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Alternate morphological pathways involved in climbing
ability in ten Neotropical anuran species

IRENE CEBALLOS-CASTRO2°, JIMMY CABRA-GARCIA2® and
JHON JAIRO OSPINA-SARRIA™

'Calima, Fundacién para la Investigacion de la Biodiversidad y Conservacién en el Trépico, Cali,
Colombia
2Departamento de Biologia, Universidad del Valle, A.A. 25360, Cali, Colombia

Received 6 December 2022; revised 29 December 2022; accepted for publication 11 January 2023

Convergent evolution has been shown to be a prominent feature of anuran evolutionary history. Studying the
morphological pathways involved in the evolution of a convergent character allows us to test whether deterministic or
contingent forces drive the evolution of characters. Here, we have assessed the morphological pathways associated with
arboreal habits in species of six families of anurans (Hylidae, Eleutherodactylidae, Strabomantidae, Centrolenidae,
Bufonidae and Hemiphractidae) through a comparative analysis of 19 phenotypic characters related to climbing
ability. All species showed differences in the assessed characters, exhibiting variations in the distribution of their
states and different ranges in all limb lengths. These variations implied a wide distribution across the morphospace
as defined by a non-metric multidimensional scaling analysis (NMDS), with Rhinella paraguas (Bufonidae) being the
most distinctive species, presenting unique characters such as the absence of intercalary elements, adhesive pads,
subarticular tubercles and interphalangealis muscles of the hands. Our findings demonstrate that the morphological
mechanisms involved in climbing ability of the ten species are different, suggesting distinct morphological pathways.
Consequently, we advocate that historical contingency has an essential role in the evolution of arboreal habits among
the species studied.

ADDITIONAL KEYWORDS: convergent evolution — determinism — historical contingency.

INTRODUCTION unique and unpredictable historical events and
should not be interpreted as replicates for statistical
analysis (Kluge, 2005). Accordingly, convergent
phenotypes can emerge, but they would occur through
different underlying mechanisms. In other words,
the evolutionary histories of each lineage might have
different solutions to shared selective issues (Moen
et al., 2016; Dolezal & Lipps, 2019). Several authors
express that determinism and contingency provide
opposite but not mutually exclusive explanations of
how convergence occurs. This is a topic of constant
debate among scientists who attempt to demonstrate
the importance of each force in driving the evolution
of characters (Gould & Lewontin, 1979; Losos, 2011;
Bergmann & Morinaga, 2019).

Several studies of convergent evolution provide
evidence of both determinism and historical
contingency. A classic example is the evolutionary
radiation of Anolis lizards on different islands in the
*Corresponding author. E-mail: jhon.sarria@fundacioncalima.org Greater Antilles, where the same ecomorphs evolved

Convergent evolution is interpreted as the
recurrent evolution of similar characters between
phylogenetically distant taxa (Stayton, 2008, 2015;
Wake et al., 2011; Losos, 2017; Morinaga & Bergmann,
2017). Convergence is considered to be ubiquitous
throughout the tree of life, being recognized as a
central subject in evolutionary biology (Stayton,
2015; Sackton & Clark, 2019; Law, 2021). It has been
proposed that convergent characters can be produced
by deterministic means driven through similar
selective pressures or constraints acting on similar
aspects of organisms, resulting in the predictability
of evolution (Morris, 2003; Stayton, 2008; Losos, 2017;
Blount et al., 2018). Conversely, historical contingency
has been considered an essential hallmark of evolution
(Gould, 1990), whereby evolutionary changes are
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on the islands, but different evolutionary events drove
the order in which these ecomorphs appeared on each
island (Losos, 1992; Losos et al., 1998). Likewise,
similarities have been found in the swimming mode
of lamnid sharks and tunas, although they exhibit
notable differences in their anatomy (Donley et al.,
2004). For example, in tunas the primary force-
transmitting tendons are in the horizontal septum;
however, in the lamnid sharks, as in other sharks, the
horizontal septum is reduced in the posterior half of
the body, hence the primary linkage to the tail appears
to be the hypaxial lateral tendons (Donley et al.,
2004). Also, the convergence of elongated phenotypes
in salamanders and carnivoran mammals has been
associated with different morphological mechanisms
of body elongation (Wake et al., 2011; Law, 2021).
The increase of body length in salamanders can be
associated with the elongation of individual vertebrae,
whereas in carnivoran mammals it can be attributable
to the elongation of the thoracic region, thoracic
vertebrae or the lumbar region (Wake et al., 2011; Law,
2021). In the particular case of anurans, Moen et al.
(2016) suggested repeated convergence at large spatial
and temporal scales, based on phenotypic similarity
in relationship to microhabitat use, revealing that
specialists in similar microhabitats (e.g. fossorial,
aquatic or arboreal) have evolved repeatedly across
clades and regions. Dugo-Cota et al. (2019) reported
similar results of morphological convergence in frogs
of the genus Eleutherodactylus owing to a strong
association between morphological characters and
habitat types. Those authors suggested that their
results are a consequence of adaptation, because each
habitat presents distinctive challenges to the species
that are solved in a similar manner.

