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a b s t r a c t

Jumping consists of a series of complex movements with more variability in landing than in take-off.
Different modes have been described concerning the landing phase, which seems to be linked to the
general phylogenetic relationships of anuran groups. For example, the belly hit has been recorded in the
basal-most living frog family Leiopelmatidae. Here we used high-speed videography to observe the role
of hand and foot digits in landing behavior in ten species of neotropical anurans exhibiting different
locomotor modes. We also calculated the time-lapse of each jump. We hypothesize that the role of digits
can be pivotal to many anuran species during terrestrial landing. We also present data on the compar-
ative anatomy of digits and those parts of the hands and feet involved in landing. Our video records show
that landing through hand hit among anurans is performed with the distal curved phalanges of the hand
digits. The morphological results show that all species surveyed, even the walker ones, exhibit distally
curved phalanges, in lateral view. Movements of the distal phalanges of the hand are a key to under-
standing landing in anurans. All digits must be resistant to compression, since all the weight of the body
falls on them. Digit hit seems to be action-driven by an elastic mechanism, which could indicate the
activation, for example, of the flexor digitorum communis muscle. Landing in terrestrial frogs like
Rhinella arenarum and Leptodactylus chaquensis follows a highly coordinated and synchronic pattern,
with a longer time-lapse to complete each jump. Arboreal jumping frogs like Scinax fuscovarius and
Boana riojana and semiaquatic hoppers like Pleurodema borellii and Physalaemus biligonigerus tend to be
asynchronic and uncoordinated, but with a shorter time-lapse to complete each jump.

© 2022 Elsevier GmbH. All rights reserved.
1. Introduction

The most widespread mode of locomotion in Anura is jumping;
however, the musculoskeletal system of the hind limbs, pelvis, and
vertebral column allows them to use two or more locomotor modes
with different performance (Emerson & De Jongh, 1980). This sys-
tem is equally appropriate for functionally complex synchronic
movements of the limb muscles, such as those used in swimming
and jumping (Kargo et al. 2002), whereas walking involves other
asynchronic muscle movements (Fabrezi et al. 2014). P�rikryl et al.
(2009) suggested that jumping is the primary locomotion activity
al, Facultad de Ciencias Nat-
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among anurans, whereas swimming (except in pseudines) and
walking are derived specializations (Fabrezi et al. 2014).

Jumping is a locomotor mode, which consists of several move-
ments developed in a cycle involving four phases: propulsion,
flight, landing, and recovery (Nauwelaerts & Aerts 2006; Li et al.
2021). Akella & Gillis (2011) also recognized four phases, but
from a kinematic perspective; take-off phase one, take-off phase
two, aerial phase, and landing phase. Take-off is usually considered
as tending to be much more conservative than landing. In general
terms, only one way of take-off has been described (Emerson & De
Jongh 1980; Zug 1985; Essner et al., 2010; Soliz et al. 2019). As
anurans take off, they extend their hind limbs, using the forelimbs
for landing. The forelimbs act as a pivot aroundwhich body rotation
occurs (Nauwelaerts & Aerts 2006).

At least two different modes of hitting the substrate have been
described among anurans: a touchdown with the body and a
controlled touchdown with the forelimbs (Bijma et al. 2016).
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Posteriorly, more landing modes were distinguished, such as belly
hit, digit hit, and hand hit (Reilly et al. 2016; Soliz et al. 2019). These
different landing modes at some point seem to be related to the
general phylogenetic relationships of anuran groups, since, for
example, the basal-most living frog family Leiopelmatidae exhibits
the belly hit (Essner et al. 2010).

Several works have been published on the morphology of the
distal phalanges of anurans, showing their high variability. Most of
those papers associate the differences in the shape of anuran distal
phalanges with phylogenetic relatedness (e.g., Liem 1970; Lynch
1971; Clarke 1981; Drewes 1984; Laurent 1986; Fabrezi 1996).
Manzano et al. (2007) analyzed not only the skeletal differences of
distal phalanges concerning the intercalary elements of arboreal
anurans, but also the tendinous and muscular elements as an in-
tegrated system, considering also their evolution. The take-home
messages of these studies are that the digits in anurans seem
fundamental in the context of phylogenetic relatedness and that
morphological variation of digits provides frogs with the functional
flexibility to safely land on different substrates.

Although many studies have addressed landing in anurans and
the comparative morphology of their digits, the role of digits in
landing has been little explored. To date, the only reported
description about the activity of digits during landing is that
arboreal frogs tend to land with their digits (Bijma et al., 2016; Soliz
et al., 2019).

