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ABSTRACT

The trade-off between morphology and physical function may vary according to ecological traits. Taking a quantitative
approach, we attempted to analyze the differences in the skeletal shape of the lower body and limbs in relation to
the ecological traits of four anuran species (Dryophytes japonicus, Glandirana rugosa, Pelophylax nigromaculatus,
and Lithobates catesbeianus) occurring in South Korea. Body size, locomotor mode, microhabitat, trophic positions,
and predator defense mechanisms were selected for the ecological traits of the anurans. The pelvis, ilium, and
urostyle, which are associated with locomotor performance, were selected for the skeletal shape of the lower body.
The ratio of limbs, which is related to locomotor mode and microhabitat, was confirmed by analyzing the skeletons
of the forelimbs (radio-ulnar and humerus) and hindlimbs (femur and tibiofibular). Both landmark-based geometric
morphometrics and traditional methods were used for skeletal shape comparison. The skeletal shape of the lower body
was completely different among the four species, whereas the ratio of the limbs was only different in D. japonicus.
The skeletal shape of the lower body may be related to body mass and predator defense mechanisms, whereas the
ratio of the limbs was related to the locomotor mode and microhabitat. Quantifying these morphological differences
among various species can help elucidate the mechanisms of behavioral and morphological changes in response to
ecological effects.

Keywords: Ecological traits, Landmark-based geometric morphometrics, Locomotor performance, Ratio of limbs,
Skeletal shape

Introduction

Amphibians are considered to have been the first tetra-
pods to venture onto land and have been challenged by
and adapted to extreme environments since ancient times
(Shubin & Jenkins, 1995; Wake & Koo, 2018; Wells, 2010).
The order Anura (frogs and toads) accounts for approxi-
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mately 88% of all amphibian species and is a particularly
diverse vertebrate group (AmphibiaWeb, 2021; Wake €&t
Koo, 2018). Most anuran species emerge as tadpoles from
eggs laid in water before undergoing metamorphosis and
coming onto land in their adult form. Adult anurans have
diverse lifestyles and occupy a wide range of terrestrial
and freshwater environments. They occur in permanent
ponds, marshes, streams, and lakes and can be found in
rainforests, deserts, alpine regions, and even Alaskan per-
mafrost (Wells, 2010). Some species are mostly terrestrial,
while others live almost all their lives in an aquatic envi-
ronment, and some semi-aquatic species alternately use
a variety of terrestrial and aquatic environments (Moen &t
Wiens, 2017). In different environments, they survive with
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morphologies independently derived across several clades
(Hall, 2008; Wells, 2010).

Unlike the two other amphibian groups, Caudata and Gym-
nophiona, the anurans lost their tails during evolution and
now rely on their forelimbs and hindlimbs for locomotion
(Emerson, 1978; 2013; Wells, 2010). Some species jump
when they are on land using their lower body, including
their hind legs, whereas others swim in an aquatic environ-
ment almost all their lives. Other anurans use their fore-
limbs and hindlimbs to walk, with only a few jumps, and
can even climb trees using round adhesive discs on their
fingers and toes (Enriquez-Urzelai et al., 2015; Mendoza
et al., 2020; Moen & Wiens, 2017). There are also spe-
cies with unique locomotor patterns, such as flying frogs
(Emerson €& Koehl, 1990). Some species burrow with their
hindlimbs to survive in dry conditions (Moen et al., 2013;
Vidal-Garcia & Keogh, 2015). Ecological factors, such as
microhabitats, predator interactions, and defense mecha-
nisms, can alter anuran behavioral traits, e.g., locomotor
performance (Buttimer et al., 2020; Mendoza et al., 2020;
Vega-Trejo et al., 2014). To understand the trade-off be-
tween behavioral adaptation and morphological function,
it is necessary to quantify the morphological differences
according to the ecological traits of various anuran species.

Morphological differences related to various ecological
traits of anurans can affect their locomotor performance
and mode. Commonly, locomotor performance is related
to body size or body weight in frogs (Emerson, 1978;
Nauwelaerts et al., 2007). Additionally, these locomotory
performances are closely related to the anatomical shapes
as well as the external traits. In the lower body skeleton
in frogs, a narrow pelvis, long ilium and urostyle, and
short presacral vertebrae result in improved jumping per-
formance (Emerson, 1978; Nauwelaerts et al., 2007; Zug,
1972). The morphology of the forelimbs or hindlimbs is
also related to the locomotion mode of frogs (Enriquez-
Urzelai et al., 2015). The length and ratio of the hindlimb,
including the femur and tibiofibular, can change the pro-
pulsion and take-off speed for jumping. In fact, this ratio
differs according to the various locomotion modes, such
as arboreal jumpers, jumpers, swimmers, walkers, hoppers,
and burrowers (Enriquez-Urzelai et al., 2015). The fore-
limbs do not have great direct propulsion but are used
to soften the impact on landing (Nauwelaerts & Aerts,
2006). Indirectly, short forelimbs can move the center of
mass in frogs backward and increase acceleration when
jumping (Emerson, 2013).

