactyloides by Pyron & Wiens (2011). Chiasmo-
cleis leucosticta and C. carvalhoi were inserted in the phy-
logeny considering the basal most divergence within
the genus in Pyron (2014). Elachistocleis ovalis was
inserted in place of E. bicolor (Pyron, 2014). Odon-
tophrynus americanus was inserted in the phylogeny
occupying the topological position of O. cultripes, given
that they are considered sister groups by Pyron &
Wiens (2011). Given that information about the topo-
logical position and divergence time is unavailable for
Cycloramphus dubius, this species was depicted in a poly-
tomy at the base of the Cycloramphus clade (Pyron,
2014). The systematic nomenclature followed Frost
(2015).

Another phylogenetic tree with 19 species for loco-
motor performance data was compiled (Fig. S2), based
on topology and divergence times proposed by Pyron
(2014). Phylogenetic information was available for all
Brazilian and Australian species in Pyron (2014).

Species and collection localities for the study of
locomotor performance

Males from 19 species of anurans were collected in sev-
eral localities from Brazil (15 species) and Australia
(four species). They are represented in Table S3.

Animal maintenance in the laboratory

Brazilian species were placed in plastic boxes and trans-
ported to the laboratory in the University of Sao Paulo
(Brazil), where they were housed individually, in ter-
raria of 13 x 30 x 28 cm for the smaller species and in
terraria of 27 x 45 x 32 cm for species larger than
80 mm SVL. Each terrarium contained fragments of
vegetation, some stones and fresh water permanently
available, and animals were fed weekly with small live
cockroaches. The terraria were maintained in a climate-
controlled room at 25 °C (£ 1 °C) and 12-h: 12-h dark:
light cycle, with the darkness starting at 7:40 pm. The
collections were performed under approved permission
of Ministério do Meio Ambiente, ICMBio, SISBio
(licence number: 49250-1), and laboratory procedures
were performed under the approval of the Comissao de
Etica no Uso de Animais (CEUA), Instituto de
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Biociéncias da Universidade de Sao Paulo (Protocol
number: 192/2013). Fieldwork at Parque Estadual
Intervales was conducted under authorization of the
‘Coordenadoria de informacgoes técnicas, documenta¢ao
e pesquisa ambiental” (COTEC, process number 611/
2015), Instituto Florestal, Secretaria do Meio Ambiente.
For the other localities, no specific authorizations were
required.

Australian species were placed in cloth bags and
transported to the laboratory to the University of South
Australia (Australia), where they were housed individ-
ually, in terraria of 13 x 13 x 16 cm for the small spe-
cies (L. ewingii, L. tasmaniensis and C. signifera) and in
terraria of 28 x 19 x 36 cm for the larger species
(L. caerulea). Each terrarium contained a sandy sub-
strate, some stones and fragments of vegetation, fresh
water permanently available, and animals were fed
weekly with small live crickets. The terraria were main-
tained in a climate-controlled room at 25 °C (£ 1 °C)
and 12-h: 12-h dark: light cycle, with the darkness
starting at 12 midnight, this adjustment was made to
collect the data during the day, and the individuals
were acclimatized to these conditions for over 1 week
prior to the experiments. The inverse light—dark cycle
had no discernible effects on any measure of behaviour
or physiological variables. Animals were collected,
housed and studied under a permit from the University
of South Australia Animal Ethics Committee (protocol
no 33636). For these localities, no specific authoriza-
tions were required. Although terrariums had different
dimensions in Brazil and Australia, they were sufficient
to allocate the frogs comfortably in both locations. In
the same way, frogs were fed on cockroaches and crick-
ets in Brazil and Australia, respectively, but the insects
were equally consumed and frogs maintained body
condition equally well in both locations. In this way,
we are confident that the differences in maintenance of
frogs between locations did not affect the results.

Locomotor Performance tests in the laboratory

Individuals were maintained in plastic containers in a
climate-controlled room at 25 °C for 1 h before loco-
motor tests. Locomotor tests were performed in an
arena (120 cm width and 285 cm length) at constant
temperature room (25 °C). The animals were stimu-
lated to jump on a substrate with a good grip (ethylene
vinyl acetate sheets (EVA) by tapping gently in the pos-
terior region of the individuals for six consecutive
times. Starting and landing points were marked on the
floor, and later, the distance between marks was mea-
sured. The longest jump of the series was used as the
best estimate of maximum jumping performance. To
conduct the data collection, the observer used a head-
lamp with red light (500 Lumens), and data collection
was performed within 2 weeks of the animals being
captured. All data were collected during darkness,

when frogs are fully active. In the laboratory, this con-
dition was between 08:00 pm and 00:00 am in Brazil
and between 08:00 am and 12:00 am in Australia. The
only exception was the diurnal species Hylodes asper
(Brazilian torrent frog), which had their locomotor per-
formance tests carried out during the day (02:00—
04:00 pm).