Here we used high-speed videography to observe the role of
hand and foot digits in landing behavior in ten species of
neotropical anurans, and to calculate the time-lapse needed to
perform each jump. We hypothesize that the role of digits can be
pivotal to many anuran species during terrestrial landing. If this is
the case, we expect to find morphologies associated with the
behavior of digit hit, considering the high impact that digits tolerate
in landing. Thus, we also present data on the comparative anatomy
of digits and those parts of the hands and feet involved in landing,
as observed in the video records. We selected those characters that
seem crucial in performing landing and optimized them in a
reduced phylogeny including the taxa analyzed. We hypothesize
that our optimizations will show that digit landing is the ancestral
landing mode among the analyzed taxa.
2. Material and methods

2.1. Video record

This study involved 40 individuals of 10 anuran species. The
selected species included some with great ability to jump (terres-
trial hopper: Rhinella arenarum Hensel, 1867, and terrestrial jum-
pers: Leptodactylus latinasus Jim�enez de la Espada, 1875, L. bufonius
Boulenger, 1894), some semiaquatic hoppers (Physalaemus biligo-
nigerus Cope,1861 and Pleurodema borellii Peracca,1895), some that
jump between tree branches (arboreal jumpers: Boana riojana
(Koslowsky, 1895) and Scinax fuscovarius Lutz, 1925), some that do
not jump and walk on the ground (terrestrial walker: Melano-
phryniscus rubriventris (Vellard, 1947)), and some that walk on tree
branches (arboreal walkers: Phyllomedusa sauvagii Boulenger, 1882
and Ph. boliviana Boulenger, 1902) (Table 1).

Frogs were induced to jump on a surface by approaching the
observer’s hand or by gently tapping the posterior part of their
body. Jumps were recorded with a high-speed video camera (FAS-
TEC IMAGING, Model: TS5; Fastec Imaging Corp. San Diego, USA) at
250 frames per second (fps) in lateral view. Walker species, char-
acterized by slow movements, were recorded with a full HD video
camera JVC GZEX210BU at 50 fps in lateral view. Selected videos of
landing in the studied species are included as Appendix A.
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Based on the total of 431 video records, we estimated the time-
lapse required to jump according to the different locomotor modes
and species. The raw data of the hand first hit and the feet hit (or
belly hit) are included in the Appendix A (Time-table). Differences
between these values were considered as a proxy of the jumping
time. We recorded the time-lapse between the first hit of the
forelimbs and the hind limbs on the substrate during landing. We
also classified individual lands in synchronic (both forelimbs hit the
substrate simultaneously), asynchronic (right or left forelimb hit
the substrate first), and body hit (any other body part impacts first
on the substrate). We analyzed the difference in time-lapse among
the selected species including the weight, habitat-locomotion cat-
egories, and developmental stage as factors in Analysis of Variance
(ANOVA) models. The analysis and graphs were attained using
packages nlme 3.1e153 (Pinheiro et al. 2021) and ggplot2 3.3.5
(Wickham, 2016) in R 4.4.1 (R Core Team, 2021).

This research was approved by the committee of care and use of
laboratory animals of the Universidad Nacional de Tucum�an (CIC-
UAL-UNT), under the resolution n� 032/2021.

2.2. Morphology

Since the video records show that frogs tend to use the terminal
part of the digits for landing, we focused on the general
morphology of the distal phalanges. Sixty-one dried skeletons and
cleared and stained (see Wassersug 1976) specimens of all selected
species were examined (Appendix B). All the specimens belong to
the Herpetological collection of Fundaci�on Miguel Lillo (FML),
Tucum�an, Argentina, and the Laboratorio de Gen�etica Evolutiva
(LGE), Misiones, Argentina. Material from one morphological
database was also reviewed: Morphosource http://to
morphosource.org. As the palmar and plantar sesamoids are
closely related to hand and foot movements (Sustaita et al. 2013;
Manzano et al. 2017), we also considered data on their presence
from our material and those presented in Ponssa et al. (2010). Data
on the patterns of themm. extensor digitorum and flexor digitorum
communis from 14 anuran specimens were also included, because
they are fundamental structures driving themovement of hand and
foot digits (Appendix B). Descriptions and figures are based on
features observed in digit IV. We adopted the terminology of
Fabrezi (1996) and Manzano et al. (2007) for the terminal pha-
langes. Names of muscles and tendons followManzano et al. (2007,
2008), Abdala & Diogo (2010), and Blotto et al. (2020).

2.3. Character evolution

To construct our data set, we coded the primary locomotor
mode exhibited for each taxon. This main mode is what the species
most frequently do, although we know that animals use more than
one locomotor mode. We did not consider additional behavioral
abilities that could make us lose the focus of our work.

For reconstruction of character evolution, data from the video
records and morphology were included in a matrix (Appendix C)
and optimized onto a pruned version of the anuran phylogeny of
Jetz & Pyron (2018). We pruned the selected phylogeny to contain
only the 10 species used in this analysis. The tree was drawn with
TNT software (Goloboff et al. 2008) and the optimization was per-
formed under parsimony, with Winclada software (Nixon, 1999).
Some ambiguous optimizations were solved using a delayed
transformation (DELTRAN) (for a methodological justification, see
Agnarsson & Coddington, 2008).

We consider that the characters included in the matrix hold the
primary homology criterion, i.e., the untested proposal that two
parts are the same by inheritance (de Pinna, 1991). The proposed
primary homology is based on reasonable assessment, in this case,

http://to%20morphosource.org
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Table 1
Habitat and primary locomotion type of the selected species for this study. The respective literature reference, and number of recorded individuals are included. We analyzed
an average of ten recordings per specimen and a total of 431 jumps or walking cycles.