In this study, we attempted to quantify the differences
in the skeletal shape of four anuran species (Japanese
tree frog, Dryophytes japonicus; Japanese wrinkled frog,
Glandirana rugosa; black-spotted pond frog, Pelophylax
nigromaculatus, and American bullfrog, Lithobates cates-
beianus) commonly found in Korea. The four species have
ecological differences in body size, locomotor mode by

microhabitat, trophic position, and predator evasion tac-
tics. We organized this information through our data and
bibliography. The skeletal images of the four species were
obtained using radiographic technology, and the skeletal
differences of the lower body and limbs were quantified
by both landmark-based geometric morphometrics and
traditional methods of morphology comparison.

Materials and Methods

Field investigation

Four species of anurans, Japanese tree frogs (D. japoni-
cus), black-spotted pond frogs (P. nigromaculatus), Japa-
nese wrinkled frogs (G. rugosa), and American bullfrogs (L.
catesbeianus), were collected by hand from May 2019 to
July 2019 in Gongju City. We captured ten frogs from four
different sites to exclude habitat differences. All frogs were
sexually mature, and the male frogs were distinguished by
confirmation of the vocal sac and nuptial pad on the first
finger, which are secondary sexual characteristics. Among
the individuals that did not have male frog characteristics,
animals aged 2-3 years or older were judged to be female.
Individuals aged 1-2 years were judged to be immature and
excluded from the analysis. As a result, a total of 8 frogs
from each species were used for morphological analysis.

Measurement of physical conditions

The frogs’ age was analyzed using skeletochronology,
which counts the lines of arrested growth (LAGs) in cross-
sections of the phalanges. The animals were anesthetized
with ice-cold water, which reduces neural activity. Then,
the second-right front fingers and the third-right hind
toes were collected from each individual. We used 5%
nitric acid (HNO,) to decalcify the phalanges and washed
the sample with deionized water. Next, a Spin Tissue Pro-
cessor STP 120 (Myr, Tarragona, Spain) was used to carry
out paraffin embedding. The tissue sections were cut to
a 12-pum thickness with a Thermo-Shandon Finesse ME
Microtome (Thermo Fisher Scientific, Waltham, MA, USA),
and Harris’ hematoxylin was used to stain the tissue. The
sample was placed on a slide and covered with a glass
coverslip. The number of LAGs in each individual was
confirmed using a DP72 microscope (Olympus, Tokyo, Ja-
pan) at 100x magnification. Experimental procedures on
the animals were conducted per the regulations and with
the approval of the Experimental Animal Ethics Commit-
tee of Kongju National University (KNU_2019-01).

Body size and weight were measured to record the ba-
sic physical information of each species, along with age.
The snout-vent length (SVL), a measure of amphibian
body size, was measured as 0.01 mm units using a digital
caliper (IP54 SHAHE Digital Caliper, Zhejiang, China). The
body weight was measured as 0.01 g units using a digital
balance. The SVL was compared using a one-way analysis

https://doi.org/10.22920/PNIE.2022.3.1.32

33



PNIE

Jun-Kyu Park et al.

of variance (ANOVA), and the body weight and age were
compared using the Kruskal-Wallis test to confirm the
significant differences in basic physical condition among
the four species. GraphPad Prism version 8.0, for Windows
(GraphPad Software, San Diego, CA, USA) was used for
statistical analysis, and all statistical differences were con-
sidered significant at P<0.05.

Ecological traits of the four anuran species

We summarized the ecological traits and locomotor
modes of the four species based on existing literature
and our data. The Japanese tree frog, belonging to the
Hylidae family, is a terrestrial amphibian and an arboreal
species with round adhesive discs on the tips of its fingers
and toes (AmphibiaWeb, 2017). 1ts locomotory mode is
typical of arboreal jumpers and enables it to climb trees
and grasses (Enriquez-Urzelai et al., 2015; Jorgensen €t
Reilly, 2013). Japanese tree frogs have the lowest trophic
position among the four species (Park & Do, 2019) and
are exposed to predators such as bullfrogs in their habitat
(Park & Do, 2020). For defense against predators, they
use camouflage, changing the dorsal color to match the
background (Kang et al., 2016).

The Japanese wrinkled frog, belonging to the Rani-
dae family, is a semi-aquatic amphibian (AmphibiaWeb,
2019a). Although previous studies have classified these
species as terrestrial jumpers (Enriquez-Urzelai et al.,
2015; Jorgensen €& Reilly, 2013), most semi-aquatic frogs
alternate between aquatic and terrestrial environments
and perform both swimming and jumping with the same
morphological traits (Nauwelaerts et al., 2007). Therefore,
we described them as jumpers and swimmers in the pres-
ent study. The trophic position of the Japanese wrinkled
frog is in the middle of the four frog species (Park €& Do,
2019). As tadpoles and adults, they produce odorous skin
secretions that effectively defend them against predation
(Takahara et al., 2011; Yoshimura €& Kasuya, 2013).

Black-spotted pond frogs have several ecological traits
similar to those of the Japanese wrinkled frogs. This frog
belongs to the Ranidae family and is a semi-aquatic am-
phibian (AmphibiaWeb, 2007). Like the Japanese wrinkled
frog, the locomotor mode corresponds to the jumper and
swimmer type (Enriquez-Urzelai et al., 2015; Jorgensen
& Reilly, 2013). In addition, they have a trophic level
similar to the Japanese wrinkled frog (Park & Do, 2019).
However, unlike the Japanese wrinkled frog, they have
no known defense against predation other than escape.
Therefore, they evade predators through their strong
jumping or swimming abilities.

