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Abstract
Anurans exhibit a particularly wide range of locomotor modes that result in wide variations in their

skeletal structure. This article investigates the possible correlation between morphological aspects

of the hylid postcranial skeleton and their different locomotor modes and habitat use. To do so,

we analyzed 18 morphometric postcranial variables in 19 different anuran species representative

of a variety of locomotor modes (jumper, hopper, walker, and swimmer) and habitat uses (arboreal,

bush, terrestrial, and aquatic). Our results show that the evolution of the postcranial hylid skeleton

cannot be explained by one single model, as for example, the girdles suggest modular evolution

while the vertebral column suggests other evolutionary modules. In conjunction with data from

several other studies, we were able to show a relationship between hylid morphology and habitat

use; offering further evidence that the jumper/swimmer and walker/hopper locomotor modes

exhibit quite similar morphological architecture. This allowed us to infer that new locomotor

modalities are, in fact, generated along a morphological continuum.
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1 | INTRODUCTION

While considerable ecomorphological research has been conducted in

the field of herpetology (Bauwens, Garland, Castilla, & Van Damme,

1995; Cruz et al., 2009; Herrel, Vasilopoulou–Kampitsi, & Bonneaud,

2014; Losos, 1990a, 1990b, 1990c; Losos, Andrews, Sexton, & Schuler,

1991; Tulli, Abdala, & Cruz, 2011), there is a gross imbalance between

the extensive focus on squamates (Goodman, 2006; Goodman, Miles,

& Schwarzkopf, 2008; Herrel, Vanhooydonck, Porck, & Irschick, 2008;

Herrel et al., 2014; Kohlsdorf, Garland, & Navas, 2001; Kohlsdorf et al.,

2004; Losos, 1990a, 1990b, 1990c; Losos, Jackman, Larson, de

Queiroz, & Rodríguez-Schettino, 1998; Losos, Walton, & Bennett,

1993; Schulte, Losos, Cruz, & Nu~nez, 2004; Tulli, Abdala, & Cruz,

2012; Tulli, Cruz, Herrel, Vanhooydonck, & Abdala, 2009; Tulli, Cruz,

Kohlsdorf, & Abdala, 2016; Tulli et al., 2011; Vanhooydonck & Van

Damme, 2011; Zani, 2000; among many others) and anurans (Aerts &

Nauwelaerts, 2009; Emerson, 1979, 1988; Gillis & Biewener, 2000;

Griep et al., 2013; Herrel et al., 2014; Jorgensen & Reilly, 2013;

Nauwelaerts & Aerts, 2006; Nauwelaerts, Aerts, & D’ Aout, 2001;

Nauwelaerts, Ramsay, & Aerts, 2007; Reilly & Jorgensen, 2011;

Simons, 2008; Wells, 2007), with few of these papers addressing the

biomechanics of locomotion in frogs (e.g., Bijma, Gorb, & Kleinteich,

2016; Cox & Gillis, 2015; Griep et al., 2013). This is especially surpris-

ing when considering the plethora of locomotor modes and habitat

uses exhibited by anurans. Their ability to swim, hop, and walk allow

them to inhabit arboreal, aquatic, and terrestrial environments and

make them an ideal group to highlight relationships between morphol-

ogy and ecology.

Simons (2008) suggested that relatively long hind limbs and short

forelimbs coupled with a tail less, stout body define the conservative

bauplan of anurans. However, the evolutionary study of the interaction

between each particular organism and its biotic and abiotic environ-

ment illustrates how selection can mold specific phenotypic variations

(Irschick, Meyers, Husak, & Le Galliard, 2008). For example, subtle

structural differences in hind limb proportion could facilitate functional

diversity, allowing for the exploitation of a broader range of environ-

ments (Bain, Lathrop, Murphy, Nikolai, & Cuc, 2003; Channing &

Broadley, 2002; Dobrowolska, 1973; Duellman & Trueb, 1994;
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Emerson, 1978, 1979, 1983, 1985; Emerson & De Jongh, 1980; Nau-

welaerts et al., 2007; Zug, 1972, 1978). For example, habitat or micro-

habitat use, including interspecific or intraspecific interactions,

competition, predators may also contribute to diversification (McPeek

& Brown, 2000). Collar, Schulte, & Losos (2011) postulated that the

locomotor functions demanded by a certain habitat may also vary

depending on body size, adding another layer of complexity to the rela-

tionship between traits across habitats. For instance, the limb propor-

tions of lizards such as the Caribbean Anolis are strongly associated

with the particular habitat use on each of the islands they colonized,

with arboreal anoles that live on narrow branches exhibiting shorter

legs (Losos, 2009). Likewise in anuran species, variations in hind limb

morphology appears to be strongly associated with habitat use,

although the correlation has not been studied extensively (Enriquez–

Urzelai, Montori, Llorente, & Kaliontzopoulou, 2015; Gomes, Rezende,

Grizante, & Navas, 2009).

According to Emerson (1988), the same postcranial architecture

has appeared repeatedly and independently across several families of

anurans. The vertebral column and pelvic girdle play pivotal roles in

locomotion and are both considered key factors for adaptation (Ban-

bury & Maglia, 2006; Emerson, 1978, 1982, 1988; Jenkins & Shubin,

1998; Jorgensen & Reilly, 2013; P�ugener & Maglia, 2009; Sheil & Ala-

millo, 2005; Simons, 2008; Trueb & B�aez, 2006). Postcranial elements,

such as the ilio-sacral articulation, permit distinct joint mobility patterns

and, consequently, different locomotor behaviors (Emerson, 1979).