Comparative analysis

Eight morphometric variables, based on body size
(snout-vent length — SLV), forelimb and hindlimb,
were used in the statistical analyses: humerus length,
radioulnar length, hand length, femur length, tibiofibu-
lar length, tarsus length and foot length. All mean val-
ues were loglO-transformed, and we performed
descriptive statistics for all morphological variables per
species. The variables related to limbs were phylogenet-
ically regressed against SVL, and the residuals were
used in the analyses, in order to remove the effects of
body size (Revell, 2009). The size-free variables were
summarized with a phylogenetic principal component
analyses (pPCA) in which components with eigenvalues
larger than 1.0 were saved for later analyses (Revell,
2009). We also used phylogenetic regression to investi-
gate the relationship between the maximum jumping
distance and body size (Revell, 2009) and saved the
residuals for later analyses. To test the hypothesis that
interspecific variation in anuran locomotor performance
is associated with morphological variation (body size)
and microhabitat use, phylogenetic regressions were
used to investigate the relationship between the loco-
motor performance and body size. Multiple phyloge-
netic linear models were implemented with the
residuals of locomotor performance on body size (size-
free jump performance) as the dependent variable, the
scores from morphological components as independent
variables and microhabitat use as a factor. We fitted
phylogenetic generalized least squares (PGLS) and per-
formed model selection by sequentially removing vari-
ables explaining the least variation on each model
tested (Purvis et al., 2000; Stuart-Fox & Ord, 2004). We
always started by fitting a model that included the
interaction between the scores from morphological
components and microhabitat use. We always consid-
ered these interactions as our first removal from the
models if not significant (Engqvist, 2005). All variables
included in the preferred model had a significance level
of P < 0.05 via partial-F tests. We reported results from
all models tested together with Akaike information cri-
terion corrected for small sample size (AICc), and con-
sidered as the preferred model the one showing higher
AICc weight, according to Burnham & Anderson
(2002). Burnham & Anderson (2002) note as a rule of
thumb that models with AIC within two units of the
preferred model are considered to have substantial sup-
port. We conducted procedures for evolutionary models
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and PGLS with the software R version 3.0.2. Evolution-
ary analyses of morphology were conducted within a
phylogenetic context using Brownian motion (BM) and
Hansen’s (1997) multiple optimum Ornstein—Uhlenbeck
(OU) models (more information in Martins & Hansen,
1997; Butler & King, 2004). We used BM model here
to represent stochastic evolution with no assumptions
about adaptation with respect to the selective pressures
associated with microhabitat use. The adaptive models
of evolution were constructed by assigning adaptive
regimes to the terminal branches of the phylogeny
based on independent ecological data or descriptions for
the extant species with ancestral regimes reconstructed
based on linear parsimony using Mesquite version 2.75
(build 564) (Maddison & Maddison, 2011).

Our adaptive model is based on microhabitat use and
contains five optima: arboreal, semi-aquatic, terrestrial,
fossorial and torrent. We considered that (1) semi-
aquatic species live predominantly in or near water; (2)
arboreal species live above the ground on vegetation;
(3) fossorial species live predominantly amid leaf litter
or in burrows; (4) terrestrial species live on the ground;
and (5) torrent species live closely associated with
rocky, fast-flowing streams. We assigned species into
habitat regimes based on published descriptions of
microhabitat use (Haddad et al, 2008; Tyler & Walker,
2011) and personal observations from specialists: Prof.
Miguel T. Rodrigues (University of Sao Paulo) and Prof.
Michael Tyler (The University of Adelaide).

We used OUwie software package (Beaulieu et al.,
2012) in the R statistical computing environment (R
Core Team 2010) to fit each morphological aspect con-
sidered and the selective regime into an evolutionary
model, assuming our phylogeny. For this, we used four
evolutionary models: (1) BMI1 = single-rate Brownian
motion; (2) BMS = Brownian motion with different
rate parameters for each state on a tree; (3)
OU1 = Ornstein—Uhlenbeck model with a single opti-
mum for all species; and (4) OUM = Ornstein—Uhlen-
beck model with different optimum associated with
distinct selective regimes. The OUwie package offers a
set of unique models allowing the trait optimum, rate
of stochastic motion and strength of selection to vary
across selective regimes. We compared the fits of each
model using the Akaike information criterion corrected
for small sample size (AICc, Burnham & Anderson,
2002; Butler & King, 2004). Preferred model presents
lowest AICc with differences larger than 2.