One of the habitats in which strong and unique
selective pressures have been postulated, including
predator avoidance, osmoregulation, foraging
strategies and locomotion, is the arboreal habitat
(Cartmill, 1985; Baken & Adams, 2019). Currently,
arboreal habits are considered a clear example of
evolutionary convergence in amphibians, given
that climbing ability has evolved multiple times
independently among lineages (Sustaita et al., 2013;
Moen et al., 2016; Dugo-Cota et al., 2019). Hence,
arboreal habits in anurans are an ideal model for
studying evolutionary convergence across different
levels of organization in terms of function and form
(Speed & Arbuckle, 2017; Bergmann & Morinaga,
2019). A higher level of biological organization specifies
functional capabilities (i.e. climbing ability), whereas
a lower level specifies the morphological mechanisms
involved in achieving this general function. It is worth
noting that convergence at higher levels of biological
organization does not necessarily indicate convergence
at a lower level (Doolittle, 1994; Losos, 2011; Maeso

et al., 2012; Dolezal & Lipps, 2019). Consequently, only
a detailed comparison of the evolutionary pathways
involved in arboreal habits will elucidate whether
convergence extends to lower mechanistic levels.
Evolutionary pathways include the sequences of genes
(i.e. genetic pathways), developmental programmes
(i.e. developmental pathways) or morphological
modifications (i.e. morphological pathways) underlying
the phenotype evolution (Arendt & Reznick, 2008;
Morinaga & Bergmann, 2017; Bergmann & Morinaga,
2019).

In the present study, we assessed the morphological
pathways involved in the arboreal habits of six
phylogenetically distant families of anurans. We
performed a comparative analysis of morphological
and anatomical characters directly involved in
climbing ability. Our results provide new insights into
the interplay of contingency and determinism in the
evolution of arboreal habits in Neotropical frogs.

MATERIAL AND METHODS
SPECIES SELECTION

We studied ten arboreal species of six distantly
related families of anurans: Hylidae (Hyloscirtus
larinopygion, Boana pugnax and Agalychnis
spurrelli), Eleutherodactylidae (Eleutherodactylus
Jjohnstonet), Strabomantidae (Pristimantis palmeri
and Pristimantis molybrignus), Centrolenidae
(Nymphargus ignotus and Centrolene heloderma),
Bufonidae (Rhinella paraguas) and Hemiphractidae
(Gastrotheca dendronastes) (Supporting Information,
Appendix S1). A species is considered arboreal if it is
usually active in vegetation (higher than 0 m and up
to 6 m) during the night, with diurnal retreat sites in
vegetation or on the ground (Dugo-Cota et al., 2019).
In total, we examined 120 adult specimens belonging
to the Coleccién de Practicas Zoolégicas, Universidad
del Valle (CPZ-UV) and the Coleccién de Anfibios y
Reptiles, Universidad del Valle (UV-C), which are
listed in the Supporting Information (Appendix S2).
The sex and maturity of specimens were determined by
the presence of secondary sexual characters (i.e. vocal
slits and nuptial pads) and/or direct examination of
gonads and oviducts by making a small posterolateral
incision. Amphibian taxonomy follows Frost (2022).

