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ABSTRACT. We investigated ontogenetic changes in the trunk muscles of the Japanese black salamander (Hynobius nigrescens) before, during 
and after metamorphosis. Given that amphibians change their locomotive patterns with metamorphosis, we hypothesized that they may also 
change the structure of their trunk muscles. The trunk muscles were macroscopically observed, and the weight ratios of each trunk muscle 
group were quantified at six different developmental stages. Immediately after hatching, we found that the lateral hypaxial muscle was 
composed of one thick M. ventralis, from ventral edge of which M. transversus abdominis arose later, followed by M. obliquus externus and 
M. rectus abdominis. The weight ratios of the dorsal and abdominal muscles to the trunk muscles increased with growth. We suggest that a 
single thick and large lateral hypaxial muscle facilitates swimming during early developmental stages. The increase in the weight ratios of 
the dorsal and abdominal muscles with growth possibly assists with gravity resistance necessary for terrestrial life.
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Most species of Urodela ontogenetically change their 
habitats from water to land [3]. There are 10 families of 
Urodela which is composed of 670 species. Before meta-
morphosis, they laterally bend both trunk and tail to swim in 
water, similar to the locomotion of anguilliforms [8, 23], and 
well-developed larvae crawl on the bottom of water. In con-
trast, juveniles of terrestrial species and some semi-aquatic 
species walk on the ground after completing metamorphosis. 
In Urodela, to allow for the transition of habitat from wa-
ter to land, the locomotive structure of the trunk may need 
to change, because of the need for resistance for viscosity 
of water in swimming or gravity in terrestrial walking of 
swimming and walking. Developmental changes in external 
traits have been studied in various species of Urodela [9]. 
Of the Japanese Urodela species, Cynops pyrrhogaster [17], 
Andrias japonicas [11], Hynobius nigrescens [10, 22] and 
Onychodactylus japonicus [9] have been described. In other 
species, Ambystoma mexicanum [2] and Pleurodeles waltl 
[20] have been described about developmental changes in 
external traits. Developmental changes in the inner trunk 
musculature of Urodela have been examined by Maurer [13] 
and Fujimoto [7]. Fujimoto [7] described the ontogenetic 
changes in the trunk muscles of H. nebulosus. He showed 

that M. obliquus internus arises ventrally from the inner ridge 
of the growth girdle of M. ventralis. M. obliquus externus 
is then formed dorsally along the end of the ventral surface 
of M. obliquus internus, and M. rectus abdominis develops 
from ventral line. M. subvertebralis and M. transversus ab-
dominis appear after these muscles have developed. Maurer 
[13] mentioned that all hypaxial muscles constructed body 
wall were from myomere. He showed that when M. obliquus 
internus reaches the ventral edges of ventral side of body 
wall, M. rectus abdominis is formed on ventral median line, 
and M. obliquus externus is formed dorsally. The way of 
formation of M. rectus abdominis and M. obliquus externus 
which arise from the ventral edge is the same between Mau-
rer [13] and Fujimoto [7]. Though Maurer [13] and Fujimoto 
[7] described the ontogenetic changes in the trunk muscles, 
they did not discuss the relationships with the shape of the 
trunk muscles and the habitat. Adult salamanders with dif-
ferent habitats are reported to possess different compositions 
of trunk muscles according to their habitats [14, 15, 21]. 
Simons and Brainerd [21] compared four species of adult 
salamanders and showed that aquatic species possessed a 
larger total cross-sectional hypaxial area than species that 
were primarily terrestrial. Omura et al. [14, 15] showed that 
the more aquatic salamanders have larger lateral hypaxial 
muscles and an unseparated M. rectus abdominis for swim-
ming, whereas the more terrestrial species possess larger 
dorsal muscles and a separated larger M. rectus abdominis 
for resisting gravity. In general, separated muscle has more 
specialized functions than muscle with unseparated structure 
from other muscles. Therefore, the more terrestrial species 
may possess the M. rectus abdominis with more specialized 
function, which is sustaining own weight from downward 
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[14, 15]. Separated muscles are enclosed by fascia of col-
lagen and have intersectio tendinea. It is suggested that the 
structure may enable the muscle to more strengthen.