The American bullfrog has the largest body size among
the four anuran species. Like the Japanese wrinkled frog
and black-spotted pond frog, it belongs to the Ranidae
family, and its locomotor modes are the jumper and
swimmer type (AmphibiaWeb, 2019b; Enriquez-Urzelai et

al., 2015; Jorgensen & Reilly, 2013). This frog is an apex
predator with the highest trophic position among the four
species (Park & Do, 2019).

In addition to the body size differences we measured
directly, the differences in skeletal shape were analyzed
with reference to the ecological traits summarized here:
locomotor mode (arboreal jumper, jumper, and swim-
mer), microhabitat (terrestrial and semi-aquatic frog), and
defense mechanisms (camouflage color, skin secretion,
jumping and swimming, and apex predator).

Skeletal imaging

The frogs were euthanized by pithing after the body
size and weight had been measured and stored as fixed
samples in 70% ethanol. The samples were prepared in
the same posture for morphological analysis. Styrofoam
was fixed to the bottom of a plastic container with 70%
ethanol, and the frogs were placed on it. A pin was then
used to fix the frog posture. After 3 days, the frog posture
was completely fixed, and the frogs were removed from
the Styrofoam plate, labeled, and stored separately.

The skeletal shape of the fixed object was photographed
using radiographic techniques. Skeletal images were taken
using dual-energy X-ray absorptiometry (DEXA; Medikors
InAlyzer, Seongnam, Korea) for frogs over 10 g, such as
American bullfrogs, black-spotted pond frogs, and female
Japanese wrinkled frogs. In the case of frogs weighing less
than 10 g, such as Japanese tree frogs and the males of
Japanese wrinkled frogs, the image of the skeleton was
photographed using a micro-CT instrument (PerkinElmer,
Waltham, MA, USA), located at the Korea Basic Science
Institute (Gwangju, Korea). The collected skeletal images
were used to confirm the difference in the skeletal shape of
the lower body and limbs among the four anuran species.

Analysis of skeletal shape

Landmark-based geometric morphometrics was used to
compare the skeletal shape of the lower body among the
four species of anurans. The skeletal shape was digitized
using TpsDig software (Rohlf, 2006). A total of eight
landmarks were designated in the skeletal shape of the
lower body: (L1) the anterior tip of the urostyle, (L2) the
anterior left tip of the ilium, (L3) the anterior right tip of
the ilium, (L4) the posterior tip of the urostyle, (L5) the
posterior right tip of the pelvis, (L6) the posterior tip of
the ischium, (L7) the posterior left tip of the pelvis, (L8)
and the anterior tip of the pelvis (Fig. 1).

We used the MorphoJ software (version 1.07a; Faculty of
Life Sciences, University of Manchester, Manchester, UK) to
convert the digitized landmark coordinates into Procrustes
coordinates. Then, canonical variate analysis (CVA) was
used to compare the variations in skeletal shape that dis-
tinguished the four species of anurans by minimizing the
difference within the groups and maximizing differences
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among the groups. The difference in skeletal shape was
visualized through a rectangular grid with the landmark
vectors and a wireframe graph of the canonical variate 1
(CV1) and CV2 axes. The morphological differences among
the four species were also compared using discriminant
function analysis (DFA), which determines the classifica-
tion function using Fisher’s classification rule. Significant
differences among the four species were analyzed by per-
mutation tests with 1000 permutations. Additionally, the
Mahalanobis distance by DFA was computed for the four
species. We used a graph that matched the average shape
of the four species of anurans with the average shape of
each species and confirmed the morphological distance

Fig. 1. X-ray bone image of male American bullfrog
(Lithobates catesbeianus) obtained by dual energy X-ray
absorptiometry. Eight landmark point that represented the
skeletal shape of lower body. Forelimbs were consisted of
radio-ulna and humerus, and hindlimbs were consisted of
tibiofibular and femur.

among the four species by Mahalanobis distance.

Comparison of the proportions of forelimbs and hindlimbs

If the angle of a limbs is not perfectly fixed, it may not
be suitable for use in landmark analysis. Therefore, the
shape of the limbs was analyzed by measuring the length
of each skeleton and calculating the proportions. First,
the length of the femur, tibiofibular, humerus, and radio-
ulnar were measured using ImageJ software version 1.8.0
(Schneider et al., 2012). Then, the tibiofibular to femur
ratio (T/F ratio) was computed to confirm the differences
among species with different locomotor modes. Addition-
ally, the forelimb (radio-ulnar and humerus) to hindlimb
(tibiofibular and femur) ratio (FL/HL ratio) was calculated
to identify the difference between terrestrial frogs and
semi-aquatic frogs. One-way ANOVA was used to com-
pare the differences in T/F and FL/HL ratios among the
four species of anurans using GraphPad Prism version 8.0
for Windows. All statistical differences were considered
significant at P<0.05.