CHARACTER SELECTION

Morphological and anatomical characters were selected
based on the literature, including characters related
to climbing ability on smooth, vertical surfaces. In
total, we scored 12 qualitative and seven quantitative
characters. We have provided a detailed description of
the coded characters (Table 1). The sources of evidence
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Table 1. Characters and states

Character

State

Hand musculature

1. Interphalangealis of digits IV and V

2. Degree of development of interphalangealis with
respect to superficial tendon coverage

3. Position of flexor teres III with respect to the transversus

metacarpi muscle

4. Position of flexor teres IV respect to the transversus
metacarpi muscle

5. Extensor breves distal of digit III-V

6. Elongation of the extensor breves profundi of digits III-V

Foot musculature

7. Lateral interphalangeal of digit V

8. Position of flexor teres II with respect to the transversus
metatarsi muscle

9. Intercalary elements

10. Adhesive pads

11. Hyperdistal subarticular tubercle

12. Distal and basal subarticular tubercles

Absent (0), present (1)

Poorly developed (0), highly developed (1)

The poorly developed state is defined when more than half
or all the superficial tendon is visualized in the phalanx

Dorsal (0), ventral (1)

Dorsal (0), ventral (1)

Absent (0), present (1)
Not extended (0), extended beyond the basal phalanx (1)

Absent (0), present (1)
Dorsal (0), ventral (1)

Absent (0), present (1)
Absent (0), present (1)
Absent (0), present (1)
Absent (0), present (1)

used to score these characters include examination of
museum specimens, published descriptions and field
observations (Supporting Information, Appendix S3).

QUALITATIVE CHARACTERS
Hand and foot musculature (Figs 1, 2)

Interphalangealis and flexor teres muscles allow
flexion of the fingers by bending the phalanges
where they are inserted (Burton, 1998b, 2001;
Blotto et al., 2020). Therefore, we described the
associated variation and degree of development of
interphalangealis muscles of the hands in digits
IV and V. We also reviewed the occurrence of the
lateral slip of muscle interphalangei digit V in the
foot (Ospina-Sarria, 2012; Pereyra et al., 2021). In
the case of the muscle flexor teres, we reviewed the
dorsal or ventral position concerning the transversus
metacarpi/metatarsi muscles in digits III and IV of
the hand and digit II of the foot (Burton, 1998c).
The muscle extensores breves distales and profundi
allow extension of the phalanges and assistance
with detachment of the adhesive discs (Blotto
et al., 2020). The associated variation (presence,
absence and extension) of the muscle extensores
breves distales and profundi in digits III-V was
described. Dissection protocols and terminology of
the musculature followed Burton (1996, 1998a, b, c).
We studied the muscles of the specimens with the
aid of a stereomicroscope (Zeiss Stemi 2000-C), and
digital images were obtained through the ocular lens
using a Samsung camera.

Intercalary elements

The intercalary elements are additional skeletal
structures between the terminal and penultimate
phalanges. The presence of these elements has been
related to other morphological specializations to
facilitate locomotion between vertical and slippery
surfaces (Manzano et al., 2007, 2017). On this basis,
we scored the distribution of the variation (presence or
absence) of the intercalary elements in the digits.

Adhesive pads and subarticular tubercles (Figs 3, 4)

Endlein et al. (2017) demonstrated that adhesive pads
and subarticular tubercles of the fingers in the Chinese
gliding frog Zhangixalus dennysi are ideal for climbing
smooth surfaces and narrow substrates, such as twigs
or branches. We scored the presence or absence of
distal and basal subarticular tubercles and adhesive
pads of digits IIT and IV in the foot and hand, following
the terminology of Lynch (1999) for the adhesive pads
and subarticular tubercles. Likewise, we evaluated the
occurrence of the hyperdistal subarticular tubercle in
digits IIT and IV of the hand, which is located beneath
the joint between distal phalanges (Ospina-Sarria &
Duellman, 2019).

