
 

J. Anat.

 

 (2005) 

 

206

 

, pp17–35

© Anatomical Society of Great Britain and Ireland 2005

 

Blackwell Publishing, Ltd.

 

Development of the pelvis and posterior part of the 
vertebral column in the Anura

 

Hana Ro

 

C

 

ková

 

1

 

 and Zbyn

 

´

 

k Ro

 

C

 

ek

 

1,2

 

1

 

Department of Zoology, Faculty of Natural Sciences, Charles University, Prague, Czech Republic 

 

2

 

Laboratory of Palaeobiology, Geological Institute, Academy of Sciences, Prague, Czech Republic 

 

Abstract

 

The anuran pelvic girdle is unique among all amphibians in that its acetabular portion is located far posterior to

the sacrum, lateral to the postsacral (= caudal) vertebral column, which is reduced to a single rod-like element

called the urostyle. This situation in the adult is strikingly different not only from that in ancestral temnospondyls

but also in other modern amphibians. Because there is no fossil that would document this evolutionary anatomical

modification except for 

 

Triadobatrachus

 

, the only data may be inferred from development in modern anurans. We

chose seven anuran species (belonging to the genera 

 

Discoglossus

 

, 

 

Bombina

 

, 

 

Pelobates

 

, 

 

Bufo

 

, 

 

Rana

 

 and 

 

Xenopus

 

),

representing the principal locomotory types (saltation, swimming, crawling and burrowing). Development of the

pelvic girdle was studied on cleared and stained whole mounts and partly on serial histological sections. The basic

developmental pattern was similar in all species: the pelvis on both sides develops from two centres (puboischiadic

and iliac, respectively). The ilium then extends vertically towards the sacral vertebra and later rotates posteriorly

so that ultimately the acetabulum is lateral to the tail (= urostyle). Only minor deviations from this pattern were

found, mainly associated with differences in water and terrestrial dwelling.
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Introduction

 

The anuran pelvis, although retaining the basic triradi-

ate pattern of temnospondyl amphibians, deviates

from this original pattern in that the ilium is elongated

into a shaft located horizontally and parallel to the

urostyle. A comparatively well-developed iliac shaft

was already present in the Early Triassic proanurans

 

Triadobatrachus

 

 and 

 

Czatkobatrachus

 

 (Rage & Ro

 

C

 

ek,

1989; Evans & Borsuk-Bia

 

l

 

ynicka, 1998) but it has never

been recorded in any temnospondyl amphibian. It

may be inferred from the nearly completely articulated

skeleton of 

 

Triadobatrachus

 

 that the characteristic

shape of the anuran ilium evolved by elongation of the

bone posteriorwards from the level of the ilio-sacral

articulation.

Two interesting questions concerning the anuran

pelvis arise, namely why the ilium expanded posteriorly

so that the acetabular joint is located lateral to the

former tail, and why the ischium and pubis were so

strongly reduced (the latter even remains cartilaginous

in the majority of anurans). It has been suggested that

these changes were associated with saltatory locomo-

tion (Noble, 1931; MacBride, 1932; Gadow, 1933; Reig,

1957; Eaton, 1959; Gans & Parsons, 1966). Yet 

 

Triado-

batrachus

 

, the ilia of which were already moderately

elongated, was surely not yet capable of jumping

(Ro

 

C

 

ek & Rage, 2000). Griffiths (1963) suggested that

the peculiar morphology of the anuran pelvis evolved

due to a swimming mechanism. However, it is hard to

imagine why swimming would be associated with

shortening of the presacral column only in frogs,

whereas in other water-dwelling amphibians, such as

newts, this part of the skeleton remained unaffected.

It should also be noted that the posterior shift of the

acetabular region preceded reduction of the tail; the

comparatively late origin of the urostyle is not only evi-

denced by 

 

Triadobatrachus

 

 but also by its clear seg-

mentation in metamorphosing tadpoles.
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As fossils documenting the temnospondyl–salientian

transition are scarce, and because they can provide

only limited information concerning the origin of the

anuran pelvis, this incompleteness in the palaeontolog-

ical record may be supplemented by data gained from

developmental morphology. Developmental processes,

if properly assessed, may provide a useful tool for

explanation of evolutionary transformations. There-

fore, we decided to study the development of the pel-

vis and associated structures in various modern anurans

in order to recognize some general developmental pat-

terns. We believe that this can help to complete infor-

mation on the evolutionary transformation of the

pelvis, which is now available only from comparison of

the terminal developmental stages of adult temno-

spondyls and anurans.

In order to interpret a developmental sequence

correctly as an evolutionary one, it is necessary to

discern which features of the development reflect the

temnospondyl–salientian evolutionary transition and

which are mere adaptations to a particular mode of

anuran locomotion. Locomotion in anurans involves not

only saltation (e.g. in 

 

Rana

 

, 

 

Discoglossus

 

), but also

swimming (in permanent water-dwellers such as Pipidae,

Palaeobatrachidae) and crawling (e.g. in 

 

Bufo

 

). Bur-

rowing (e.g. in 

 

Pelobates

 

) is also a type of activity which

is performed by the hind limbs.