Results

Physical condition of the four species

The SVL (F=181) and body weight (W=29.09) were
significantly different (P<0.05) among the four species
of anurans (Table 1). In particular, SVL was significantly
different (Tukey’s post hoc test, P<0.05) among all four
species. The Japanese tree frog (D. japonicus) had the
lowest SVL (Tukey’s post hoc, P<0.05), whereas the SVL
of the American bullfrog (L. catesbeianus) was the highest
(Tukey’s post hoc, P<0.05). The body weight of the Japa-
nese tree frog was not different (Dunn’s post hoc, P>0.05)
from the weight of the Japanese wrinkled frog (G. rugosa)
but was lower (Dunn’s post hoc, P<0.05) than that of the
black-spotted pond frog (P. nigromaculatus) and Ameri-
can bullfrog. Japanese wrinkled frogs showed no signifi-
cant difference (Dunn’s post hoc, P>0.05) in body weight
from the black-spotted pond frog but had lower (Dunn’s

Table 1. The value of snout-vent length (SVL), body weight, and age of four species frogs

Species N SVL (mm)* Body weight (g)* Age
Dryophytes japonicus 8 33.0+2.2° 3.4+0.4™ 3.5+0.5
Glandirana rugosa 8 50.6+8.6" 10.4+4.4™ 4.0+0.9
Pelophylax nigromaculauts 8 76.5£9.4° 32.8+10.8% 3.3+0.5
Lithobates catesbeianus 8 150.7+17.6" 352.4%110.4% 4.1%0.8

Values are presented as meanztstandard deviation.
Eight frogs of each species were collected from Gongju city.

Asterisks (*) indicate contents with significant differences (P<0.05) from one-way ANOVA test (SVL) and from Kruskal-Wallis test

(body weight).

Lowercase letters represent the significance of the difference in each content by Tukey’ post hoc test (SVL) and Dunn’s post hoc

test (body weight).
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post hoc, P<0.05) body weight than that of the American
bullfrog. The body weight of black-spotted pond frogs
was not different (Dunn’s post hoc, P>0.05) from the
weight of American bullfrogs. The ages of the four species
did not differ (W=6.323, P>0.05) in this study.

Differences in the skeletal shape

The CVA showed two major morphological variations
based on CV1 and CV2 among the four species of an-
urans (Fig. 2). For example, CV1 explained 75.94% of
skeletal shape variance, and an individual with a higher
CV1 had a narrower pelvis and slightly shortened urostyle.
On the contrary, CV2 explained 16.13% of skeletal shape
variance, and an individual with a higher CV2 had a wider
pelvis, longer ilium, and much shorter urostyle. Japanese
tree frogs and black-spotted pond frogs had the highest
CV1 values, whereas the American bullfrogs and Japanese
wrinkled frogs had the lowest CV1 values. The CV2 values
of Japanese tree frogs and Japanese wrinkled frogs were
the highest, whereas the American bullfrogs and black-
spotted pond frogs had the lowest CV2 values. Procrustes
distance and Mahalanobis distance from 1,000 permuta-
tion rounds in CVA explained that the skeletal shapes
of the four species were significantly different (P<0.05)
among all groups. Similarly, DFA showed that the mor-
phological differences among the four species of anurans

were independent. After the 1000-permutation test using
T-square, all individuals were correctly reclassified (P<0.05)
by the discriminant functions (Table 2).

Morphological distance of the skeletal shape

The morphological distance was significant (Mahalanobis
distance by DFA, P<0.05) among the four species. Black-
spotted pond frogs and American bullfrogs were morpho-
logically the closest. The Japanese tree frogs were also
morphologically close to these two species, and the Japa-
nese wrinkled frogs had the most morphologically distance.

Among the four species, black-spotted pond frogs
showed a narrow pelvis, average ilium, and long urostyle.
American bullfrogs had a wider pelvis, short ilium, and the
longest urostyle, whereas Japanese tree frogs had a small
pelvis, long ilium, and short urostyle. Japanese wrinkled
frogs had a relatively wider pelvis, average ilium, and a
short urostyle (Fig. 3).

Comparison of the limb proportions

The T/F ratio varied (F=23.3, P<0.001) among the an-
urans (Fig. 4A). The T/F ratio of the Japanese tree frog, an
arboreal jumper and terrestrial amphibian, was the lowest
(Tukey’s post hoc, P<0.05) of the four species. In contrast,
the T/F ratio did not differ significantly (Tukey’s post hoc,
P>0.05) among the other three species, which are semi-

Dryophytes japonicus
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Table 2. The discriminant function in the skeletal shape of lower body from four species anurans obtained by discriminant
function analysis after the 1000-permutation test using the T-square

From discriminant function

Dryophytes japonicus Glandirana rugosa ni;‘g}‘;f;’?gﬁ’; ts c;‘fgs'gg;tslsl s
Dryophytes japonicus 8(100%) 0 0 0
Glandirana rugosa 0 8(100%) 0 0
Pelophylax nigromaculauts 0 0 8(100%) 0
Lithobates catesbeianus 0 0 0 8(100%)

Mahalanobis distance by DFA

67I.5 52I.5 37I.5 22I.5 7;5
P<0.05 ’( Glandirana rugosa @
Pelophylax nigromat;ulatus \ /
P<0.05 5
Lithobates catesbeianus
P<0.05