QUANTITATIVE CHARACTERS

We measured the lengths of the following characters:
humerus, radio-ulna, hand, femur, tibiofibula,
calcaneus and foot. We took all measurements using
Ubermann digital callipers to the nearest 0.01 mm.
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Figure 1. Interphalangealis muscles of hands and feet. A, highly developed interphalangealis muscles of digit IV in the
hand of Hyloscirtus larinopygion. B, poorly developed interphalangealis muscles of digit III in the hand of Pristimantis
palmeri. C, medial interphalangeal muscle of digit V in the foot of Rhinella paraguas. Abbreviation: int, interphalangealis
muscles.

A . 'c:.‘*-;:- 3 B

-y

Figure 2. Extensores breves distales and profundus. A, extensor breves distal and elongation of extensor breves profundi of
the hand in Nymphargus ignotus. B, extensor breves profundi fibres extending beyond the base of the basal phalanx in the
hand of Eleutherodactylus johnstonei. Abbreviations: ebd, extensor breves distal; ebp, extensor breves profundi.

Using the raw measurements of the limbs (see Supporting Information, Appendix S5). In addition, we
Supporting Information, Appendix S4), we calculated performed an exploration of sexual dimorphism in size
the relative value of the characters, correcting them across the ten species. As a result of this exploration,
for size by dividing them by snout—vent length (see we found that E. johnstonei, P. palmeri, P. molybrignus
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Figure 3. Hyperdistal subarticular tubercles in digits. Hand, ventral view. A, Pristimantis palmeri. B, Eleutherodactylus
Johnstonei. Abbreviation: ht, hyperdistal subarticular tubercle.
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Figure 4. Subarticular tubercles and adhesive pads. Hand, ventral view. A, Hyloscirtus larinopygion. B, Rhinella paraguas.
Abbreviations: ap, pads; st, subarticular tubercles.
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and R. paraguas exhibit sexual dimorphism in size
(Lynch, 1986, 1996; Ortega et al., 2005; Grant &
Bolivar-G, 2014), whereas A. spurrelli, B. pugnax,
H. larinopygion, G. dendronastes, C. heloderma and
N. ignotus do not (Duellman, 1981; Lynch, 1990;
Krynak et al., 2018; Ortiz et al., 2018; Escalona et al.,
2019; Chasiluisa et al., 2022; Ron et al., 2022). Based
on these results, females and males of A. spurrelli, H.
larinopygion, G. dendronastes, C. heloderma and N.
ignotus were analysed together; however, only males
of B. pugnax were analysed because they were the only
available specimens for this species. In the case of E.
johnstonei, P. palmeri and R. paraguas, the analyses
were performed exclusively on females, because the
number of males in each case hampered the statistical
analysis (see Supporting Information, Appendix S5).
A similar situation occurred with P. molybrignus;
however, in this case the sample size was adequate
only for males.

CHARACTER ANALYSES

We implemented the following two analytical
approaches.

Direct comparison

We built a phenotypic data matrix for character
scoring using the software MESQUITE v.3.70 (Maddison
& Maddison, 2019). We compared characters and
their character states directly, in order to identify
differences or similarities in their distribution across
the ten species, following the approach of Liu et al.
(2017).

Non-metric multidimensional scaling

We analysed all characters using a non-metric
multidimensional scaling (NMDS) method. This method
uses ranges of distances from a data matrix to represent
the distribution of species according to the similarity or
difference in their morphological characters (Palacio et
al., 2020). We performed NMDS analysis using the R
package ‘vegan’ v.2.44 (Oksanen et al., 2013) with the
metaMDS function, k=2, autotransforms set to false,
and Gower dissimilarity (Gower, 1971).

RESULTS

DIRECT COMPARISON OF MORPHOLOGICAL
CHARACTERS

Nineteen phenotypic characters were analysed in ten
species of anurans with arboreal habits, disclosing
variations in the distribution of their states in addition
to differences in each of the ranges of the limbs (see
Supporting Information, Appendices S5 and S6).