From a biomechanical point of view, the architecture of anurans

suggests that they are specialized jumpers. Furthermore, an adaptation

for one locomotor mode can result in a direct conflict with the per-

formance of another (Cartmill, 1985; Kramer, 1951; Losos et al., 1993;

Miles, 1994; Peterson, 1984). A better understanding of the functional

significance of certain osteological traits could greatly enrich the inter-

pretation of the interactions between these traits and habitat use or

locomotor modes (Arnold, 1983).

All species selected for our focus group belong to the Hylidae, one

of the most diverse anuran families with nearly 900 species described

to date (Frost, 2016). Hylids are known for inhabiting a wide variety of

environments, from ponds and streams to tropical rainforests and

grasslands. Moreover, some species are strictly aquatic or specialized

terrestrial or arboreal dwellers, while others are equally at home on

land and in the water (Borges de Freitas et al., 2008; Cei, 1980; Duell-

man, 1970, 2001, 2003; Dur�e, 1999; Gallardo, 1993; Lucas, Fortes, &

García, 2016; Pombal & Haddad, 1992; Vaira, 2001; Wells, 2007).

Accordingly, hylids incorporates various locomotor modes (Manzano,

Baldo, & Barg, 2004; Manzano & Barg, 2005; Vaira, 2001; Wells,

2007). The versatility and morphological diversity of this family make it

ideal for ecomorphological research, which traditionally focuses on the

locomotor system and its correlation with postcranial skeletal traits (e.

g., jumping performance in relation to hind limb length; Emerson, 1979,

1988; Rand, 1952; Zug, 1972, 1978). In this context, we return to the

question of whether relatively subtle changes in the morphology of

frog’s postcranial bones could have functional consequences, as occurs

in other small bodied vertebrates such as rodents (Carrizo, Tulli, Dos

Santos, & Abdala, 2013). The main objectives of this study were to

investigate whether (i) variations in osteological postcranial structures

of select hylids indicate a specific evolutionary model, and whether (ii)

the vertebral column, pectoral, and pelvic girdles of the selected spe-

cies exhibit correlations between morphological patterns and ecological

aspects such as locomotor mode and/or habitat use. Based on the out-

comes of several ecomorphological papers studying the internal anat-

omy across different tetrapod taxa (Carrizo et al., 2013; Nauwelaerts

et al., 2007; Tulli, Carrizo, & Samuels, 2015; Tulli et al., 2009, 2011,

2016), we hypothesize that hylid frogs will present a conservative post-

cranial morphology adequate for all those tasks requiring locomotion.

2 | MATERIALS AND METHODS

2.1 | Data collection

We examined 51 adult anuran specimens of both sexes, from 14 hylid

species: Hypsiboas riojanus (Koslowsky, 1895), Hypsiboas raniceps

(Cope, 1862), Hypsiboas pulchellus (Dumeril & Bibron, 1841), Scinax

acuminatus (Cope, 1862), and Scinax fuscovarius (Lutz, 1925), Scinax

nasicus (Cope, 1862), Dendropsophus nanus (Boulanger, 1889), Trachy-

cephalus typhonius (Linnaeus, 1758), Lysapsus limellum (Cope, 1862),

Pseudis platensis (Gallardo, 1961), Phyllomedusa azurea (Cope, 1862),

Phyllomedusa boliviana (Boulenger, 1902), Phyllomedusa sauvagii

(Boulenger, 1882), and Phyllomedusa tetraploidea (Pombal & Haddad,

1992). In addition, five species of others families were included in the

analysis: Leptodactylus fuscus (Schneider, 1799), Pleurodema cinereum

(Cope, 1878), Rhinella major (M€uller & Helmich, 1936), Telmatobius ceio-

rum (Laurent, 1970), Telmatobius atacamensis (Gallardo, 1962; for detail

see Figure 1). Specimens were selected to represent a wide range of

locomotor modes and habitat uses, including several specialized taxa

belonging to independent evolutionary lineages. All the specimens

examined are housed in systematic collections and listed in the

Supporting Information (Appendix S1).

2.2 | Morphology

Initially, an osteological comparative analysis was performed to select

specific characters conducive to the assessment of the degree of mor-

phological specialization (Table 1). The vertebral column and pectoral

and pelvic girdles were selected as they commonly reflect the mechani-

cal and structural modifications necessary for exploitation of distinct

environments (Emerson, 1982; Emerson & De Jongh, 1980; Enriquez–

Urzelai et al., 2015; Gomes et al., 2009; Jorgensen & Reilly, 2013; Zug,

1978). The terminology used follows Trueb (1973), Emerson (1979),

and Duellman & Trueb (1994). The number of adult specimens of each

sex per species varied according to availability (range 1–5; Supporting

Information Appendix S2). The specimens were cleared and whole-

mounted for double staining of the cartilages and bones following the

methodology of Wassersug (1976). They were then photographed with

a high resolution digital camera (SonyDSC-H5, Sony Corp., Tokyo,

Japan) using a binocular microscope. Images of the body size and

postcranial skeletal bones were measured and analyzed using Image
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Tool 3.0 (University of Texas Health Science Center, San Antonio).