Dryophytes japonicus

Fig. 3. Mahalanobis distance of skeletal shape among four
species anurans obtained by discriminant function analysis
(DFA) after the 1000-permutation rounds. The grey wire-
frame graphs represent mean skeletal shape of four anuran
species, and the black wireframe graphs represent mean
skeletal shape of each anuran species. All four species
showed significant morphological distance (P<0.05).

aquatic and jumper/swimmer frogs (Japanese wrinkled
frogs, black-spotted pond frogs, and American bullfrogs).
Similarly, the FL/HL ratio also differed (F=6.797,
P<0.001) among the species (Fig. 4B). Japanese tree frogs
had the highest (Tukey’s post hoc, P<0.05) FL/HL ratio of
the four. However, among the other three species of frogs,
the FL/HL ratio was not significantly different (Tukey’s

post hoc, P>0.05).

Discussion

In this study, we compared the skeletal shape of four
species of anurans according to their locomotor mode
and ecological traits. The skeletal shapes of the lower
body of the four species of anurans were all indepen-
dently and completely isolated. The analysis showed that
the Japanese wrinkled frog was the most morphologically
distinct, and the black-spotted pond frog and American
bullfrog had the most similar morphologies. The ratio of
the limbs for the Japanese tree frogs was considerably
different from that of the other three species. We believe
that the differences in the skeletal shape of the four spe-
cies relate to the ecological traits of each species.

The shapes of the pelvis, ilium, and urostyle were dif-
ferent for each species. Although these shapes do not
unconditionally determine locomotor performance, they
nevertheless affect it (Emerson, 1978; Nauwelaerts et al.,
2007; Zug, 1972). In our results, the skeletal shape of the
lower body seems to differ according to body weight and
predator defense mechanisms. The black-spotted pond
frog could achieve the best locomotor performance of
the four species, followed by the American bullfrog. The
Japanese tree frog and Japanese wrinkled frog had traits
representing low locomotor performance. The skeletal
shape of the lower body and relatively high locomotor
performance of black-spotted pond frogs and American
bullfrogs is thought to be due to their higher body mass
compared to the other two species. Body mass is a critical
variable in explaining variations in the jumping power of
anurans, and high body mass can reduce jumping power
per body mass (Mendoza et al., 2020). Therefore, it seems
that species with a greater weight may need a skeletal
shape with better locomotor performance. Additionally,
the black-spotted pond frogs exhibited the trait with the
highest locomotor performance, possibly because they
have no predator defense mechanism other than jumping
and swimming. The American bullfrog is a predator with
a high trophic position in South Korea (Park & Do, 2019),
with few known predators; therefore, anti-predator strat-
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Fig. 4. The comparison in tibiofibular to femur (T/F) ratio (A) and forelimb to hindlimb (FL/HL) ratio (B) among four species
anurans. Box plots show the mean (central square dot), median (central band), 25th and 75th percentiles (bottom and top
of boxes), range within 1.5 interquartile (IQR, bottom and top of line). Significant differences (P<0.05) were determined us-

ing a Tukey's Post Hoc test from one-way ANOVA test, and are represented with the difference of uppercase letters.

egies relying on locomotor performance may be relatively
less useful. Japanese wrinkled frogs use odorous skin
secretions (Takahara et al., 2011; Yoshimura €& Kasuya,
2013), and Japanese tree frogs use a camouflage pattern
(Kang et al., 2016) for defense. On the contrary, although
black-spotted pond frogs occupy a trophic position simi-
lar to that of Japanese wrinkled frogs (Park & Do, 2019),
they seem to have this skeletal shape to evade predators
through strong locomotor performance because they have
no other defense mechanism.

The morphology of the limbs in anurans is greatly in-
fluenced by their microhabitat and locomotor mode (En-
riquez-Urzelai et al., 2015; Vidal-Garcia & Keogh, 2017).
In our study, the Japanese tree frog, an arboreal jumper
and terrestrial frog, the tibiofibular is shorter than the
femur, unlike the other three species. In general, hindlimb
length can increase locomotor performance (Rebelo &
Measey, 2019). In particular, strong jumpers tend to have
a T/F ratio greater than 1, and weak jumpers have a ratio
close to or less than 1 (Zug, 1972). These hindlimb traits
are known to be markedly different among anuran spe-
cies with different locomotor modes (Enriquez-Urzelai et
al., 2015). Likewise, the ratio of forelimbs to hindlimbs
showed a similar result. Unlike the other three species,
Japanese tree frogs had a high ratio of forelimb lengths.
The short forelimb of frogs positions the center of grav-
ity toward the back and enhances jumping performance
(Emerson, 2013). This limb morphology shows that Japa-
nese tree frogs may be weaker jumpers or swimmers than
the other three species. Unlike semi-aquatic frogs with
excellent swimming and jumping abilities, the Japanese
tree frog is a species that climbs grass and trees. In addi-

tion, because Japanese tree frogs use camouflage colors
to hide from predators (Kang et al., 2016), they may be
safer from predators if they remain stationary rather than
jumping or swimming (Morey, 1990). Therefore, unlike
the other three species, Japanese tree frogs do not seem
to have to be strong jumpers or swimmers.