All species except R. paraguas exhibit the presence of
adhesive pads, distal and basal subarticular tubercles,
lateral interphalangealis of digit V of the foot and
interphalangealis of digits IV and V of the hand (see
Supporting Information, Appendix S6). Regarding
the occurrence of the last of these characters,
there are different degrees of development. A well-
developed interphalangealis covering the upper part
of the superficial tendon appears in H. larinopygion,
A. spurrelli, B. pugnax, C. heloderma and N. ignotus,
whereas a poorly developed interphalangealis (i.e. more
than half or all the superficial tendon is visualized in
the phalanx) occurs in G. dendronastes, E. johnstonei,
P. molybrignus and P. palmeri (Fig. 1; see Supporting
Information, Appendix S6).

The flexor teres muscles of digit III of the hand are
found in a position dorsal to the transversus metacarpi
muscle in A. spurrelli, B. pugnax, H. larinopygion, G.
dendronastes, P. palmeri and P. molybrignus, whereas
in R. paraguas and E. johnstonei and centrolenids (C.
heloderma and N. ignotus) they are observed ventral
to the transversus metacarpi muscle. The position of
the flexor teres of digit IV of the hand in N. ignotus
and C. heloderma emerges ventral to the transversus
metacarpi muscle. The muscles extensores breves
distales of digits III-V of the hand, and intercalary
elements, are present only in hylids (A. spurrelli, B.
pugnax and H. larinopygion) and centrolenids (C.
heloderma and N. ignotus). Elongation of the muscle
extensor breves profundi is found in digits III-V of the
hand in E. johnstonei, C. heloderma and N. ignotus (Fig.
2). The ventral position of flexor teres II with respect
to the transversus metatarsi muscle is shared between
G. dendronastes and R. paraguas. Additionally,
hyperdistal tubercles are present exclusively in E.
johnstonei and P. palmeri (Fig. 3).

As mentioned above, R. paraguas is the most
distinctive species by lacking adhesive pads,
hyperdistal tubercles, distal and basal subarticular
tubercles (see Fig. 4), muscle extensores breves
distales, elongation of the muscle extensores breves
profundi and interphalangealis on the palmar surface.
Moreover, although the interphalangealis muscles
of the plantar surface are present in all the studied
species, R. paraguas is the only one that lacks the
lateral interphalangei in digit V of the foot (see
Supporting Information, Appendix S6).

Regarding the quantitative characters, B. pugnax
exhibits differences in the range of humerus length
from most of the species, overlapping only with
G. dendronastes and R. paraguas (see Supporting
Information, Appendix S5). Moreover, B. pugnax
has a different range in radio-ulnar length from
R. Paraguas, H. larinopygion, N. ignotus and P.
molybrignus, being R. paraguas the one with the
highest value (see Information, Appendix S5). Hand
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Figure 5. Non-metric multidimensional scaling (NMDS) analysis showing the distribution of the species within the

morphospace.

length has the maximum ranges with respect to the
length of the humerus and radio-ulna in A. spurrelli,
G. dendronastes, H. larinopygion, N. ignotus and C.
heloderma.

In hindlimbs, femur length exhibits overlapping
and lowest ranges among E. johnstonei and R.
paraguas. Gastrotheca dendronastes differs from
H. larinopygion, E. johnstonei and R. paraguas
in tibiofibular length. It is important to note that
tibiofibular length is the most elongated character
for all species, except for R. paraguas (see Supporting
Information, Appendix S5). Finally, R. paraguas
presents differences in calcaneus and foot lengths
from most species, with the only exceptions being the
overlapping in calcaneus length with E. johnstonei
and P. molybrignus and overlapping in foot length
with B. pugnax and E. johnstonei (see Supporting
Information, Appendix S5).

NON-METRIC MULTIDIMENSIONAL SCALING ANALYSIS

The NMDS analysis revealed that the ten species are
widely distributed throughout the two-dimensional
space (see Fig. 5). Rhinella paraguas is the most distant
species, followed by E. johnstonei and G. dendronastes.
Also, the following three fairly distinct subgroups

emerge: (1) centrolenid species (C. heloderma and N.
ignotus) and (2) hylid species (A. spurrelli, B. pugnax
and H. larinopygion), both with a high degree of
overlap; and (3) the strabomantid species with no
overlap (P. molybrignus and P. palmeri) (see Fig. 5).