Data related to body size were measured as the distance from cranial

end of the vertebral column to the caudal end of urostyle in dorsal

view (hereafter referred to as TL). Measurements of the postcranial

skeletal bones and body size are reported in the Supporting Informa-

tion Appendix S2.

FIGURE 1 Composite tree based on Aguiar et al. (2007) and Wiens et al. (2010) [Color figure can be viewed at wileyonlinelibrary.com]
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2.3 | Ecological assignments

The assignment of locomotor modes and habitat uses were based

on Cartmill (1985), Emerson (1985), Biewener (2003), Polly (2007),

Wells (2007), Simons (2008), and on field observations (Tables 2

and 3).

Several lineages of anurans exhibit broad variations in habitat use

and locomotor modes. To accommodate this we treated the ecological

categories as a continuum (Grizante, Navas, Garland, & Kohlsdorf,

2010) and created indexes (ranging from 0 to 1) within each ecological

category. For example, species that are strictly aquatic or specialized

for terrestrial or arboreal habitats were assigned 1.0 for those catego-

ries and zero for the remainder, while others that are equally at home

on land or in the water were assigned 0.5 for each (Tables 2 and 3).

Estimates of species substrate usage and locomotor mode were taken

from relevant literature and personal observations (Table 2).

2.3.1 | Locomotor modes

Four categories were considered: walking, hopping, jumping, and swim-

ming. Walking is defined as a motion that involves the movement of

both the fore- and hind-limbs alternatively from side to side, coupled

with lateral undulations of the body. The main distinction between hop-

ping and jumping is the distance traveled during locomotion. A frog that

hops moves in a series of short leaps whereas a frog that jumps per-

forms a leap greater than 10 times its snout vent-length (Emerson,

1979). Swimming species employ the same movement as jumpers;

extending their hind limbs synchronously, while maintaining the fore

TABLE 1 List of postcranial measurements examined in this study, including vertebral column skeleton, and pectoral and pelvic girdles
(following to Emerson, 1982; Simons, 2008; Trueb, 1977)

Measurements Definition

Proximal sacral diapophysis width (PSDW) The greatest length between the cranial and caudal edges of the sacral diapophysis adjacent
to the vertebral centrum.

Distal sacral diapophysis width (DSDW) The length between the distal cranial and caudal edges. Measured in dorsal view and
including cartilage.

Distal expansion of the sacral diapophysis (DESD) Angle between the sacral vertebral centrum and distal antero-postero edges of the sacral
diapophysis. Measured in dorsal view and including cartilage.

Vertebral body width (VBW) Length between the lateral edges of the vertebral body width. Measured in dorsal view.

Sacral diapophysis width, including cartilage (SDWic) Length between the edges medial and lateral of the sacral diapophysis. Measured in dorsal
view.

Orientation of the sacral diapophyses,
including cartilage (OSDic)

Angle between the longitudinal axis of the vertebral column and antero-distal edges of the
sacral diapophysis, measured from vertebral sacral centrum. Measured in dorsal view.

Urostyle length (UL) Distance from cranial end to the caudal end of the urostyle. Measured in dorsal view.

Urostyle crest length (UCL) Distance from cranial end of urostyle to the caudal end of the urostyle crest. Measured in
dorsal view.

Vertebral column length (VCL) Distance from cranial end of first vertebra to the caudal end of the eighth presacral vertebra.
Measured in dorsal view.

Medial coracoid width (MCW) Distance from cranial end to the caudal end of the coracoid. Measured along the longitudinal
axis of body.

Coracoid length (CL) The distance between the distal and proximal edge along the coracoids midline from the
ventral surface.

Angle of the curvature of the clavicle (ACC) Angle between the posterior end of the glenoid cavity to the medial and distal end of the
clavicle. Measured in dorsal view.

Proximal scapula width (PSW) Distance from anterior end to the posterior end of the scapula. Measured in the anterior end
of the glenoid cavity.

Distal scapula width (DSW) Distance from anterior end to the posterior end of the scapula. Measured in the articulation
scapula-suprascapula.

Clavicle length (ClL) The distance between the distal and proximal edge along the midline from the clavicle.

Scapula length (SL) The distance between the distal and proximal edge along the midline from the scapula.

Ventral expansion of the ilium (VEI) Angle between the posterior end of the ilial shaft and anterior edge of expansion of the
acetabular plate.

Pelvic girdle length (PGL) Distance from cranial end of the ilium to the caudal end of ischium. Measured in dorsal view.

Total length (TL) Distance from cranial end of the vertebral column to the caudal end of urostyle. Measured in
dorsal view.
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limb adducted against the body (Table 2; Emerson & De Jongh, 1980;

Peters, Kamel, & Bashor, 1996;Wells, 2007).

2.3.2 | Habitat use

Four categories of substrate usage were considered: arboreal, bush,

terrestrial, and aquatic (Table 3). Arboreal species inhabit trees; bush

species inhabit bushes or low growing vegetation such as bromeliads,

grass, and so forth; terrestrial species live on land, inhabiting primarily

the ground around waterholes and on hillsides; aquatic species inhabit

water features almost exclusively (Table 3).