Differences in morphology among species can help elu-
cidate the ecological and behavioral traits of organisms.
However, it is challenging to quantify and analyze these
differences. We used both landmark-based geometric
and traditional morphometric methods to compare the
skeletal shape of anurans in this study. In the past, the
morphology of organisms was analyzed and compared
using traditional morphometric methods, such as multi-
variate morphometric methods based on size data (Marcus,
1990). These methods can capture size information well,
but there is less information on shape (Bookstein et al.,
1985; Rohlf & Marcus, 1993). To compensate for this, a
new shape analysis tool, geometric morphometric analysis,
was introduced in the late 1980s (Bookstein, 1989; 1997;
Rohlf & Marcus, 1993). This tool provides attractive and
intuitive visualization data by graphically representing the
results of shape variation. 1t also allows the comparison
of shape changes by statistical quantification (Adams et
al., 2004). However, the method is restricted to use within
a limited number of taxa or species because it can only
analyze parts with the same points. The use of landmarks
with the same points within different taxa or species may
not be sufficient to describe subtle features (Tatsuta et
al., 2018). As such, each of these two methods has ad-
vantages and disadvantages. For morphological analysis,
setting the analysis method according to the characteris-
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tics of each trait or using them to complement each other
can help quantify the more detailed trait changes.

Conflict of Interest

The authors declare that they have no competing interests.

Acknowledgments

This research was supported by a National Research
Foundation of Korea (NRF) grant funded by the Korean
government (MSIT) (No. 2018R1C1B3008645).

References

Adams, D.C., Rohlf, EJ., and Slice, D.E. (2004). Geometric morpho-
metrics: ten years of progress following the ‘revolution’ Ital-
ian Journal of Zoology, 71, 5-16.

AmphibiaWeb. (2007). Pelophylax nigromaculatus: Dark-Spotted
Frog. Retrieved November 20, 2021 from https://amphibi-
aweb.org/species/5109.

AmphibiaWeb. (2017). Hyla japonica: Japanese Tree Frog. Re-
trieved November 20, 2021 from https://amphibiaweb.org/
species/832.

AmphibiaWeb. (2019a). Glandirana rugosa: Wrinkled Frog. Re-
trieved November 20, 2021 from https://amphibiaweb.org/
species/5138.

AmphibiaWeb. (2019b). Rana catesbeiana: Bullfrog. Retrieved
November 20, 2021 from https://amphibiaweb.org/spe-
cies/4999.

AmphibiaWeb. (2021). Browse by Family. Retrieved November
20, 2021 from https://amphibiaweb.org/lists/index.shtml.
Bookstein, F.L. (1989). Principal warps: thin-plate splines and
the decomposition of deformations. IEEE Transactions on

Pattern Analysis and Machine Intelligence, 11, 567-585.

Bookstein, F.L. (1997). Morphometric Tools for Landmark Data:
Geometry and Biology. Cambridge: Cambridge University Press.

Bookstein, F.L., Chenoff, B., Elder, R., Humphries, J., Smith, G., and
Strauss, R. (1985). Morphometrics in Evolutionary Biology:
The Geometry of Size and Shape Change, With Examples
from Fishes (The Academy of Natural Sciences of Philadel-
phia, Special Publication No. 15). Philadelphia: Academy of
Natural Sciences of Philadelphia.

Buttimer, S.M., Stepanova, N., and Womack, M.C. (2020). Evolu-
tion of the unique anuran pelvic and hind limb skeleton in
relation to microhabitat, locomotor mode, and jump perfor-
mance. Integrative and Comparative Biology, 60, 1330-1345.

Emerson, S.B. (1978). Allometry and jumping in frogs: helping
the twain to meet. Evolution, 32, 551-564.

Emerson, S.B. (2013). Jumping and leaping. In M. Hildebrand,
D.M., Bramble, and K.F,, Liem, and D.B., Wake (Eds.), Function-
al Vertebrate Morphology (pp. 58-72). Cambridge: Harvard
University Press.

Emerson, S.B., and Koehl, M. (1990). The interaction of behav-
ioral and morphological change in the evolution of a novel
locomotor type: "flying” frogs. Evolution, 44, 1931-1946.

Enriquez-Urzelai, U., Montori, A., Llorente, G.A., and Kaliontzo-
poulou, A. (2015). Locomotor mode and the evolution of the

hindlimb in Western Mediterranean anurans. Evolutionary
Biology, 42, 199-209.

Hall, B.X. (2008). Fins into Limbs: Evolution, Development, and
Transformation. Chicago: University of Chicago Press.

Jorgensen, M.E., and Reilly, S.M. (2013). Phylogenetic patterns
of skeletal morphometrics and pelvic traits in relation to lo-
comotor mode in frogs. Journal of Evolutionary Biology, 26,
929-943.

Kang, C., Kim, Y.E., and Jang, Y. (2016). Colour and pattern change
against visually heterogeneous backgrounds in the tree frog
Hyla japonica. Scientific Reports, 6, 22601.