Given that muscle patterns vary among salamander spe-
cies with aquatic or terrestrial habitats, it is possible that 
muscle patterns may also change according to the different 
ontogenetic stages because salamanders depend on different 
habitats throughout growth. Thus, we hypothesized that the 
ontogenetic changes in the trunk muscles should be corre-
lated with changing locomotion modes from swimming to 
walking and habitats from water to ground. Parallel to the 
interspecific patterns found in salamanders [14, 15, 21], 
we expected that the lateral hypaxial muscles would be 
larger in the swimming larvae and the dorsal muscles and 
M. rectus abdominis would increase with growth. To test 
this hypothesis, we observed and quantified the ontogenetic 
changes in the trunk muscles of H. nigrescens. This spe-
cies changes their habitats and the mode of locomotion by 
metamorphosis from aquatic swimming larvae to terrestrial 
walking juvenile. Adult of H. nigrescens has relatively larger 
dorsal muscles, thin lateral hypaxial muscles and separated 
abdominal muscle to adapt terrestrial life [14].

MATERIALS AND METHODS

The egg batches of H. nigrescens were collected in Ni-
igata Prefecture, Japan, in April 2012. The batches were in-
troduced into an aerated aquarium. After hatching, the larvae 
were maintained as they metamorphosed through the dif-
ferent developmental stages. Three samples were randomly 
collected at six developmental stages (Fig. 1 and Table 1), 
as described by Iwasawa and Yamashita [10]. The earliest 
stage used in this study was st 38, which is gill formation 
III when the gills bud and balancers elongate. The larvae of 
st 38 swim in water by lateral undulation of trunk. The next 
developmental stage used in this study was st 50, which is 
digital differentiation III when the balancers disappear and 
first and second finger primordials clearly develop. They use 
their trunk laterally to swim. The third developmental stage 
used was st 58, which is digital differentiation VI when the 
fourth toe is clearly recognized. They swim by lateral undu-
lation of trunk and sometimes hold the bottom by forelimbs 
to stabilize their body. The fourth developmental stage used 
was st 63A, which is full-grown larva I when the membrane 
between each toe disappears. The larvae of st 63A swim us-
ing lateral undulation of trunk in addition to crawl on the bot-
tom. The fifth developmental stage was st 66, which marks 
the disappearance of fin II when the dorsal fin regresses as 
far back as the hind limbs and small gill pieces remain. They 
swim by lateral undulation of trunk and crawl on the bot-
tom. The last developmental stage used was st 68, which is 
completion of metamorphosis when the gills and tail fin have 
completely disappeared and the eyeballs protrude. They land 
and walk on ground. Samples were fixed in a straight body 
position in 10% formalin and were then transferred to 70% 
ethanol solution.

The lateral side of the trunk muscles was observed after 
macroscopic dissection. The following groups of the trunk 

muscles were examined in this study: dorsal muscles, lateral 
hypaxial muscles and abdominal muscles. During dissec-
tion, specimens were kept wet by moistening with water 
to avoid drying and subsequent measurement error. When 
the muscle was dried, the weights of the muscle would be 
measured lighter than in actual, and thus, the assumed mea-
surement error was delivered from the drying of muscles. 
Each trunk muscle group was weighed using an electronic 
balance AUW220 (Shimadzu Co., Ltd., Kyoto, Japan). The 
weight ratio of each muscle group against the total weight of 
all measured trunk muscles was calculated.