2.4 | Phylogeny

Phylogenetic comparative analyses were performed using a composite tree

(Figure 1) based on Aguiar et al. (2007), Wiens, Kuczynski, Hua, & Moen

(2010), and Pyron &Wiens (2011). Data from the last two studies were pri-

marily used to fill the gaps of species not considered in Wiens et al. (2010).

Branch lengths were not available, so we assumed all were equal to 1, and

transformed branch lengths using Pagel�s methods (see Tulli et al., 2012).

2.5 | Statistical analysis

Mean values of osteological variables were log10 transformed prior to

analyses to meet normality requirements (Zar, 1999). As habitat use is

expressed in proportions, ecological data were transformed to the arc-

sin of the square root of each value (Martin & Bateson, 2007). All sta-

tistical analyses were implemented in an R statistical environment (R

Core Development Team, 2011). Morphological traits require body size

corrections based on their phylogenetic context, so we performed the

phylogenetic size correction analysis described by Revell (2009). Resid-

uals were calculated from least square regression analyses of morpho-

logical traits on body size (SVL), while controlling for phylogenic

nonindependence by using phylo.resid (a module of Phytools for R

developed by Revell, 2012). The resulting residuals were then used for

the subsequent analyses. To reduce the number of variables a phyloge-

netically based principal component analysis (PCA) was conducted

based on a variance-covariance matrix of the morphological residuals

using a Varimax rotation, implemented with the module Phyl.PCA from

the Phytools package for R (Revell, 2012). To detect the variables with

the greatest contributions to each principal component (PC), we con-

sidered only the informative traits from the morphological loadings

with higher absolute values (negative or positive; Table 4 in boldface).

Subsequently, we tested three different evolutionary models to

explore the processes that best explain the evolution of these morpho-

logical traits. The first model, known as the Brownian Motion evolu-

tionary model (BM), supposes that the evolution of a trait results from

random fluctuations through time (Felsenstein, 1988; Harmon et al.,

TABLE 2 Ecological index assigned to each species, according to the locomotor modes

Locomotor modes

Species Jumper Hopper Walker Swimmer Literature source

Scinax fuscovarius 1.00 0.00 0.00 0.00 Pers. Obs.

Scinax nasicus 1.00 0.00 0.00 0.00 Pers. Obs.

Scinax acuminatus 1.00 0.00 0.00 0.00 Pers. Obs.

Hypsiboas riojanus 1.00 0.00 0.00 0.00 Pers. Obs.

Hypsiboas pulchellus 1.00 0.00 0.00 0.00 Pers. Obs.

Hypsiboas raniceps 1.00 0.00 0.00 0.00 Pers. Obs.

Trachycephalus typhonius 1.00 0.00 0.00 0.00 Pers. Obs.

Dendropsophus nanus 1.00 0.00 0.00 0.00 Pers. Obs.

Phyllomedusa sauvagii 0.00 0.00 1.00 0.00 Wells (2007)

Phyllomedusa azurea 0.00 0.00 1.00 0.00 Wells (2007)

Phyllomedusa boliviana 0.00 0.00 1.00 0.00 Vaira (2001), Wells (2007)

Phyllomedusa tetraploidea 0.00 0.00 1.00 0.00 Manzano et al. (2004),
Wells (2007)

Pseudis platensis 0.50 0.00 0.00 0.50 Manzano & Barg (2005)

Lysapsus limellum 0.50 0.00 0.00 0.50 Manzano & Barg (2005)

Leptodactylus fuscus 1.00 0.00 0.00 0.00 Jorgensen & Reilly (2013)

Telmatobius ceiorum 0.00 0.00 1.00 0.00 Lavilla, personal communication

Telmatobius atacamensis 0.00 0.00 1.00 0.00 Lavilla, personal communication

Rhinella major 0.00 0.00 1.00 0.00 Emerson (1979)

Pleurodema cinereum 0.00 1.00 0.00 0.00 Fabrezi, Manzano,
Lobo, & Abdala (2014)
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2010). The second Ornstein–Uhlenbeck (OU) model focuses on sec-

tions of lineages where a trait varies in relation to an optimum or stabi-

lizing selection (Butler & King, 2004; Harmon et al., 2010). Finally, the

third hypothesis predicts intensified trait modifications early in the evo-

lutionary tree followed by a gradual deceleration of the evolutionary

rate, in a model called Early Burst (EB; Harmon et al., 2010). To test

which evolutionary model best fits each variable, a fitContinuous

analysis was run using GEIGER (Harmon et al., 2010) and analysis of

phylogenetics and evolution (APE; Paradis, Claude, & Strimmer, 2004)

packages for R. The command “fitContinuous” describes the rate of

character modification within the three aforementioned evolutionary

models, while also providing an Akaike value (AIC) for each procedure.

The best fit among the candidate evolutionary models was then

obtained from the AIC (Angilletta, 2006; Burnham & Anderson, 2002)

using the weights (wAICc) as a measure of strength for each model,

and indicating the probability that a given model is the best among a

series of candidate models (Burnham & Anderson, 2002).