Results

Relations between morphological variables and
microhabitat use

The phylogenetic principal component analysis per-
formed on morphometric traits retained two compo-
nents. Component 1 of the morphological data set for

Morphology, performance and microhabitat 375

64 species (PC1 64) explained 57.75% of the total vari-
ance and was related to a positive association between
measurements taken from hindlimb (femur, tibiofibula,
tarsus and foot), humerus and hand, which are the lar-
gest contributors, besides the radioulna. Thus, in PC1
64, all variables are represented and can be interpreted
as hindlimb plus forelimb distal elements. The second
component (PC2 64) explained 18.78% of total vari-
ance and was mainly related to forelimb measurements
(radioulna — Table 1).

The results of maximum-likelihood estimation, as
shown in Table 2, suggest that OUM is the preferred
evolutionary model among the four candidates for PC1
64 (morphological component related to overall limb
lengths), implying that there are multiple optima of
limb lengths associated with different microhabitats.
The evolutionary optima estimated for this model
reveal a trend of increasing hindlimbs in torrent, arbo-
real and semi-aquatic species, whereas fossorial and ter-
restrial species evolve towards optima with shorter
hindlimbs (Table 2). For PC2 64 (humerus and radio-
ulna), the preferred model is Brownian motion with
different variance rates across microhabitats (BMS),
implying that interspecific variation in this structure is
not associated with selection related with microhabitat
use. Moreover, some microhabitats, such as fossorial
and terrestrial, allow higher morphological variance in
this morphological component than others (Table 3).
Regarding body size, the OU1 models described stabiliz-
ing selection towards a single global optimum for all
species (0 = 1.5461) that is not associated with selective
regimes of microhabitat use.

Relationship among morphological variables,
microhabitat use and locomotor performance

Descriptive statistic of morphological variables from
each species are represented in Table S2. The phyloge-
netic principal component analysis performed on mor-
phometric traits resulted in two components.
Component 1 of the morphological data set for 19

Table 1 Component loadings from the phylogenetic principal
component analysis (pPCA) performed on morphological variables
for 64 anuran species from Brazil and Australia.

Component 1 2
Eigenvalues (4) 4.04 1.31
Total variance explained (%) 57.75 18.78
Cumulative variance (%) 57.75 76.53
Humerus length —0.580 0.547
Radioulnar length —0.503 0.755
Hand length —0.736 0.346
Femur length -0.878 —0.223
Tibiofibular length —0.890 —0.352
Tarsus length —0.863 —0.231
Foot length —-0.776 —0.3138
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Table 2 AIC scores from models of morphological evolution.
AICc = Modified Akaike information criterion; BM1 = fits a single
morphological variation rate across species; BMS = fits a model
with different morphological variation rates for each microhabitat;
OU1 = fits a single optimum for all species; and OUM = fits
different optimum for each microhabitat. PC1 64 and PC2

64 = principal component 1 and principal component 2,
respectively, of the morphological data set for 64 species. Model fit
statistics for PC1 64 (hindlimb: femur, tibiofibular, tarsus, foot; and
forelimb: hand), PC2 64 (radioulnar) and body size (SVL 64). The
preferred models are highlighted in bold.

PC1 64 PC2 64 SVL 64
Evolutionary models AlCc AlCc AlCc
BM1 23.0733 6.86908 2.83938
BMS 26.1423 0 7.85394
Out 17.9985 8.55756 0
OoumMm 0 16.0904 8.48335

Table 3 Parameter estimates for the preferred model PC1 64
(hindlimb: femur, tibiofibular, tarsus, foot; and forelimb: hand)
and PC2 64. The estimated optimal values (0) and morphological
diversification rate (o) for each microhabitat.

PC1 64 (OUM) PC2 64 (BMS)
Microhabitat use 0 z
Arboreal —23.0346 0.5439
Fossorial 3.1506 2.3177
Terrestrial —11.2799 1.3568
semi-aquatic —20.9494 0.9386
Torrent —29.5412 0.1352

species (PC1 19) explained 47.77% of the total variance
and was related to a positive association between mea-
surements taken from hindlimb (femur, tibiofibula, tar-
sus and foot) and hand. The second component (PC2
19) explained 23.87% of total variance and was mostly
related to a positive association between forelimb ele-
ments (humerus and radioulna) (Table 4).