RESULTS

Observation of trunk muscles: The components of the 
trunk muscles developed and changed morphologically with 
growth (Fig. 2). At st 38, they possessed a single thick dorsal 

Fig. 1. Lateral views of ontogenetic changes in skinned Hynobius 
nigrescens. Arrows indicate the level of the line between epaxial 
muscles and hypaxial muscles. A: st 38, B: st 50, C: st 58, D: st 63A, 
E: st 66, F: st 68. Scale bar=5 mm.
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muscle and a single thick M. ventralis (Fig. 2A). At st 50, 
when the first and second finger primordia had developed 
patently, a thin M. transversus abdominis with fibers extend-
ing craniodorsally developed from M. ventralis and became 
ventrally enlarged (Fig. 2B). M. ventralis became thinner at 
st 50. The dorsal muscles were segmented by myosepta, as 
also observed at st 38. When the hind limbs were revealed 
and forelimbs were developed at st 58, a thin M. obliquus 
externus with fibers running caudoventrally developed along 
the edge of the abdominal contour line of M. transversus 
abdominis. From the ventral edge of M. obliquus externus, 
the muscle fibers of M. obliquus externus became parallel to 
the sagittal line (Fig. 2C). At st 63A, when they crawled on 
the bottom in water and swam by undulation, M. obliquus 
externus dorsally developed to the level of the lateral line 
between epaxial muscles and hypaxial muscles (Fig. 2D). 
A thin M. rectus abdominis occurred at the ventral edge of 
the trunk (Fig. 2D). At st 66, when they crawled on the bot-
tom in water in addition to swimming, M. rectus abdominis 
expanded and increased in thickness and was obviously 
separated from the fibers of the lateral hypaxial layers (Fig. 
2E). At st 68, after metamorphosis and movement to land for 
walking on ground, M. rectus abdominis became enlarged 
(Fig. 2F) and became thicker.

Trunk muscle weight ratios: The muscle group weight 
ratios are represented in Table 2. Ontogenetic changes were 
identified in the muscle group ratios among stages. The 
muscle weight ratio of the dorsal muscles increased with 
growth from 52.2% at st 38 to 61.4% at st 68 (the averages of 
three samples of weight ratios of the trunk muscles: Table 2). 
In contrast, the weight ratio of the lateral hypaxial muscles 
decreased with growth from >40% at st 38, 50 and 58 to 
<30% at st 66 (Table 2). The weight ratio of the abdominal 
muscles increased with growth (Table 2). At st 38 and 50, 

the salamander did not possess abdominal muscles, with the 
percentage of abdominal muscles being recorded as zero. 
From st 58 to 68, the muscle weight ratio of the abdominal 
muscles increased from 3.0 to 16.5%.

DISCUSSION

Observation of trunk muscles: Ontogenetic changes were 
recognized in the trunk muscles in H. nigrescens. Maurer 
[13] described that M. rectus abdominis arose from the ven-
tral edges of M. obliquus internus on the timing of start of 
development of M. obliquus externus. In H. nebulosus, M. 
rectus abdominis develops from the ventral edges of M. 
obliquus externus and M. obliquus internus when the devel-
opment of M. obliquus externus starts [7]. In this study of 
H. nigrescens, M. rectus abdominis developed and enlarged 
from the ventral line when M. obliquus externus developed. 
The timing of formation of M. rectus abdominis on the 
ventral line in this study coincided with Maurer [13] and 
Fujimoto [7].

The number of lateral hypaxial muscles differed between 
H. nigrescens in this study and H. nebulosus in Fujimoto 
[7]. H. nigrescens has two layers, M. obliquus externus 
and M. transversus abdominis, as lateral hypaxial muscles, 
except for M. ventralis [7]. In contrast, H. nebulosus has 
three layers: M. obliquus externus, M. obliquus internus 
and M. transversus abdominis, except for M. ventralis. The 
developmental sequence of the hypaxial trunk muscles of H. 
nebulosus is reported as follows: 1) M. ventralis (the ventral 
muscle), 2) M. obliquus internus (the inner lateral hypaxial 
layer) from the ventral muscle, 3) M. obliquus externus (the 
outer lateral hypaxial layer) and M. rectus abdominis and 4)
M. transversus abdominis [7], which sequence was similarly 
observed in H. nigrescens, but M. obliquus internus does 
not appear and M. transversus abominis appears before M. 
obliquus externus and M. rectus abdominis in H. nigrescens. 
Simons and Brainerd [21] discussed that the habitat and 
predominant locomotor mode of salamanders do not appear 
to be strong associated with the number of lateral hypaxial 
layers. It was suggested that the differences in the number of 
lateral hypaxial layers in these phylogenetically very close 
species, H. nebulosus and H. nigrescens suggest the presence 
of interspecific variation in this genus and further studies on 
other congeneric species are required. In this study, we ob-
served only from lateral view. Then, M. subvertebralis was 
not examined. In adult of H. nigrescens, M. subvertebralis 
exists under vertebrae [14].