Due to their phylogenetic relationships species cannot be consid-

ered as independent data-points (Harvey & Pagel, 1991), so Pagel’s

phylogenetic signal (k) was estimated by using the residual errors simul-

taneously on the regression parameters of phylogenetic generalized

least squares models (PGLS) analyses. These analyses were performed

in “caper” (Orme et al., 2012) and “ape” (Paradis et al., 2004) packages

for R. Models were built using the ecological data as the independent

variable, as a proportion of habitat use, either individually or in

combination (e.g., PC� arboreal1 terrestrial1 swimming1 jumping),

and using the morphological information as the dependent variable,

represented by the species’ scores of each one of the four retained

PCs. Model choice was based on the model fit using the AIC

aforementioned.

3 | RESULTS

The first two PC axes explained approximately 72% of the accumulated

variance. PC1 loads show that the proximal sacral diapophysis width

(PSDW), vertebral body width (VBW), sacral diapophysis width, includ-

ing cartilage (SDWic), urostyle length (UL), vertebral column length

TABLE 3 Ecological index assigned to each species, according to the habitat use

Species
Habitat use
Arboreal Shrubby Terrestrial Aquatic Literature source

Scinax fuscovarius 0.5 0.25 0.25 0.00 Cei (1980), Obs. Pers.

Scinax nasicus 0.25 0.5 0.25 0.00 Obs. Pers.

Scinax acuminatus 0.00 0.5 0.50 0.00 Cei (1980), Dur�e (1999)

Hypsiboas riojanus 1.00 0.00 0.00 0.00 Obs. Pers.

Hypsiboas pulchellus 0.50 0.50 0.00 0.00 Gallardo (1993)

Hypsiboas raniceps 0.75 0.25 0.00 0.00 Obs. Pers.

Trachycephalus typhonius 1.00 0.00 0.00 0.00 Duellman (1970), Emerson (1979)

Dendropsophus nanus 0.00 1.00 0.00 0.00 Cei (1980), Obs. Pers.

Phyllomedusa sauvagii 0.75 0.25 0.00 0.00 Cei (1980), Wells (2007), Obs. Pers.

Phyllomedusa azurea 0.25 0.75 0.00 0.00 Borges de Freitas et al. (2008),
Lucas et al. (2016), Obs. Pers.

Phyllomedusa boliviana 0.50 0.50 0.00 0.00 Vaira (2001), Wells (2007)

Phyllomedusa tetraploidea 0.50 0.50 0.00 0.00 Manzano et al. (2004), Pombal &
Haddad (1992), Wells (2007)

Pseudis platensis 0.00 0.00 0.00 1.00 Duellman (2001, 2003), Wells (2007)

Lysapsus limellum 0.00 0.50 0.00 0.5 Duellman (2001, 2003), Vera Candioti,
Wells (2007), Obs. Pers.

Leptodactylus fuscus 0.00 0.00 1.00 0.00 Ponssa (2008), Heyer (1969)

Telmatobius ceiorum 0.00 0.00 0.25 0.75 Cei (1980), Laurent (1970), Lavilla (1988),
Lavilla & Barrionuevo (2005), Vellard (1954),
Wells (2007), Barrionuevo Obs. Pers.

Telmatobius atacamensis 0.00 0.00 0.00 1.00 Lavilla (1988), Lavilla & Barrionuevo (2005),
Vellard (1954), Wells (2007),

Rhinella major 0.00 0.00 1.00 0.00 Vellard (1954), Wells, 2007

Pleurodema cinereum 0.00 0.00 0.75 0.25 Vellard (1954), Lavilla, personal communication
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(VCL), medial coracoid width (MCW), coracoid length (CL), proximal

sacral diapophysis width (PSW), distal sacral diapophysis width (DSW),

clavicle length (ClL), scapula length (SL), and pelvic girdle length (PGL)

all contributed importantly, all displaying negative values (Figure 2,

Table 4). In the case of PC2, distal sacral diapophysis width (DSDW),

distal expansion of the sacral diapophysis (DESD), and ventral expan-

sion of the ilium (VEI) had higher and positive loads (Figure 2, Table 4).

3.1 | Evolutionary models

Hylid morphology appears to have evolved through various different

processes, as no single evolutionary model could explain all the studied

traits (Table 5). The majority of the traits were best explained by the

Ornstein–Uhlenbeck model of evolutionary change (Butler & King,

2004; Harmon et al., 2010). The BM model, conversely, which predicts

a random rate of change, better explained the evolution of only one

trait of the sacral vertebra (Table 5). Using the AIC, none of the skeletal

variables showed a best fit with the Early Burst evolutionary model

(Table 5).

3.2 | Phylogenetic signal

k-values were significant for most of the recovered associations (Table

6). Three of the five variables associated to PC1, bush and swimmer

and hopper locomotor modes showed a k-value51 or closer to 1. All

other associations exhibited a k-value lower than 1, suggesting that

variability was a consequence of adaptation to ecological requirements

(Table 6).