Species Habitat/locomotion Literature reference N Juvenile N Adult

Boana riojana Arboreal/jumper Soliz et al. (2019) 2 1
Leptodactylus bufonius Terrestrial/jumper Reilly & Jorgensen (2011), Fratani et al. (2018) 3 4
Leptodactylus latinasus Terrestrial/jumper Gallardo (1958), Fratani et al. (2018) 2 3
Melanophryniscus rubriventris Terrestrial/walker McDiarmid (1971) - 2
Phyllomedusa boliviana Arboreal/walker Vaira (2001), Wells (2007) - 2
Phyllomedusa sauvagii Arboreal/walker Cei (1980), Wells (2007) - 6
Physalaemus biligonigerus Semiaquatic/hopper Reilly & Jorgensen (2011), Fratani et al. (2018) 5 -
Pleurodema borellii Semiaquatic/hopper Reilly & Jorgensen (2011), Crump (2015) - 1
Rhinella arenarum Terrestrial/hopper Reilly & Jorgensen (2011) 4 2
Scinax fuscovarius Arboreal/jumper Cei (1980), Soliz et al. (2019) 3 3
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topology and function (Agnarsson & Coddington 2008). If the
proposed primary homology passes the test, the character will
constitute a synapomorphy (de Pinna 1991). Characters 5, 9, 10, and
11 are uninformative of the phylogenetic relationships since they
do not present interspecific variations; however, we included them
in the dataset because they show general morphological charac-
teristics that shape the body plan of the studied species.
Fig. 2. Still images from two sequences of walking (A) Phyllomedusa sauvagii: the body
is carried by the hand digits and toes, which are also supported by the curved distal
phalanges (B) Melanophryniscus rubriventris: the body is nearly attached to the ground,
the elbow is directed upwards, whereas the hind limbs are flattened against the floor,
with the knee directed forward. Scale bars ¼ 10 mm.

Fig. 3. Still images from the landing sequence of Rhinella arenarum showing the
tibiale-fibulare hit. Scale bar ¼ 10 mm.
3. Results

3.1. Video record

The analyzed species exhibited two types of locomotion,
jumping (character 0, state 0; Leptodactylus latinasus, L. bufonius,
Rhinella arenarum, Boana riojana, Scinax nasicus, Physalaemus bili-
gonigerus, Pleurodema borellii; Fig.1) andwalking (character 0, state
1; Phyllomedusa sauvagii, Ph. boliviana, Melanophryniscus rubri-
ventris; Fig. 2). We consider a proper jump when it is performed
following the commonly described phases (see, e.g., Nauwelaerts&
Aerts 2006; Reilly et al. 2015; Akella & Gillis (2011); Li et al. 2021),
and in which the specimen takes off and lands without sliding on
the substrate. In a proper jump, landing is performed as follows:

The frog extends its forelimbs, landing with the digits of both
hands synchronicly and coordinated, while the hind limbs are
flexed against the body (Fig. 3). In the recovery phase, the hind
limbs move forward, describing a semicircular trajectory, until the
feet, still suspended, are placed in the proper position to contact the
substrate in the landing phase; after the foot contact, the toes touch
the ground with their curved extremes (character 1, state 0; Lep-
todactylus latinasus, L. bufonius, Rhinella arenarum; Fig. 1A), and
propel the body in a new take-off. In a proper jump, themovements
of hands, forelimbs, feet, and hind limbs are all coordinated and
synchronic. Three of the selected species do not follow the coor-
dinated, synchronic sequence (character 1, state 1; Boana riojana,
Fig. 1. Still images from two sequences of jumping during the landing phase (A) Rhinella are
flexed against the body (B) Boana riojana landing on its belly, without synchronic or seque
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Scinax fuscovarius; Physalaemus biligonigerus; Pleurodema borellii;
Fig. 1B). In these cases, several alterations of the proper jump occur.
One of the most frequent is a belly hit after the hand digits hit.
narum extends its forelimbs synchronicly and lands with the digits; the hind limbs are
ntial movement of forelimbs. Scale bars ¼ 10 mm.
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Three of the selected species present a quadrupedal walking gait
(character 2; Phyllomedusa boliviana, Ph. sauvagii, and Melano-
phryniscus rubriventris). On occasions, these three species jump,
hitting with their bellies after the hands, without the typical take-
off and landing body postures. We detected two types of quadru-
pedal gaits. One of them exhibits semi-erected limbs that move in
alternating, diagonal pairs (Ahn et al. 2004; Reynaga et al. 2018);
the elbow is flexed backward, while the knee is flexed forwards.
The body is carried by the hand digits and toes, which are also
supported by the curved distal phalanges (character 2, state 0;
Pyllomedusa species; Fig. 2A). In the other gait, the frog maintains
its body nearly attached to the floor, the elbow is directed upwards,
while the hind limbs are flattened against the floor, with the knee
directed forward. While walking, the toad hardly lifts its body off
the ground (character 2, state 1; Melanophryniscus rubriventris;
Fig. 2B). In both gaits, the tips of the digits remain curved.