At st 38, immediate hatching, the number of lateral hyp-
axial layer was only one, and the layer was thick (Fig. 2A). 
A typical fish possesses a thick trunk muscle divided into 
epaxial and hypaxial segments by a myosepta, but it does 
not show a layered structure [12]. Because the larvae of H. 
nigrescens locomote by swimming and they do not possess 
limbs at st 38, they have a single thick M. ventralis as the 
lateral hypaxial muscle for undulatory swimming. During 
later developmental stages, the thickness of M. ventralis 
decreased, and a thin layer of M. transversus abdominis 
developed from the ventral edge of M. ventralis (Fig. 2B). 

Table 1. Specimens of Hynobius nigrescens used in 
this study

Developmental stage Habitat SVL*(mm)
st38 Aquatic 7.2

7.3
7.5

st50 Aquatic 9.9
10.5
10.8

st58 Aquatic 12.9
13.5
14.1

st63A Aquatic 16.8
17.1
17.2

st66 Aquatic 21.1
21.6
22.2

st68 Terrestrial 24.9
25.2
25.7

*Snout-vent length.
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At st 58, a thin layer of M. obliquus externus developed as 
one of the lateral hypaxial muscles (Fig. 2C). The two lateral 
hypaxial muscles at this stage were thinner than M. ventralis 

present during early developmental stages (Fig. 2C). When 
Urodelians move to land, they need to resist both torsion and 
lateral bending [3]. Since resisting torsion can be absorbed 

Fig. 2. Lateral views of ontogenetic changes of the trunk muscles in Hynobius nigrescens. A: st 38, B: st 50, C: st 58, D-1: st 63A after skinned, 
D-2: st 63A after removed M. obliquus externus, E-1: st 66 after skinned, E-2; st 66 after removed M. obliquus externus, F-1: st 68 after 
skinned, F-2: st 68 after removed M. obliquus externus. Scale bar=5 mm.

Table 2. Ontogenetic changes of weight ratios of trunk muscles in H. nigrescens

Developmental 
stage

Averages of SVL* 
(mm)

Weight ratio (%)
Dorsal muscles Lateral hypaxial muscles Abdominal muscle

st38 7.33 ± 0.2 52.2 ± 2.3 47.7 ± 2.3 0.0
st50 10.4 ± 0.3 55.1 ± 2.3 44.8 ± 2.3 0.0
st58 13.5 ± 1.1 55.3 ± 1.8 41.7 ± 2.2 3.0 ± 0.4
st63A 17.0 ± 0.6 56.7 ± 2.6 38.3 ± 2.9 4.9 ± 0.3
st66 21.6 ± 1.3 60.0 ± 1.2 29.9 ± 2.4 10.0 ± 1.3
st68 25.2 ± 1.2 61.4 ± 2.3 22.1 ± 3.5 16.5 ± 1.4

*Snout-vent length, mean ± S.E.M.
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by the two lateral hypaxial layers which fibers run in a cross 
direction with each other, the number of the lateral hypaxial 
muscles possibly increased from one to two with growth. 
Furthermore, muscle fibers running across each other in the 
two lateral hypaxial layers strengthen the body in a manner 
similar to the lamination of chipboard [12]. At st 58, when 
the fourth toe is clearly recognized, the muscle fibers of the 
lateral hypaxial muscle become longitudinal at the ventral 
edge of the trunk (Fig. 2C). M. rectus abdominis developed 
and enlarged at st 58, 63A, 66 and 68 (Fig. 2C–2F).