DISCUSSION

In this study, we assessed a set of morphological
characters involved in the climbing ability of ten
phylogenetically distant anuran species. Overall,
our results indicate that these species differ in the
assessed characters and therefore present different
morphological pathways involved in climbing ability.

DIFFERENT PHENOTYPIC MECHANISMS INVOLVED IN
CLIMBING ABILITY

Taken together, the direct comparison of characters and
the NMDS suggests that the climbing morphological
mechanisms of the ten species are different (Fig. 5;
see Supporting Information, Appendices S5 and S6).
Hylids (A. spurrelli, B. pugnax and H. larinopygion)
and centrolenids (C. heloderma and N. ignotus) present
intercalary elements, which have been related to the
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Figure 6. Field observations of Rhinella paraguas climbing vertical surfaces (photographs by Jhon Jairo Ospina-Sarria).

ability to climb vertically and/or to walk on slippery
surfaces (Manzano et al., 2017); however, as shown
here, species lacking intercalary elements are also able
to climb (i.e. E. johnstonei, P. palmeri, P. molybrignus,
G. dendronastes and R. paraguas). Regarding this
result, Endlein et al. (2017) demonstrated that the
recruitment of tubercles increases the contact area and
produces higher frictional stresses than adhesive pads,
enhancing the grip for climbing on narrow substrates.
Thus, it could be suggested that the presence of
hyperdistal subarticular tubercles in E. johnstonei and
P. palmeri, together with basal and distal subarticular
tubercles, could enhance climbing ability on small-
diameter structures that make up much of their
arboreal habitat (Hill et al., 2018). In order to achieve
a better comprehension of the climbing ability in
species lacking intercalary elements, it is necessary
to perform biomechanical studies. In any case, a
growing body of evidence demonstrates that species of
anurans lacking intercalary elements can also climb
(e.g. ceratobatrachids of the genus Platymantis and
the microhylids of the genera Cophyla and Platypelis;
Manzano et al., 2007).

Interestingly, R. paraguas can climb vertical
surfaces (Fig. 6) despite the lack of intercalary
elements, adhesive pads, subarticular tubercles (Fig.
4) and elongation in muscle size (except in the medial
interphalangeal muscle of digit V of the foot; see Fig.
1). Recently, Vassallo et al. (2021) demonstrated that
Rhinella arenarum climbs by flexing the fingers and

toes, grasping the substrate displaying hookings (i.e.
a form of subsidiary prehensility where the phalanx—
metacarpal/metatarsal joints remain in a straight
position, and only the two terminal phalanges flex)
and partial grasping. Hence, both R. arenarum and
R. paraguas are non-specialized species that achieve
climbing by different climbing mechanisms in
comparison to specialized tree frogs. In this regard,
Vassallo et al. (2021) suggested that any species (as
is the case in Rhinella) with the appropriate anatomy
and morphology can climb and add such behaviour to
their locomotion. It has been suggested that different
behaviours in ecological contexts can drive alternative
locomotor strategies related to morphological
adaptations (Manzano et al., 2019). Furthermore,
performing a novel locomotor mode can be important
for adapting to new niches involving sudden changes
in habitats, including changes in the substrate on
which animals must move (Gomes et al., 2009).

EVIDENCE OF HISTORICAL CONTINGENCY IN
ARBOREAL HABITS

The set of morphological and anatomical characters
studied in ten Neotropical anuran species
demonstrates distinct morphological mechanisms
involved in climbing ability, suggesting that different
morphological pathways underlie the evolution of
arboreality among the species studied. These findings
corroborate that convergence at the highest level
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of biological organization (i.e. the ability to climb) is
insufficient evidence of determinism at lower levels.
Similar findings of so-called incomplete or imperfect
convergence have been documented in several studies
(Wray, 2002; Stayton, 2006; Young et al., 2010; Collar
et al., 2014; Morinaga & Bergmann, 2017; Bergmann
& Morinaga, 2019). This type of convergence has been
interpreted as a hallmark of historical contingency,
whereby several lineages are observed to achieve
similar function through different evolutionary
pathways owing to many-to-one mapping of phenotype
to function, leading to the evolution of distinct
phenotypes (Wainwright et al., 2005; Morinaga &
Bergmann, 2017; Bergmann & Morinaga, 2019; Blotto
et al., 2021). Furthermore, the multiple morphological
pathways involved in many-to-one mapping are
thought to expand the number of solutions at similar
selective pressure, and therefore, this can increase
morphological diversity (Wainwright et al., 2005, 2007;
Muiioz, 2019).