Among the species that do jump, we distinguished two different
hind quarter hits: foot sole hit (tarsal and metatarsal) (character 3,
state 0; Leptodactylus latinasus, and L. bufonius, Rhinella arenarum,
Physalaemus biligonigerus, Pleurodema borellii; Fig. 1A), and tibiale-
fibulare hit (character 3, state 1; Rhinella arenarum; Fig. 3). Some
species can occasionally also hit with the belly, always after the
hand digit hit (character 3, state 2; Boana riojana, Scinax fuscovarius;
Fig.1B). In the landing of Leptodactylus latinasus, L. bufonius, Rhinella
arenarum, and Physalaemus biligonigerus, and occasionally Boana
riojana, the hand first hits the substrate with the digit of both hands
simultaneously touching the floor in a conservative sequence, digit
2 followed by digit 3, then digit 4 and the last one is always digit 5
(character 4, state 0; Fig. 4). Another hand hit was recorded,
without the already described coordinated, synchronic sequence. In
this case, the frog tends to reach the walls of the terrarium instead
of the floor, using the adhesive pads of its hand digits, performs a
circular movement with its hind limbs, and surrounds the stuck
hand digits, until it attaches the hind limbs to the wall. Either the
digit pads of the forelimbs or of the hind limbs are used to attach to
the substrate (see also Bijma et al. 2016) (character 4, state 1; Boana
riojana, Scinax fuscovarius; Fig. 5).
Fig. 4. Still images from hand hit sequence during landing in Rhinella arenarum. The
hand hits the substrate first, with the digit synchronicly touching the ground in a
conservative sequence, digit 1 followed by digit 2, then digit 3 and the last one is al-
ways digit 4. Scale bar ¼ 10 mm.
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The time-lapse between fore- and hind limb is significantly
related to the body mass of the sampled species (R2 ¼ 0.1654;
P < 0.01). There is a marked tendency to a shorter time-lapse and a
higher frequency of asynchronic digits hit of both hands, and body
hits in semiaquatic hoppers and arboreal jumpers species
compared to terrestrial hoppers and jumpers (Fig. 6). The ANOVA
model comparing time-lapse among habitat-locomotion categories
showed that semiaquatic hoppers differ significantly from terres-
trial jumpers, and arboreal jumpers differ significantly from
terrestrial hoppers and jumpers (Table 2). The ANOVA model
comparing time-lapse among species showed that Leptodactylus
bufonius, a terrestrial jumper, significantly differs from Boana rio-
jana, Scinax fuscovarius, and Physalaemus biligonigerus, two arboreal
jumpers, and a semiaquatic hopper, respectively (Table 3). Rhinella
arenarum, a terrestrial hopper, significantly differs from
P. biligonigerus and S. fuscovarius. Although there is a trend to a
shorter time-lapse in juvenile stages, when compared to adults,
there was no significant difference between developmental stages
within each category.

3.2. Morphology

3.2.1. Digit position at rest
Video records and photographs of all the studied anuran species

show the tips of the digits curved on the substrate at rest (character
5, state 0; Figs. 1e3).

3.2.2. Terminal phalanx skeleton
The studied skeletons showed that the distal phalanges of hands

and feet tend to be morphologically similar. Two general
morphological patterns of distal phalanges in lateral view were
observed: simple distal phalanges with an undivided extreme, and
distal phalanges with a divided, bifurcated extreme (Fig. 7). Among
the simple terminal phalanges, there is a pointed, curved type,
slightly displaced from the digit axis because of the intercalar
cartilage element located between the last and the penultimate
phalanx (seeManzano et al. 2007). This morphology corresponds to
the “clawlike” of Drewes (1984) and Fabrezi (1996) (character 6,
state 0; Boana riojana, Phyllomedusa sauvagii, Ph. boliviana, Scinax
fuscovarius; Fig. 7A). Among the digits lacking intercalary elements,
we recorded a curved tip of the distal phalanx elements (character
6, state 1; Physalaemus biligonigerus and Pleurodema borellii). We
also recognized a truncated, blunt phalanx, curved or slightly
curved (character 6, state 2; Rhinella arenarum; Fig. 7B). We
recorded a truncated mostly curved distal phalanx (character 6,
state 3; Scinax fuscovarius; Fig. 7C; L. latinasus). We found another
type of simple phalanx tip, with a dilated and irregular phalanx,
and with cylindrical protuberances towards the ventral area
(character 6, state 4; Melanophryniscus rubriventris; Fig. 7E). We
also found terminal phalanges with a T-shaped divided extreme
(character 6, state 5; L. bufonius and L. latinasus; Fig. 7F, see also
Fabrezi 1996; Manzano et al. 2007).

3.2.3. Sesamoids
Two sesamoids were identified in these species: a palmar

(character 7, state 0; Leptodactylus species, Rhinella arenarum,
Physalaemus biligonigerus, Pleurodema borellii) and a plantar one
(character 8, state 0; Leptodactylus species, Rhinella arenarum,
Physalaemus biligonigerus, Pleurodema borellii, and Melano-
phryniscus rubriventris). The palmar sesamoid (character 7, state 1;
Boana riojana, Phyllomedusa sauvagii, Ph. boliviana, Scinax fusco-
varius, Melanophryniscus rubriventris), and the plantar sesamoid
(character 8, state 1; Boana riojana, Phyllomedusa sauvagii, Ph.
boliviana, Scinax fuscovarius) were absent in the arboreal species
and in one walker species.