Results from preferred models showed that inter-
specific differences in locomotor performance relate to

Table 4 Component loadings from the phylogenetic principal
component analysis (pPCA) performed on morphological variables
for 19 anuran species.

Component 1 2
Eigenvalues (4) 3.34 1.67
Total variance explained (%) 47.77 23.87
Cumulative variance (%) 47.77 71.64
Humerus length —0.425 0.768
Radioulnar length 0.201 0.877
Hand length —0.515 0.312
Femur length —0.891 —0.034
Tibiofibular length —0.948 —0.103
Tarsus length —0.808 —0.403
Foot length -0.715 0.201

Table 5 Results for preferred models testing whether locomotor
performance is related to morphological variation and microhabitat
use. PC1 19 and PC2 19 = principal component 1 and principal
component 2, respectively, of the morphological data set for 19
species; HAB = microhabitat use (arboreal, fossorial, terrestrial,
torrent, semi-aquatic); AICc = modified Akaike information
criterion; dAICc = delta Akaike information criterion; df = number
of parameters in the model. The preferred model is highlighted in
bold.

Dependent

variation Models AlCc dAICc df Weight
PC1 19*HAB + PC2 48.8 425 8 <0.001
19*HAB
PC1 19*HAB + PC2 324 2641 7 <0.001
19

Jumping

distance
PC1 19 + PC2 16.6 10.3 6 0.0058
19 + HAB
PC119 + PC2 19 63 0 5 0.9941

both morphological components (Table 5). Species with
higher jumping performance were characterized by
lower scores from the morphological component 1 [PC1
19] (longer hindlimbs and hands). Thus, arboreal, semi-
aquatic and torrent species were characterized by
higher jumping performance and longer hindlimbs,
than fossorial and terrestrial species (Fig. la). Species
with higher jumping performance were also character-
ized by higher scores from the morphological compo-
nent 2 [PC2 19] (longer humerus and radioulnar
lengths), with a less clear association with differences
in habits. However, it is noteworthy that torrent species
are characterized by short forelimbs for their high loco-
motor performance (Fig. 1b).

Discussion

Our comparative analysis supports the hypothesis of
adaptive morphological diversification within anurans,
associated with microhabitat use. Additionally, we show
that interspecific morphological diversity is associated
with differences in locomotor performance, corroborat-
ing functional morphological analyses from previous
studies (Emerson, 1985; Nauwelaerts et al., 2007, Gomes
et al., 2009). In general, arboreal, semi-aquatic and tor-
rent species are characterized by longer hindlimbs and
higher jumping ability than terrestrial and, mainly, fos-
sorial ones. These results emphasize that the inclusion of
locomotor performance measurements is highly informa-
tive for comparative studies that seek to understand the
evolutionary relationship between ecology (e.g. micro-
habitat use) and morphology (Losos, 1990a,b; Wain-
wright, 1991; Herrel et al, 2004). Moreover, anurans
from two different geographic regions (Brazil and Aus-
tralia) were included in the morphological analyses,
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Fig. 1 Scatterplots of morphological components and size-free
locomotor performance: (a) describe here better of PC1 19
(hindlimb: femur, tibiofibular, tarsus and foot) and size-free jump
performance; (b) describe here better of PC2 19 (humerus and
radioulnar) and size-free jump performance.

maximizing transitions between microhabitat uses across
the anuran phylogenetic history.

Our analyses suggest that the evolutionary
trajectories of morphological traits have changed in a
predictable manner associated with changes in micro-
habitat use. The evolution of morphological compo-
nents related to relative overall limb length was best
explained by OUM. It indicates that the adaptive
optima differed between microhabitat types. Biome-
chanical studies predict distinct adaptive optima associ-
ated with the gradient of microhabitat use (Zug, 1972,
1978; Emerson, 1978, 1985; Gomes et al., 2009; Moen
et al., 2013). Although torrent and arboreal habits are
associated with evolutionary trajectories towards longer
relative overall limbs, fossorial habits lead to opposed
trajectories. The long limbs that characterized riparian
and stream breeder anurans might represent the selec-
tive outcome associated with improved ability to swim
under high-flow rates (Dennis & Mahony, 1994; Lewis