It is worth noting that arboreal habits within
anurans have been coded historically as a single
character. Consequently, it is considered that this
condition emerged several times independently in the
Anura tree of life, establishing a classic homoplasy
(Moen et al., 2013, 2016; Vidal-Garcia et al., 2014;
Dugo-Cota et al., 2019). Nevertheless, as suggested
by our results, the morphological pathways involved
in climbing ability in the studied species are
different, and the mode of locomotion and climbing
behaviour across the species are also very likely to be
distinct. Hence, the so-called arboreal habits might
conceal several distinct conditions. The origin of this
problem is attributable to the difficulty of delimiting
the arboreal habits, because climbing behaviour
involving a grasping action with the hands and
feet (Burton, 1998b) can be found in anurans that
are terrestrial during the day but climb at night, in
addition to those that rarely descend to the ground
are found at great heights in the forest. Menzies
(1976) made a distinction between the two cases to
solve this problem, categorizing them as scansorial
and arboreal species, respectively. Therefore, the
proper coding of the arboreal habits in future studies
should include ecological and behavioural analyses
that focus on the modes of locomotion adopted by
arboreal species, because each might be associated
with novel characteristics (Duellman & Trueb, 1994;
Manzano et al., 2008; Reynaga et al., 2018; Abdala et
al., 2022).

Likewise, to elucidate the morphological pathways
involved in arboreal habits in anurans further, future
research should focus on increasing the number of
species, specimens and studied characters. With
an increase in species, additional analyses, such as
evolutionary integration analysis, could be performed

to estimate the correlated change of multiple characters
within an organism (Klingerberg, 2008; Morinaga
& Bergmann, 2017). A preliminary exploration
conducted with our data on limb measurements
suggests a limited role of evolutionary integration
as an explanation for convergent arboreal habits
(Supporting Information, Appendix S7). In addition, it
is worth noting that it is crucial to identify the possible
presence of sexual dimorphism, which might affect
character analyses and interpretations (Emerson,
1991; Lee, 2001; Hudson et al., 2016). Finally, regarding
the morphological characters, it is suggested to assess
opposable fingers and the divergence of the digits by
means of tendons, reduction or loss of sesamoids, in
addition to the insertion, elongation and increases in
muscle size (Manzano & Lavilla, 1995; Manzano et al.,
2007, 2008, 2019; Herrel et al., 2013; Sustaita et al.,
2013; Dang et al., 2018).

CONCLUSION

In the present study, we found that species of the six
families of Neotropical anurans presented different
morphological pathways involved in their climbing
ability. This is a case of incomplete or imperfect
convergence, whereby the species studied have
evolved different morphological solutions to similar
selective pressures, pointing to an essential role of
historical contingency in the evolution of arboreal
habits. Nevertheless, future research on morphological
pathways involved in climbing ability should increase
the number of species and morphological characters
and include ecological and behavioural analyses that
focus on the modes of locomotion adopted by arboreal
anurans.
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Inapplicable: ---.

Appendix S7. Evolutionary integration.

© 2023 The Linnean Society of London, Biological Journal of the Linnean Society, 2023, 139, 18-29

€202 ABIN €0 UO Josn BoNED [9p B|[BA [9P [e4)USD PEPIUN A £80E60./8L/L/GE |/910IME/UBSUI0IG/WOS"dNO"DIWSPED.//:SANY WO} PAPEOjUMOQ


https://bioweb.bio/faunaweb/amphibiaweb/FichaEspecie/Agalychnis%20spurrelli
https://bioweb.bio/faunaweb/amphibiaweb/FichaEspecie/Agalychnis%20spurrelli
https://bioweb.bio/faunaweb/amphibiaweb/FichaEspecie/Agalychnis%20spurrelli