Fig. 5. Still images from the landing sequence of Scinax fuscovarius showing hand hit without the stereotyped sequence. The frog reaches the walls of the terrarium using the
adhesive pads of its hand digits, performing a circular movement with its hind limbs, surrounding the stuck hand digits, until it attaches the hind limbs to the wall. Scale
bar ¼ 10 mm.

Fig. 6. Time-lapse between fore- and hind limb hit during landing from 431 video
records. Species are grouped according to habitat and locomotion mode, and colored
according to developmental stage (adult/juvenile). The piecharts depict the proportion
of synchronic (SY) and asynchronic (ASY) hind limb hit, or body hits (BH) during final
stages of landing.
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3.2.4. Selected tendons and muscles
We recognized one pattern of the m. extensor digitorum, which

is common to all studied species. This muscle originates from the
humerus distal condyle, inserting through three branches onto the
base of metacarpals III, IV, and V (character 9; Fig. 8A). We also
recognized one pattern of dorsometacarpalis proximalis and dis-
talis tendons and muscles to each digit (character 10; Fig. 8B).
Table 2
Post hoc comparisons for time-lapse among habitat-locomotion mode from 431 video re

habitat-locomotion mode

Aquatic-hopper Arboreal-jumper
Semiaquatic-hopper Terrestrial-hopper
Semiaquatic-hopper Terrestrial-jumper
Arboreal-jumper Terrestrial-hopper
Arboreal-jumper Terrestrial-jumper
Terrestrial-hopper Terrestrial-jumper
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The ventral surface of the hand presents a flexor plate (Haines
1950; Abdala et al. 2009; Ponssa et al. 2010), from which the
flexor tendons originate (tendo superficialis of Manzano et al.
2007). These tendons insert into the distal extreme of the distal
phalanges of digits 3 to 5, with the tendon of digit 2 being inde-
pendent of the flexor plate (Fig. 8C). A different pattern is observed,
e.g., in Phyllomedusa sauvagii, in which each flexor tendon is
inserted independently to each digit, without flexor plate (see also
Manzano et al. 2008) (Fig. 8D). We consider that these different
morphologies of the flexor surface of the hand are correlated with
the presence or absence of sesamoids. Therefore, we did not code
them as new characters.

In the hind limb, the m. flexor digitorum communis (plantaris
longus of Dunlap 1960) communicates with the Achilles tendon.
This tendon is continuous with the plantar aponeurosis, currently
with an embedded plantar sesamoid (Fig. 9A), which ends in the
flexor tendons inserted in the distal phalanges. This is a common
pattern in the studied specimens (Character 11, state 0). In most
species, the flexor tendons of toes III-V arise from the m. flexor
digitorum breves superficialis (character 12, state 0; Fig. 9B), except
for Phyllomedusa and Melanophryniscus rubriventris, in which only
the tendons of toes IV-V arise from m. flexor digitorum breves
superficialis (character 12, state 1; Fig. 9C).
3.3. Ancestral state reconstruction

Our optimizations (Figs. 10 and 11) show that coordinated
synchronic landing with sequential digits hit and the foot sole and
is the ancestral state in the studied group (Character 0 and 1). There
was a switch from jumping to walking as the dominant locomotor
mode as a derived state independently acquired in Phyllomedusa
species andMelanophryniscus rubriventris. Synchronic jumping also
gave rise to another derived state, the asynchronic and uncoordi-
nated jump without a sequence of digit hit present in the arboreal
species, and in the semiaquatic hoppers Physalaemus biligonigerus
and Pleurodema borellii. The quadrupedal gait, as exhibited by
cords. Significant results are highlighted in bold.

SE t p

0.01330 �1050 0.7202
0.01416 �2425 0.0746
0.01282 �3418 0.0040
0.00776 �2626 0.0447
0.00491 �6083 <.0001
0.00689 �1377 0.5147



Table 3
Post hoc comparisons for time-lapse among species from 431 video records. Significant results are highlighted in bold.

Species SE t p

B. riojana L. bufonius 0.00542 �5152 <.0001
B. riojana L. latinasus 0.01423 340 0.9994
B. riojana P. biligonigerus 0.01664 2486 0.1316
B. riojana R. arenarum 0.00794 �2100 0.2903
B. riojana S. fuscovarius 0.00968 1518 0.6533
L. bufonius L. latinasus 0.01358 2412 0.1555
L. bufonius P. biligonigerus 0.01609 4306 0.0003
L. bufonius R. arenarum 0.00671 1676 0.5487
L. bufonius S. fuscovarius 0.00871 4893 <.0001
L. latinasus P. biligonigerus 0.02078 1757 0.4952
L. latinasus R. arenarum 0.01477 �1456 0.6925
L. latinasus S. fuscovarius 0.01578 625 0.9892
P. biligonigerus R. arenarum 0.01710 �3393 0.0102
P. biligonigerus S. fuscovarius 0.01798 �1483 0.6754
R. arenarum S. fuscovarius 0.01046 2997 0.0348