Morphology, performance and microhabitat 377

& Rohweder, 2005; Hoskin, 2010; Vidal-Garcia et al.,
2014). Heleophryne hewitti (Heleophrynidae), for exam-
ple, is an African anuran that inhabits fast-flowing
mountain streams and has disproportionately long and
muscular legs, which may have evolved in association
with improved swimming ability against high water
resistance (Laurent, 1964). Longer hindlimbs also
increase the time of muscular force application against
the substrate and thus the distance jumped. Interest-
ingly, our results highlight an interspecific variation in
jumped distance associated with the microhabitat use
and corroborate previous studies showing that hin-
dlimbs evolve in association with higher jumping per-
formance in anurans (Zug, 1972; Emerson, 1985;
Gomes et al., 2009).

Our results confirm those from previous studies,
showing that fossorial species possess tibiofibulae partic-
ularly shortened in comparison with jumping anurans
(Enriquez-Urzelai ef al, 2015). In opposition to the
longer hindlimbs, shorter tibiofibula function as out-
levers (Hildebrand, 1974). In this way, shorter hin-
dlimbs increase the force generated during scooping
(Emerson, 1976), improving burrowing performance
(Duellman & Trueb, 1986; Wells, 2007; Vidal-Garcia
et al., 2014). Reduced hindlimb lengths can be found in
species that burrow either forwards or backwards
(Vidal-Garcia et al., 2014), and shorter legs are also
found in species that walk rather than hop as demon-
strated in two species of Arenophryne (Tyler et al., 1980;
Vidal-Garcia et al, 2014). Moreover, previous studies
have associated the presence of skin toxins of more ter-
restrial and active forager anurans with limited ability
to flee from predators (Bennett & Licht, 1973, 1974;
Toft, 1981). In our study, for example, two terrestrial
species (Leptodactylus labyrinthicus and Rhinella schneideri)
were the weakest jumpers and frequently remained
motionless when stimulated to jump in locomotor per-
formance tests. Toledo et al. (2005) also observed that
Leptodactylus labyrinthicus, a species characterized by
toxic and distasteful skin secretions, commonly relied
on immobility when exposed to simulated predation
events. Additionally, toads (including genus Rhinella)
evolved specialized groups of large secretory glands on
their shoulders, the parotid glands, which provide a
mixture of substances with powerful effects against
predators (Jared et al., 2011).

Forelimbs, in contrast to the hindlimbs, are generally
considered to be conserved among anurans (Manzano
et al, 2008), and they are associated with absorbing
impact forces during landing and providing body sup-
port during sitting or walking (Emerson, 1983; Nauwe-
laerts et al., 2007). Moreover, frogs often use their
forelimbs to capture and transport prey (Gray et al.,
1997). Our results show that fossorial species indeed
exhibit higher variation in radioulnar length, which
may explain their higher morphological forelimb dis-
parity than the hindlimbs. The preferred evolutionary
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model for morphological components related to fore-
limbs (mainly radioulnar length) in our study was the
BM process with different rates of evolution among
selective regimes. Vidal-Garcia er al. (2014) observed
that Australian forward burrowers (Arenophryne, Myoba-
trachus) had relatively longer arms. Otherwise, their sis-
ter taxon Metacrinia (Read et al., 2001), which does not
burrow (Tyler & Doughty, 2009), had relatively shorter
arms, suggesting that longer arms are important in bur-
rowing forward (Vidal-Garcia et al., 2014). Within the
species included in the present study, information on
digging mode is available for the Brazilian Dermatonotus
muelleri, which is described as a forward burrowing frog
by Nomura et al. (2009). It is worth noting that
D. muelleri is one of the species characterized by longer
forelimbs in our data set. However, precise information
of burrowing behaviour is lacking for most of the spe-
cies included in our data set, limiting our ability to
detect patterns of association between forelimb lengths
and digging mode. Otherwise, we show that species
associated with fast-flowing streams and waterfalls
exhibit lower variation in radioulnar length and short
forelimbs for their high locomotor performance. Addi-
tional studies on biomechanics of locomotion in ripar-
ian anurans are necessary to understand the functional
implications of this morphological pattern.