3.3 | Ecomorphological relationships

The PGLS analysis produced a total of 256 possible models for each

PC (Supporting Information Appendix S3). Only five of these (four for

PC1 and one for PC2) were informative according to the Akaike crite-

rion and provided evidence for an association between morphology

and ecology (Table 6). These models described significant slopes for

some of the habitat use and locomotor mode variables (Table 6). Frogs

exhibiting longer vertebral column, broad vertebral body, broad proxi-

mal sacral diapophysis, longer urostyle, and longer pelvic girdle present

a relationship between PC1 and bush habitat use, and jump and swim

locomotor modes (Table 6). The pectoral girdle shows a trend toward

broad proximal and distal scapula, longer clavicle, and longer scapula

and coracoid (Tables 4 and 6). Species that inhabit arboreal environ-

ments and walk exhibit narrow proximal sacral diapophyses, narrow

vertebral bodies, narrow proximal and distal scapula, accompanied by a

shorter clavicle, pelvic girdle, scapula and coracoid, and a shorter uros-

tyle and vertebral column (Tables 4 and 6). We have also identified an

association between PC2 and frogs that inhabit bush, walk, and hop;

they exhibit narrow distal sacral diapophyses and smaller sacral dia-

pophyses expansion angles (Figure 3).

4 | DISCUSSION

In this study, we addressed the evolutionary models that can explain

variations in the postcranial morphology of hylids, and examined

whether the identified variations correlate with habitat use and/or

locomotor modes.

4.1 | Morphology and evolutionary models

Our results show that the evolutionary model that best fits most of the

morphological variables related to the pelvic girdle is the Ornstein–

Uhlenbeck model. It emphasizes a stabilizing selection that tends to

generate hierarchical patterns, which is congruent with previous stud-

ies of hylids (Jorgensen & Reilly, 2013; Nauwelaerts et al., 2007) that

suggest they are morphologically and ecologically conservative frogs.

The pelvic girdle length has been established as a conservative charac-

ter between frogs with different locomotor modes, with greater varia-

tion in the shape of the sacrum (Jorgensen & Reilly, 2013; Nauwelaerts

et al., 2007). Interestingly, one of the traits related to the sacrum are

better explained by a BM model of evolution that indicates stochastic

processes. The fact that different modes of evolution drive different

structures of the same body could be an indication of the modular evo-

lution of the vertebrae and pectoral and pelvic girdles. Modular theory

predicts that developmental processes can generate phenotypic units

that are capable of independent modification (Buchholtz, 2007). Our

results could indicate that the girdles and the vertebral column consti-

tute independent modules.

TABLE 4 Principal component scores of osteological characters
(PC1 and PC2) that explained near 72% of variance

Variables PC1 PC2

PSDW 20,9494892 0,043205515

DSDW 20,5754095 0,806866744

VBW 20,9616448 20,20964365

DESD 0,220454 0,95179795

SDWic 20,9477486 0,113960093

OSDic 20,1886238 20,44646804

UL 20,9690144 0,1225979

VCL 20,9736428 0,112780242

MCW 20,9671413 20,019853012

CL 20,9360136 20,180119988

ACC 0,4492974 0,096426738

PSW 20,9131004 20,335359153

DSW 20,9432721 20,009342408

ClL 20,9132546 20,288266616

SL 20,9429543 0,111759015

VEI 0,2603428 0,695962853

PGL 20,9757635 0,078722801
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4.2 | Ecomorphological relationships

Another outcome of our analysis is the identification of an association

between features of the pelvic and pectoral girdles and the vertebral

column, and particular ecological aspects. For example, we found that

frogs that live in the bush and swim and jump, exhibit broad proximal

sacral diapophyses, broad vertebral bodies, and longer urostyles. Stud-

ies have previously shown an association between the morphological

traits with swimming and jumping (Emerson & De Jongh, 1980;

Nauwelaerts et al., 2007; Peters et al., 1996), and this is again

FIGURE 2 Osteological variables of Scinax nasicus included in our model analyses. VBW5Vertebral body width; SDWic5 Sacral
diapophysis width, including cartilage; DSDW5Distal sacral diapophysis width; PSDW5Proximal sacral diapophysis width; UL5Urostyle
length; PGL5Pelvic girdle length; VCL5Vertebral column length; ClL5Clavicle length; CL5Coracoid length; MCW5Medial coracoid
width; PSW5Proximal scapula width; SL5Scapula length; DSW5Distal scapula width; VEI5Ventral expansion of the ilium. Scale bars:
1 mm
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demonstrated in the current work. Remarkably, most anurans are

capable of swimming, even those that do not live in water (Calow &

Alexander, 1973; Emerson & De Jongh, 1980; Gal & Blake, 1988a,

1988b; Gillis & Biewener, 2000; Peters et al., 1996). Interestingly,

we found that frogs that live in the bush and swim exhibit strong

phylogenetic signal, evidencing again some degree of morphological

conservatism. Jenkins & Shubin (1998) argued that the caudopelvic

mechanism needed for swimming compromises the movement of

the urostyle, and requires elongated iliac shafts and mobile iliosacral

and sacro-urostylic joints. A study by Herrel et al. (2014) however,

TABLE 5 Values of AICc and Log Likelihood (LogL) corresponding to the evolutionary models tested (Brownian motion [BM], Ornstein–
Uhlenbeck [OU]]) of the two principal components (PC1 and PC2)