Fig. 7. Terminal phalanx skeleton shapes (Character 6) (A) State 0: simple, pointed, curved, with intercalar element (Boana riojana, FML 16882) (B) State 1: simple, curved, without
intercalar element (Physalaemus biligonigerus, LGE 346) (C) State 2: truncated, blunt phalanx, curved or slightly curved (Rhinella arenarum, FML 29863) (D) State 3: truncated mostly
curved last phalanx (Scinax fuscovarius, FML 28134) (E) State 4: simple, with a dilated and irregular phalanx, with cylindrical protuberances towards the ventral area (Melano-
phryniscus rubriventris, FML 00816) (F) State 5: Terminal phalanges with a T-shaped divided extreme (Leptodactylus latinasus, FML 29512 and 29515). Terminal phalanx correspond
to finger IV, in lateral view (AeE); left, lateral view and right, dorsal view (F). Scale bars ¼ 0.5 mm.
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Phyllomedusa species, is the ancestral character state, which gives
rise to the gait of Melanophryniscus rubriventris (Character 2).

As for the terminal phalanx morphology, the pattern of the
terminal phalanges of hylids, all with intercalary elements and a
simple distal skeleton, is the ancestral state from which all other
types of phalanges derive (Character 6). Absence of the palmar
sesamoid (Character 7) appears linked to the asynchronic jumping
of arboreal frogs, except for Melanophryniscus rubriventris. The
presence of the palmar sesamoid is an ancestral state, with its
absence optimizing as a putative synapomorphy of hylids and
phyllomedusids. This loss appears independently in
192
Melanophryniscus rubriventris. The plantar sesamoid (Character 8)
is ancestrally present in anurans, and is secondarily lost in the
species belonging to the hylid and phyllomedusid families (Ponssa
et al. 2010). The flexor tendons of toes III to V, originated from m.
flexor digitorum breves superficialis, are the ancestral pattern
(Character 12); the derived state of only the flexor tendons of toes
IV and V being originated from this muscle was independently
acquired by the species exhibiting a quadrupedal gait.

Four characters are not variable in the species surveyed and
show a common morphology associated with the anuran bauplan:
the tip of the digit curved on the substrate at rest (Character 5); the



Fig. 8. Morphological characters of the hand (A) m. extensor digitorum highlighted in
green, inserting through three branches onto the base of the metacarpals III, IV, and V.
Digit 1 to the right (B) m. dorsometacarpalis distalis and its tendons, and the m.
dorsometacarpalis proximalis and its tendons, between digits 5, to the left, and 4 to the
right (C) Flexor tendons of digits 3 to 5 and flexor plate. Digit 1 to the left (D) Inde-
pendent flexor tendons (absence of flexor plate). Digit 1 to the left. Scale bar ¼ 1 mm.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 9. Morphological characters of the feet (A) Aponeurosis plantaris of Scinax fus-
covarius (L 1424). m. flexor digitorum breves superficialis gives rise to the flexor ten-
dons of toes III-V in (B) Rhinella arenarum (L 1427), and to the tendons of toes IV-V in
(C) Phyllomedusa boliviana (L 1531). Digit 1 to the left. Scale bars ¼ 1 mm.
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extensor digitorum muscle that originates from the humerus distal
condyle (Character 9), inserting through three branches onto the
base of the metacarpals III, IV, and V; digits served by dorsometa-
carpalis and their tendons (Character 10); the Achilles tendon
continuous with the plantar aponeurosis, with or without an
embedded plantar sesamoid, which ends in the flexor tendons
inserted in the distal phalanges (Character 11).
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4. Discussion

Our video records clearly show that landing through hand hit
among anurans in this analysis is mostly performed with the distal
curved phalanges of the hand digits. The morphological results
show that all species surveyed exhibit the distal phalanges curved,
in lateral view, even the walker ones. Our optimization analysis
shows that jumping is the ancestral locomotor mode of the studied
group, which is consistent with the previous proposal for anurans
(see also Jenkins & Shubin 1998; P�rikryl et al. 2009). The curved
distal phalanges are also ancestrally present in the studied group.
Indeed, movements of the hand distal phalanges are a key aspect to
understanding landing in anurans. All digits must be resistant to
compression, since all the weight of the body falls on them.
Furthermore, sometimes the body is supported only by one digit, as
can be seen in the Fig.1A. The skeletal anatomy does not show signs
of bone reinforcement; therefore, the extra resistance is probably
achieved by the position of the digits and the angles formed be-
tween them. Our character reconstruction shows that digits hit
following a stereotyped sequence is the ancestral state fromwhich
the other, less standardized jumping, derives. The curvature of the
distal phalanges can also be thought of in another functional
context. Most vertebrates have claws, which are probably their
most common biological mechanism of adhesion (Tulli et al., 2009;
Zani, 2000). Anurans lack claws; it could be inferred that their
adhesion to the substrate could be less efficient. Curved distal
phalanges could alleviate this handicap, helping to anchor the frog
to the substrate avoiding slippering. Unfortunately, this line of
research has seldomly been studied in depth.