Marcus, L.F. (1990). Traditional morphometrics. In F.J. Rohif,
and F.L., Bookstein (Eds.), Proceedings of the Michigan Mor-
phometrics Workshop (pp. 77-122). Ann Arbor: The Univer-
sity of Michigan Museum of Zoology.

Mendoza, E., Azizi, E., and Moen, D.S. (2020). What explains vast
differences in jumping power within a clade? Diversity, ecol-
ogy and evolution of anuran jumping power. Functional
Ecology, 34, 1053-1063.

Moen, D.S., Trschick, D.J., and Wiens, J.J. (2013). Evolutionary
conservatism and convergence both lead to striking similarity
in ecology, morphology and performance across continents
in frogs. Proceedings Biological Sciences, 280, 20132156.

Moen, D.S., and Wiens, J.J. (2017). Microhabitat and climatic
niche change explain patterns of diversification among frog
families. American Naturalist, 190, 29-44.

Morey, S.R. (1990). Microhabitat Selection and Predation in the
Pacific Treefrog, Pseudacris regilla. Journal of Herpetology,
24, 292-296.

Nauwelaerts, S., and Aerts, P. (2006). Take-off and landing forces
in jumping frogs. Journal of Experimental Biology, 209, 66-
77.

Nauwelaerts, S., Ramsay, J., and Aerts, P. (2007). Morphological
correlates of aquatic and terrestrial locomotion in a semi-
aquatic frog, Rana esculenta: no evidence for a design con-
flict. Journal of Anatomy, 210, 304-317.

Park, J.K., and Do, Y. (2019). Assessment of body condition in
amphibians using radiography: relationship between bone
mineral density and food resource availability. Korean Journal
of Ecology and Environment, 52, 358-365.

Park, J.K., and Do, Y. (2020). Evaluating the physical condition
of Hyla japonica using radiographic techniques. Science of
the Total Environment, 726, 138596.

Rebelo, A.D., and Measey, J. (2019). Locomotor performance
constrained by morphology and habitat in a diverse clade of
African frogs (Anura: Pyxicephalidae). Biological Journal of
the Linnean Society, 127, 310-323.

Rohlf, FJ. (2006). tpsDig, Version 2.10. New York: Department
of Ecology and Evolution, State University of New York at
Stony Brook.

Rohlf, EJ., and Marcus, L.F. (1993). A revolution morphometrics.
Trends in Ecology and Evolution, 8, 129-132.

Schneider, C.A., Rasband, W.S., and Eliceiri, KW. (2012). NIH Im-
age to ImageJ: 25 years of image analysis. Nature Methods, 9,
671-675.

Shubin, N.H., and Jenkins, FA. (1995). An early Jurassic jump-
ing frog. Nature, 377, 49-52.

Takahara, T., Mitsuhashi-Ohnishi, C., Fujiwara-Tsujii, N., and
Yamaoka, R. (2011). Characterization of chemical defenses in