Because M. rectus abdominis generally contributes to 
maintaining posture [4] and sustaining the animals’ own 
weight [18], evolutionary acquisition of this muscle was 
possibly essential for terrestrial locomotion. It has been 
argued that typical fish do not have M. rectus abdominis 
[12] because their basic trunk muscle structure is composed 
of epaxial and hypaxial muscles that facilitate lateral bend-
ing. Because of buoyancy, the need of sustaining inward 
organs weight decreases in fish. Then, fish does not have M. 
rectus abdominis which function is sustaining own weight. 
When adult salamanders are compared, terrestrial species 
and semi-aquatic species possess a separated and larger M. 
rectus abdominis, whereas aquatic species possess a smaller 
and unseparated M. rectus abdominis [14, 15]. Omura et al. 
[14, 15] suggested that a separated and larger M. rectus ab-
dominis facilitated terrestrial locomotion by resisting gravity 
and that M. rectus abdominis is not essential for an aquatic 
lifestyle. Separated M. rectus abdominis more specializes 
its function of sustaining own weight than unseparated ones 
from lateral hypaxial muscles [14, 15]. Separated M. rectus 
abdominis possesses collagen fascia and intersection ten-
dinea. The fascia and intersection tendinea may enable the 
muscle to more strengthen. Thus, the interspecific difference 
of M. rectus abdominis between aquatic and terrestrial spe-
cies is parallel to the muscular differences found between the 
aquatic and terrestrial stages of H. nigrescens.

Trunk muscle weight ratios: Ontogenetic changes in the 
weight and weight ratios of the muscle groups are given in 
Table 2. Though the actual mass of all muscle groups in-
creased according to growth, the degree of growth was dif-
ferent among muscle groups. The weight ratios of the dorsal 
and abdominal muscles increased with growth, hence the 
decrease of the weight ratios of the lateral hypaxial muscles. 
Epaxial muscles are recruited for lateral bending during 
swimming and walking [4–6]. Dorsal muscles also function 
as stabilizers of the trunk [16]. M. dorsalis trunci, which is 
the largest epaxial muscle, stabilizes the trunk against sag-
ging and torsion and increases the stiffness of the trunk dur-
ing walking [4]. Because the need for stabilizing the trunk 
and resisting gravity on land occurs only after metamorpho-
sis, we assume that the increase in the weight ratio of the 
dorsal muscles is related to the transition from water to land.

The weight ratio of the lateral hypaxial muscles decreased 
with growth (Table 2). Lateral hypaxial muscles function 
to control torsion and lateral bending [19] and to stabilize 
the body [1, 3, 4]. Because lateral hypaxial muscles are 
necessary for undulatory swimming, we suggest that larvae 
possess larger lateral hypaxial muscles than terrestrial juve-

niles. After the limbs develop, the role of the lateral hypaxial 
muscles possibly decreases. Therefore, we consider that the 
decreased importance of the lateral hypaxial muscles results 
in the decreased weight ratios of the lateral hypaxial mus-
cles. After they are equipped with limbs, Urodelians mainly 
locomote by undulatory swimming in addition to aquatic 
walking. This study suggests that they gradually modify the 
trunk muscles to prepare for movement on land.

The weight ratio of the abdominal muscles increased with 
growth (Table 2). Abdominal muscles function to prevent 
sagittal extension of the trunk by the action of the epaxial 
muscles [4] and to sustain the body weight against gravity 
[18]. Abdominal muscles appeared and increased in size 
after the appearance of the interdigital processes in the hind 
limb anlage. It is possible that such growth of the abdominal 
muscles facilitates terrestrial life. During middle develop-
mental stages from st 50 to st 63A, salamanders start swim-
ming in water using their limbs (personal observations). At 
this stage, they depend less on the lateral hypaxial muscles 
and more on the dorsal and abdominal muscles. After meta-
morphosis, they start adapting to terrestrial life by enlarging 
the dorsal and abdominal muscles.

In conclusion, the ontogenetic changes in the trunk 
muscles of H. nigrescens are linked with habitat transition 
from water to land, with the muscle construction changing in 
adaptation from aquatic swimming to resisting gravity.
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