Hand distal phalanges are served by the flexor tendons, which
are originated from the flexor plate (Haines 1950; Abdala et al.
2009) in the species of Leptodactylus, Rhinella, and Physalaemus.
In all these cases, a palmar sesamoid is embedded in the tendon of
the m. flexor digitorum communis (Ponssa et al. 2010). The pres-
ence of a palmar sesamoid is the ancestral state character. In the
species of Phyllomedusa, Boana, and Scinax, the flexor tendons are
originated from the m. flexor digitorum communis, without inte-
grating a flexor plate (Manzano et al. 2008; Sustaita et al. 2013; De
Oliveira-Lagôa et al. 2019); the absence of a palmar sesamoid is a
state independently acquired by Melanophryniscus rubriventris.
Thus, digit hit seems to be action-driven by an ancestral elastic
mechanism, which could indicate the activation, for example, of the
flexor digitorum communis muscle (Reynaga et al. 2019). This
muscle plays a pivotal role in modulating performance, probably
induced by the mechanical interactions of the limb and the sub-
strate. Mendoza et al. (2020) concluded that much of the variation
in anuran jumping power can be related to the effectiveness of
using elastic mechanisms. Although the authors did not refer to the
flexor tendons, the same rationale could be used to explain landing
through digit hit. In this case, the palmar sesamoid probably keeps
the distal phalanges in the correct position by maintaining the
flexor tendons with adequate tension (see also Sustaita et al. 2013;
Manzano et al. 2017). Loss of the palmar sesamoid plus the inde-
pendence of the hand flexor tendons (Manzano et al. 2008) evolved
to the pattern typical of arboreal species with an asynchronic jump,
except for Melanophryniscus, a typically walker frog. In this last
case, the absence of the palmar sesamoid is a convergence that can
not be attributed to functionalist or ecological explanations.

The critical role of arm and forearmmuscles in-air positioning of
the manus and digits before landing was clearly established (Akella
& Gillis 2011; Ekstrom & Gillis 2015). Ekstrom & Gillis (2015)
analyzed the wrist muscle activation prior to landing in the m.
extensor carpi ulnaris, m. extensor digitorum (which the authors
refer to as extensor digitorum communis longus); the wrist flexors,
m. flexor carpi ulnaris, and the m. flexor digitorum communis



Fig. 10. Pruned phylogeny of Jetz & Pyron (2018), showing the relationships among the analyzed taxa. Mapping of the characters 0 to 4. Colors indicating states: green: state 0; blue:
state 1; orange: state 2; red: state 3; violet: state 4; pink; state 5; gray: ambiguity. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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(mentioned as m. palmaris longus in that work). The authors
concluded that in all those muscles, activation intensity was
greatest shortly before impact, indicating the importance of those
muscles during landing. Thus, it could be safely inferred that the co-
contraction of the m. extensor digitorum and m. flexor digitorum
communis is the factor that stiffens not only the wrist joint but also
the joint between the penultimate and ultimate phalanges of the
hand digits. The earlier pre-landing activity of the m. extensor
digitorum and the m. flexor digitorum communis (Ekstrom & Gillis
2015) added to the curvature of the distal phalanges - maintained
by the flexor tendons-make up a complex device appropriate for a
safe landing. It is also important to consider that the forelimbs are
used as brakes when an excessive impulse during the take-off
throws the body too far forward. To obtain the needed strength,
both flexors and extensors should be activated and tuned simul-
taneously, not only prior to (Ekstrom & Gillis 2015) but also during
landing, considering their importance in stabilizing the wrist joint
at impact (Ekstrom & Gillis 2015). It is probably due to all these
fundamental actions that these muscles tend to have a common
general pattern in all the surveyed species. Another shared char-
acter among all the landing types is the curvature of the digit tip,
which would be the optimal configuration to anchor the body to
the substrate, counteracting the momentum of movement during
locomotion.
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In the hind limb, the m. flexor digitorum communis also plays a
key role during landing. This muscle connects with the aponeurosis
plantaris through the Achilles tendon. Astley & Roberts (2012)
showed that early in the jump, the m. flexor digitorum communis
(mentioned as plantaris longus in their work) is shortened without
joint movement, stretching the associated tendons, and storing the
work done by muscle contraction. This stretching of the tendons
could also enhance the distal phalanges curve. As can be easily
observed in the video records (Appendix A), the frogs hit the
ground with the foot soles -tarsal and metatarsal-, as in the Lep-
todactylus species, or with the tibiale-fibulare or the foot soles, as in
Rhinella arenarum. Landing with the tibialefibulare in Rhinella may
facilitate a faster recovery to perform the bounding step described
by Reilly et al. (2015, 2016). Once the tibiale-fibulare area touches
the ground, the sole of the foot is elevated, ready to propel the body
for the next take-off (Appendix A) through its hit with the ground.
This jumping mode leaves the frog in the optimal position to
perform the next jump. Thus, it does not need to allocate time to
prepare for another jump. Interestingly, many anuran species,
including Rhinella, present one or two sesamoids located in the hit
area of the tibiale-fibulare, which would act analogously to the
sesamoids of the knee joint e e.g., patella e as an anatomic pulley
for the m. flexor digitorum communis (plantaris longus) (Ponssa
et al. 2010). The same catapult-like mechanism (Astley & Roberts



Fig. 11. Pruned phylogeny of Jetz & Pyron (2018), showing the relationships among the analyzed taxa. Mapping of the characters 5 to 12. Code colors as in Fig. 10. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2012) can be obtained either by hitting with the foot sole or the
tibiale-fibulare. Thus, hind limb landing of toads seems to be more
versatile than the landing of the other jumper frogs such as Lep-
todactylus species, which always land with the foot soles. Inter-
estingly, on rare occasions, arboreal frogs such as Scinax can also
land with a tibialefibulare hit (Appendix A).