https://doi.org/10.22920/PNIE.2022.3.1.32

39


https://doi.org/10.1080/11250000409356545
https://doi.org/10.1080/11250000409356545
https://doi.org/10.1080/11250000409356545
https://amphibiaweb.org/species/5109
https://amphibiaweb.org/species/5109
https://amphibiaweb.org/species/832
https://amphibiaweb.org/species/832
https://amphibiaweb.org/species/5138
https://amphibiaweb.org/species/5138
https://amphibiaweb.org/species/4999
https://amphibiaweb.org/species/4999
https://amphibiaweb.org/lists/index.shtml
https://jglobal.jst.go.jp/en/detail?JGLOBAL_ID=200902054595994254
https://jglobal.jst.go.jp/en/detail?JGLOBAL_ID=200902054595994254
https://jglobal.jst.go.jp/en/detail?JGLOBAL_ID=200902054595994254
https://www.worldcat.org/title/morphometric-tools-for-landmark-data-geometry-and-biology/oclc/38131726&referer=brief_results
https://www.worldcat.org/title/morphometric-tools-for-landmark-data-geometry-and-biology/oclc/38131726&referer=brief_results
https://www.amazon.com/Morphometrics-Evolutionary-Biology-Philadelphia-Publication/dp/0910006482
https://www.amazon.com/Morphometrics-Evolutionary-Biology-Philadelphia-Publication/dp/0910006482
https://www.amazon.com/Morphometrics-Evolutionary-Biology-Philadelphia-Publication/dp/0910006482
https://www.amazon.com/Morphometrics-Evolutionary-Biology-Philadelphia-Publication/dp/0910006482
https://www.amazon.com/Morphometrics-Evolutionary-Biology-Philadelphia-Publication/dp/0910006482
https://www.amazon.com/Morphometrics-Evolutionary-Biology-Philadelphia-Publication/dp/0910006482
https://books.google.co.kr/books/about/Functional_Vertebrate_Morphology.html?id=l7gxngEACAAJ&redir_esc=y
https://books.google.co.kr/books/about/Functional_Vertebrate_Morphology.html?id=l7gxngEACAAJ&redir_esc=y
https://books.google.co.kr/books/about/Functional_Vertebrate_Morphology.html?id=l7gxngEACAAJ&redir_esc=y
https://books.google.co.kr/books/about/Functional_Vertebrate_Morphology.html?id=l7gxngEACAAJ&redir_esc=y
https://www.proquest.com/openview/75506696ac166889c427518af6b4760a/1?pq-origsite=gscholar&cbl=2043825
https://www.proquest.com/openview/75506696ac166889c427518af6b4760a/1?pq-origsite=gscholar&cbl=2043825
https://www.proquest.com/openview/75506696ac166889c427518af6b4760a/1?pq-origsite=gscholar&cbl=2043825
https://www.proquest.com/openview/75506696ac166889c427518af6b4760a/1?pq-origsite=gscholar&cbl=2043825
https://www.worldcat.org/title/fins-into-limbs-evolution-development-and-transformation/oclc/1135593014?referer=di&ht=edition
https://www.worldcat.org/title/fins-into-limbs-evolution-development-and-transformation/oclc/1135593014?referer=di&ht=edition
https://deepblue.lib.umich.edu/handle/2027.42/49535
https://deepblue.lib.umich.edu/handle/2027.42/49535
https://deepblue.lib.umich.edu/handle/2027.42/49535
https://deepblue.lib.umich.edu/handle/2027.42/49535
https://doi.org/10.1111/1365-2435.13545
https://doi.org/10.1111/1365-2435.13545
https://doi.org/10.1111/1365-2435.13545
https://doi.org/10.1111/1365-2435.13545
https://wildlife.humboldt.edu/sites/default/files/johnson/project/Morey1990.pdf
https://wildlife.humboldt.edu/sites/default/files/johnson/project/Morey1990.pdf
https://wildlife.humboldt.edu/sites/default/files/johnson/project/Morey1990.pdf
https://doi.org/10.11614/KSL.2019.52.4.358
https://doi.org/10.11614/KSL.2019.52.4.358
https://doi.org/10.11614/KSL.2019.52.4.358
https://doi.org/10.11614/KSL.2019.52.4.358
https://doi.org/10.11614/KSL.2019.52.4.358
https://doi.org/10.1093/biolinnean/blz007
https://doi.org/10.1093/biolinnean/blz007
https://doi.org/10.1093/biolinnean/blz007
https://doi.org/10.1093/biolinnean/blz007
https://ci.nii.ac.jp/naid/10022020610/
https://ci.nii.ac.jp/naid/10022020610/
https://ci.nii.ac.jp/naid/10022020610/
https://doi.org/10.1038/377049a0
https://doi.org/10.1038/377049a0
https://doi.org/10.1007/s10164-011-0269-x
https://doi.org/10.1007/s10164-011-0269-x

PNIE

Jun-Kyu Park et al.

ranid tadpoles against a fish predator. Journal of Ethology,
29, 427-434.

Tatsuta, H., Takahashi, K.H., and Sakamaki, Y. (2018). Geometric
morphometrics in entomology: basics and applications. En-
tomological Science, 21, 164-184.

Vega-Trejo, R., Zuniga-Vega, J.J., and Langerhans, R.B. (2014).
Morphological differentiation among populations of Rhinella
marina (Amphibia: Anura) in western Mexico. Evolutionary
Ecology, 28, 69-88.

Vidal-Garcia, M., and Keogh, J.S. (2015). Convergent evolution
across the Australian continent: ecotype diversification drives
morphological convergence in two distantly related clades of
Australian frogs. Journal of Evolutionary Biology, 28, 2136-
2151.

Vidal-Garcia, M., and Scott Keogh, J. (2017). Phylogenetic conser-

vatism in skulls and evolutionary lability in limbs-morphological
evolution across an ancient frog radiation is shaped by diet, lo-
comotion and burrowing. BMC Evolutionary Biology, 17, 165.

Wake, D.B., and Koo, M.S. (2018). Amphibians. Current Biology,
28, R1237-R1241.

Wells, K.D. (2010). The Ecology and Behavior of Amphibians.
Chicago: University of Chicago Press.

Yoshimura, Y., and Kasuya, E. (2013). Odorous and non-fatal
skin secretion of adult wrinkled frog (Rana rugosa) is effec-
tive in avoiding predation by snakes. PLoS One, 8, e81280.

Zug, G.R. (1972). Anuran locomotion: structure and function.
1. Preliminary observations on relation between jumping and
osteometrics of appendicular and postaxial skeleton. Coperia,
1972, 613-624.

40

PNIE 2022;3(1):32-40


https://doi.org/10.1007/s10164-011-0269-x
https://doi.org/10.1007/s10164-011-0269-x
https://doi.org/10.1111/ens.12293
https://doi.org/10.1111/ens.12293
https://doi.org/10.1111/ens.12293
https://doi.org/10.1007/s10682-013-9667-6
https://doi.org/10.1007/s10682-013-9667-6
https://doi.org/10.1007/s10682-013-9667-6
https://doi.org/10.1007/s10682-013-9667-6
https://www.worldcat.org/title/ecology-and-behavior-of-amphibians/oclc/748211346?referer=di&ht=edition
https://www.worldcat.org/title/ecology-and-behavior-of-amphibians/oclc/748211346?referer=di&ht=edition
https://doi.org/10.2307/1442720
https://doi.org/10.2307/1442720
https://doi.org/10.2307/1442720
https://doi.org/10.2307/1442720