Morphology LogL AICc wAICc LogL AICc wAICc BeMo

VBW 0.591 3.566 0.098 4.20 20.801 0.877 OU

DSDW 24.878 14.506 0.620 24.443 16.487 0.725 OU

DSW 22.200 9.152 0.117 1.205 5.188 0.854 OU

SDWic 21.184 7.118 0.209 1.500 4.599 0.739 OU

DESD 6.412 28.075 0.667 6.477 25.354 0.171 BM

MCW 20.697 6.144 0.197 2.070 3.459 0.755 OU

PSDW 23.740 12.23 0.037 20.649 8.899 0.952 OU

PSW 2.201 9.152 0.117 1.205 5.188 0.854 OU

CL 6.323 27.896 0.223 8.920 210.24 0.722 OU

ClL 1.46 1.828 0.194 4.249 20.899 0.759 OU

VCL 5.513 26.27 0.306 7.644 27.68 0.620 OU

PGL 4.436 24.123 0.209 7.124 26.648 0.740 OU

SL 20.175 5.100 0.300 1.809 3.981 0.585 OU

UL 5.209 25.669 0.625 7.371 27.143 0.627 OU

wAICc is the weight of the different models. BeMo indicates the evolutionary model that best fitted the data based on the wAICc values. a and r2,
estimate evolutionary rate.

TABLE 6 Best fitting PGLS models for principal components of morphology (PC1, PC2), the proportion of the ecological categories

Model k Adi r2 Intercept Variable Slope Pp Pt AICc Wi

PC1�bush 1 0.59 1.48 bush 21.39 0.000 0.000 33.005 0.39

PC1�jumper1bush1tree 0.001 0.52 0.60 jumper 20.41 0.001 0.000 30.774 0.38

bush 20.79 0.000

tree 0.68 0.000

PC1�walker1bush1tree 0.001 0.68 0.01 walker 0.45 0.002 0.000 26.189 0.38

bush

tree

PC1�swimmer1bush 0.96 0.66 0.04 swimmer 21.29 0.03 0.000 30.187 0.39

bush 21.46 0.000

PC2�bush1walker1hopper 1 0.67 3.36 bush 20.44 0.009 0.000 7.46 0.96

walker 20.84 0.018

hopper 20.73 0.003

See Appendix S2 for all models. Pagel’s k (phylogenetic signal), adjusted r2 (Adj r2), intercept, slopes were considered for those informative variables
based on the Akaike criterion (AICc and Wi). Pp: means the partial p value for each variable; Pt: is the p value for the complete model. Boldface
denotes significant results.
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postulates that the caudopelvic mechanism is actually the best pre-

dictor of the maximum resultant force in jumping and swimming,

and suggests that it may in fact play an even more important role in

jumping than in swimming. Likewise, Reilly et al. (2016) postulated

that the pelvic girdle might play an important role in landing. In the

present study we also identified several osteological postcranial

characters that while adaptive for swimming, are also advantageous

for jumping. These observations indicate the simultaneous optimiza-

tion of two tasks that might be considered mutually incompatible. It

is interesting to note, however, that the bauplan of frogs seems to

be ancestrally developed for jumping. This interpretation is based on

the study of fossil anurans, such as Triadobatrachus and Prosalirus

bitis (Rage & Roček, 1986, 1989; Shubin & Jenkins, 1995; Wake,

1998) that indicate the strong influence that the plesiomorphic frog

anatomy has on their current morphology (Essner, Suffian, Bishop, &

Reilly, 2010). It is possible that this phylogenetic inertia, also shown

in the significat phylogenetic signal, imposes limitations on the adap-

tation to a more aquatic life style (Nauwelaerts et al., 2005) and

explains the morphological similarity despite differences in habitat

use. It could also be inferred that the anuran bauplan, in fact, is an

intermediate phenotype, designed to perform all tasks reasonably

well (Nauwelaerts et al., 2007; Tulli et al., 2012, 2015, 2016). Many

ecomorphological studies have found a tendency toward the conser-

vation of gross structure traits across taxa (e.g., Abdala, Tulli, Russell,

Powell, & Cruz, 2014; Gans, 1993; Nauwelaerts et al., 2007; Tulli

et al., 2012, 2015, 2016). This may represent a response mechanism

to the demands of a broad array of environmental and mechanical

challenges by permitting adequacy in all circumstances (Abdala et al.,

2014; Gans, 1993). From this perspective, organisms can be consid-

ered a “jack of all trades and master of none” (Tulli et al., 2012), as

they retain an all-purpose morphology allowing them to access a

variety of habitats and locomotor modes. This generalized morphol-

ogy could represent a morphological optimum because natural selec-

tion is acting on several traits and several surfaces simultaneously

without taking into account the available environments (Sathe &

Husak, 2015).