Regarding body size, we found just one adaptive opti-
mum among all microhabitat use (OU1), corroborating
previous results from an interspecific comparison of
Western Mediterranean anurans varying in locomotory
mode (Enriquez-Urzelai ef al., 2015). In fact, interspeci-
fic variation in body size is larger within than between
categories of microhabitat use in our data set, with SVL
ranging from 18.01 to 94.33 mm, 17.07 to 149.33 mm,
35.12 to 51.70 mm, 24.70 to 82.87 mm and 17.48 to
91.49 mm, respectively for fossorial, terrestrial, semi-
aquatic, torrent and arboreal anurans. In this way, our
analyses suggest that variation in anuran body size is
not particularly associated with diversification in micro-
habitat use.

Anuran locomotor modes comprise burrowing, swim-
ming, walking, hopping, jumping, climbing and gliding
(Jorgensen & Reilly, 2013), and anuran interspecific
variation in locomotor mode has been frequently asso-
ciated with morphological diversity (Rand, 1952; Zug,
1972, 1978; Emerson, 1979, 1988; Gomes et al., 2009;
Jorgensen & Reilly, 2013; Moen et al., 2013 Vidal-
Garcia et al., 2014). Our analyses suggest that hindlimb
morphological traits have changed in association with
jumping performance, and diversification in microhabi-
tat use is an important selective pressure moulding
these evolutionary trajectories. According to our results,
torrent and arboreal anurans are characterized by
longer hindlimbs and higher jumping ability. Among
the torrent anurans from the Atlantic Forest (Brazil),
males from the genus Hylodes are territorial and call
from rocks along the streams to attract females and to

keep conspecific males at distance. These frogs are
wary, generally escaping through one long jump to the
water when disturbed (Pavan ef al, 2001). Calling
behaviour in this genus is also complemented by leg
stretching and foot flagging (Narvaes, 1997), a beha-
vioural pattern associated with frogs that inhabit noisy
streams, facilitating the transmission of information
about location of the signaller (Hodl & Amézquita,
2001). However, a possible cost of this type of beha-
viour would be greater exposure to predators, and this
disadvantage is possibly circumvented by the rapid
escape through diving into the water (Narvaes, 1997).
In this way, longer hindlimbs and higher jumping abil-
ity might have evolved in the context of elaborated
courtship and escape behaviour in torrent anurans. We
recognize that a limitation of the present study is that
only Brazilian torrent species were included in the
comparative analyses. The inclusion of torrent anurans
from different phylogenetic groups and zoogeographical
areas might provide stronger evidence of convergent
evolution of post-cranial skeleton in association with
torrent microhabitat use.

Our results corroborate previous studies suggesting
that hindlimb length evolved in association with a
higher jumping performance in anurans (Zug, 1972;
Emerson, 1985; Gomes et al., 2009). The origin and
diversity of adaptations for jumping performance in
anurans have been associated with different selective
pressures, including predation (Gans & Parsons, 1966;
Zug, 1972; Emerson, 1978; Gomes et al., 2009). Preda-
tion is intense during metamorphosis and early juvenile
life of amphibians (Arnold & Wassersug, 1978), and the
origin of saltatory locomotion in anurans has been sug-
gested to be an adaptation to escape predation (Gans &
Parsons, 1966). However, it is important to consider
that although anurans show a clear pattern of coevolu-
tion of hindlimb length and saltatory performance, the
proportion of the maximum jumping performance eli-
cited in response to predators is affected by several fac-
tors, including microhabitat structure (Gomes et al.,
2002; Martin et al., 2005). Rapid adaptive increase in
anuran hindlimb length has been also observed in
alternative ecological contexts, such as the coevolution
with increased rates of movement and dispersal during
the invasion of Rhinella marina in Australia (Phillips
et al., 2006).

In conclusion, our results show that microhabitat use
is an important selective pressure associated with jump-
ing performance and post-cranial morphological diversi-
fication in anurans. Particularly, arboreal, semi-aquatic
and torrent anurans are characterized by overall limb
lengths and higher jumping performance than terres-
trial and, particularly, fossorial species. In this way,
these results corroborate the hypothesis that evolution-
ary modifications of overall limb morphology have
been important in the diversification of locomotor per-
formance across the anuran phylogeny and that such
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evolutionary changes converged in different phyloge-
netic groups adapted to similar microhabitat use in dif-
ferent zoogeographical regions. The discussion
presented here emphasizes that different or even con-
flicting selective pressures, such as jumping ability and
burrowing efficiency, might act on the evolution of
complex structures such as vertebrate hindlimbs in
association with diversification in microhabitat use.
Further studies investigating possible associations
between pelvic morphology and habit, together with
data on different patterns of antipredator behaviour,
would enable a better understanding of the functional
implications of morphological divergence in this phylo-
genetic group.
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