Landing in arboreal jumper frogs like Scinax fuscovarius and
Boana riojana or semiaquatic hoppers like Pleurodema borellii and
Physalaemus biligonigerus does not show a consistent pattern.
These species can perform a sequential hand digit hit, as Rhinella
arenarum does, but it is often followed with a hit performed with
any part of their body, frequently the bellies. Thus, one is tempted
to consider that these frogs do not jump well. However, their jump
is performed in a shorter time than in Rhinella and Leptodactylus,
and they have managed to survive and are very successful in terms
of both diversity and geographical distribution (Faivovich et al.,
2005). It seems more accurate to interpret jumping in arboreal
frogs in terms of trade-offs. Arboreal frogs jump on moving
compliant substrates, usually branches that deform under loads,
absorbing energy that can be returned or lost (Astley et al. 2013).
Many arboreal frogs are capable of regaining the energy lost in the
branches, making some behavioral adjustments necessary to avoid
falling dawn (Astley et al. 2013; Vera et al. 2020). Thus, arboreal
jumper frogs have grasping hands and feet, and present morpho-
logical devices such as the intercalary elements and adhesive pads
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(Manzano et al. 2007), which also contribute to their stability in the
arboreal niche of the narrow branches. The environmental
compliance and energy regaining, apart from their lower weight,
could explain the shorter time-lapse in performing jumping and
the less stereotyped sequence of movements in arboreal and
semiaquatic frogs than the terrestrial ones. Terrestrial frogs are
heavier, and face a mostly non-compliant environment requiring
more rigid behavior to sort out the obstacles without damage.
When terrestrial animals land, they face considerable large ground
reaction forces that could damage their musculoskeletal and
tendinous systems. A good posture during jumping would prevent
damage (Azizi et al. 2014). The preponderance of the synchronic
and coordinated landing in terrestrial frogs can be understood as
the proper posture achieved through the cooperative behavior and
function of fore- and hind limbs (Li et al. 2021) resulting in a
persistently similar pattern of landing. The synchronicity and co-
ordination shown by terrestrial frogs could be thus explained as a
way to protect themselves from injuries. In addition, our data
suggest that meeting all phases of the terrestrial frogs' jump re-
quires more time than a simple recovery without any sequence
specification.

As for the walker frogs, although they can occasionally jump,
having thus the abilities and general morphological bauplan of any
anuran, most of the time they walk. Phyllomedusa species exhibit
elongated hind limbs compared to the forelimbs; thus, as
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specialized walkers, they deviate from the symmetry between fore
and hind limbs typical of anurans (Reynaga et al. 2018). Melano-
phryniscus, which according to our records, moves very differently
from Phyllomedusa species, does not exhibit remarkably different
traits in limb length, and joint-angle patterns between fore- and
hind limbs from those of Pyllomedusa (Reynaga et al. 2018). These
authors also found that quadrupedal walking frogs use similar
proportions for their fore- and hind limb lengths across a stride.
Interestingly, despite the big differences in body postures used for
walking, Phyllomedusa and Melanophryniscus do not exhibit
concomitant differences, for example, in pitch angles (Reynaga
et al. 2018). They seem to overcome the constraints of a jump-
adjusted morphology by a fine-tuning of the vertical extension in
the fore- and hind limbs, increasing their elevation angle during a
stride (Reynaga et al. 2018). These results highlight that despite
their very different postures, walker frogs exhibit a remarkably
constant pattern in the solutions to the problem of walking with a
jumper body.

In general terms, our ancestral character state reconstruction
showed interesting historical evolutionary trends. Thus, for
example, the loss of the simultaneity between both hand digit hits
in the jumping locomotor mode, the loss of the sequence of digit
hit, and the loss of the palmar and plantar sesamoids seem to be
linked to the genesis of the asynchronic, uncoordinated jumping
typical of the arboreal frogs. Furthermore, the loss of the digit III
tendon of m. flexor digitorum breves superficialis characterizes the
walker species surveyed. Interestingly, the same trend is present in
relation to the skeleton of the distal phalanges, because the inter-
calary elements typical of the asynchronic, uncoordinated arboreal
jumper species constitute the ancestral state character. The inter-
calary elements are lost in all other species more derived in the
phylogeny. Taken together, the evolutionary history of most of the
selected characters indicates a general process that suggests a loss
of functions and morphological structures; however, such loss was
not a disadvantage but allowed the invasion of a new locomotor
niche in the analyzed group.
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