The sacral vertebrae are among the structures modified for both

jumping and swimming, as they provide attachments for key muscles

involved in the general displacement of the urostyle. The m. longissi-

mus dorsi, the m. coccygeoiliacus, and the m. coccygeosacralis are

specifically involved in the urostyle movement/stabilization. The

m. coccygeoiliacus during the muscular contraction also participates

in the posterior gliding of the ilium along the sacral diapophysis,

projecting the vertebral column forward (P�rikryl, Aerts, Havelkov�a,

Herrel, & Roček, 2009). All three are strap and parallel fibered

muscles, and their longer fibers enable greater muscle contraction

that produces specific joint motion (Oatis, 2009). Thus, it could be

inferred that a longer urostyle and larger diapophyses and sacral ver-

tebrae would require longer muscles and thereby enhance jumping

and swimming performance. It should be noted, however, that

degree of sacral diapophyseal expansion has produced conflicting

results in different studies (e.g., Jorgensen & Reilly, 2013; Soliz &

FIGURE 3 Left: Frogs that use bush and jump, Dendropsophus
nanus. Right: Frogs that use arboreal habitat and walk present,
Phyllomedusa tetraploidea. VBW5Vertebral body width;
VCL5Vertebral column length; PSDW5Proximal sacral
diapophysis; UL5Urostyle length; PGL5Pelvic girdle length;
ClL5Clavicle length; CL5Coracoid length; PSW5Proximal
scapula width; SL5 Scapula length; DSW5Distal scapula width.
Scale bars: 1 mm
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Ponssa, 2016), thereby identifying it as an important ecomorphologi-

cal trait that requires further consideration.

The components of the pectoral girdle also tend to be longer and

slender (compare the pectoral girdles in Figure 3) in frogs that inhabit

the bush and jump and swim. The Slender-Body Theory has been

developed in the hydrodynamic field, based in the advantages of hav-

ing a slender body to face the problem of the movement in a viscous

fluid (Cox, 1970). Interestingly, viscous drag is most critical at small size

and slow speed (Biewener, 2003); likewise, slenderness has been asso-

ciated to more effective long-distance running (Åstrand, Rodhal, Dahl,

& StrØmme, 2003). Taken together, these data suggest that a slender

body would be better adjusted to face any challenging locomotor

modes. The increased size of these elements has been reliably linked to

the important role of the pectoral girdle during jumping, as it operates

like a damper to absorb the impact of landing (Emerson, 1983; Griep

et al., 2013; Nauwelaerts & Aerts, 2006). Acting as a buffer, the pecto-

ral girdle elements can shift relative to one another during landing, as

in the dorso-ventral flexion of the scapula-suprascapula joint (Emerson,

1983; Griep et al., 2013). It has also been suggested that the function

of impact absorption upon landing could be carried out by the clavicle

or the coracoid (Emerson, 1984). The entire pectoral girdle can rotate

as it is connected to the spine by muscles, engaging the glenoid joint as

a pivot (Emerson, 1983; Griep et al., 2013). Emerson (1983) suggested

that during landing several muscles, such as the rhomboideus, serratus

and levator scapulae, actively fasten the suprascapula dorsally to the

vertebral column to prevent its movement. Additionally, it has been

shown that several shoulder muscles are also important during the pre-

landing activity, being critical for resisting the forces associated with

impact (Akella & Gillis, 2010; Ekstrom & Gillis, 2015). These data are in

concordance with our results, as we found jumper species like Den-

dropsophus nanus to have broad proximal and distal scapulae, longer

clavicles, longer scapulae and longer coracoids. Shearman (2008) dem-

onstrated that the jumper Rana pipiens exhibits longer scapulae than

the swimmer Xenopus laevis and both have longer scapulae than the

other species studied here.

Arboreal and walker species in this study presented smaller and

shorter vertebral bodies, coracoids and clavicles than the jumper and

swimmer species, along with narrow proximal and distal sacral diapoph-

yses. Ours models showed that these traits associated to jump and walk

migth be more evolutionarily flexible, as their phylogenetic signal tend

to be low. These results are in accordance with the traits described for

hopping anurans: relatively short and stout bodies with pelvic girdles

and hind limbs shorter than in jumping frogs (Emerson, 1978). Emerson

(1978) also called attention to the similarity of the morphological requi-

sites for walking and hopping, pointing out that these locomotor modes

tend to occur together, as some frogs can switch from hopping to walk-

ing gaits. Interestingly, Jorgensen & Reilly (2013) also considered a simi-

lar transition from hopping to jumping in Neobatrachia. Soliz & Ponssa

(2016) also found narrow diapophyses in walker-aquatic species such as

Telmatobius ceiorum and Telmatobius atacamensis, and in the swimmer

and jumper-aquatic species Pseudis platensis. They surmised that the

presence of narrow sacral diapophyses appears to be more closely

related to aquatic habitat use than to any particular locomotor mode.

Thus, it could be inferred that new locomotor abilities are actually

acquired along a morphological continuum (Fontanarrosa & Abdala,

2016), a process that could be compared to evolutionary gradient in the

acquisition of the forelimb control landing in frogs, which radiates into

diverse locomotor modes and habitat uses (Reilly et al., 2016). Interest-

ingly, Richards (2010) found a functional continuum between rotational

and translational motion in four frog species, that could be easily associ-

ated to the idea of gradual morphological changes proposed here.

In conclusion, our work shows that the evolution of elements of the

postcranial hylid skeleton, specifically the girdles and vertebral column,

are explained by distinct evolutionary models, suggesting the influence of

modular evolution. In support of findings from previous studies, we also

detected a relationship between morphology and locomotor modes in

hylid frogs. On one hand, jumping and swimming species, and on the

other, walking and hopping species, exhibited evidence reaffirming similar

morphological architectures for these locomotor modes. These findings

lead to the inference that there is no perfect match between a particular

locomotor abilitiy and internal morphology, at least in hylids. The traits

associated to ecological categories are in fact overlapped and generated

on a morphological continuum and not as discreet adaptations.
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