Therefore, we followed development of the pelvis

and associated structures (sacrum, urostyle and ilio-

sacral articulation) in each representative of the anuran

locomotory types; we then tried to find coincidences

between anatomical peculiarities and a particular loco-

motory type (although it is known that species with, for

instance, the same ilio-sacral articulation morphology

may show significant differences in types of move-

ment; see Emerson, 1979), and finally we tried to

deduce some anatomical and functional evolutionary

sequences that occurred between temnospondyls and

their anuran descendants.

 

Materials and methods

 

For our study we chose 

 

Discoglossus pictus

 

 and both

European species of 

 

Bombina

 

, which represent a line-

age of the Discoglossidae, whose roots may be found

among Middle Jurassic anurans (Evans et al. 1990). This

lineage involves both aquatic/terrestrial (

 

Discoglossus

 

)

as well as predominantly aquatic (

 

Bombina

 

) forms.

Mostly terrestrial toads, which move by crawling rather

than by saltation, are represented by 

 

Bufo bufo

 

. A sim-

ilar type, but capable of burrowing with the help of

hind legs, is 

 

Pelobates fuscus

 

. Terrestrial frogs with

extremely well-developed saltatory locomotion are

represented by 

 

Rana dalmatina

 

. Permanent water-

dwellers are represented by 

 

Xenopus laevis

 

. Therefore,

four principal locomotory types of frogs are repre-

sented – terrestrial saltatory, terrestrial crawler, terres-

trial burrower and permanent water-dweller. To avoid

duplicating their descriptions, we give a full description

of the development of 

 

Discoglossus pictus

 

, which may

be considered phylogenetically the most promitive

among them and, to a certain degree, a model species;

descriptions of other species are restricted to differ-

ences from this model. Developmental series were

obtained from laboratory breeding in the Department

of Zoology, Charles University, Prague.

Specimens used in this study were staged according

to the normal table of 

 

X. laevis

 

 recognizable by exter-

nal criteria (Nieuwkoop & Faber, 1967), although con-

siderable variation exists in the appearance of internal

characteristics (see discussion in Ro

 

C

 

ek, 2003). Clearing

and staining of the whole mounts followed methods

used by Wassersug (1976), with slight modifications of

concentrations and timing. We investigated 27 cleared

and stained specimens of 

 

X. laevis

 

 (stages 52–66), 130

specimens of 

 

R. dalmatina

 

 (stages 47–66), 95 specimens

of 

 

Bufo bufo

 

 (stages 50–66), 112 specimens of 

 

P. fuscus

 

(stages 44–66), six specimens of 

 

D. pictus

 

 (stages 52–

66), 72 specimens of 

 

Bombina bombina

 

 (stages 50–66)

and 110 specimens of 

 

Bombina variegata

 

 (stages 50–

66).

Some stages of 

 

Discoglossus

 

 were also prepared as

three-dimensional (3D) software reconstructions from

histological sections, in order to investigate the muscu-

lar context of the pelvis. For this purpose we used 3D

Studio MAX 5.0; smoothing was performed in Bone-

Viewer, a program specially written for this purpose by

Ysoft Co., Czech Republic.

All the material is deposited in the Department of

Zoology, Charles University, Prague.

 

Results

 

Discoglossus pictus

 

The earliest structure of the pelvic girdle and associ-

ated parts of the vertebral column is a pair of neural

arches of the sacral (i.e. 9th) vertebra, adjacent to the
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dorsolateral surface of the notochord, which may be

recognized as early as stage 50 (see also Table 1). At

stage 52 the neural arches of the sacral vertebra grow

dorsally over the neural tube, whereas the first (and

sometimes also tiny rudiments of the second) postsacral

neural arches (Fig. 1H) appear simultaneously with the

earliest cartilaginous rudiment of the femur. The hypo-

chord also appears at this stage, closely following the

appearance of the second postsacral vertebra. At stages

52–55, the hypochord extends between the levels of

Table 1 Developmental chronology of the anuran pelvic skeleton expressed in Nieuwkoop & Faber (1967) stages

Developmental event
Discoglossus 
pictus

Bombina 
bombina 

Bombina 
variegata

Bufo 
bufo

Pelobates 
fuscus

Rana 
dalmatina

Xenopus 
laevis

SV: neural arches appear 50–51 51 51–53 50 50 50–51 52
SV: neural arches fuse with one another 56–57 57 57 58 54 55–56 57
SV: neural arches begin to ossify 56–57 58 55 56 55 55–56 58
SV: neural arches completely ossified 58–66< 66 66< 65 62–63 66 62–63
SV: centrum appears 55 55 55 56 52 54–55 58
SV: complete cartilaginous centrum 56–57 58 57 57 56 57 59
SV: centrum begins to ossify 58–66< 58 56–57 58 56 57 59
SV: centrum completely ossified 58–66< 66< 66< 66 62–63 66< 66<
SV: diapophyses appear 55–56 56 55 56 53 55–56 57–58
SV: final shape of diapophyses 58–66< 62 61 64 63 61 62–63
SV: diapophyses begin to ossify 58–66< 62 58–59 58 56 61 59
SV: diapophyses completely ossified 58–66< 66< 66< 66 62–63 66< 66
U: neural arches of 10th vertebra appear 52 52 53 54–56 51–52 53–55 52
U: neural arches of 10th vertebra fuse 56–57 57 57–58 59–62 57 62 58
U: centrum of 10th vertebra appears 56 56 55 58 57–58 56 62
U: diapophyses of 10th vertebra appear 56–57 57 55 59–62 58 – 62
U: 10th vertebra begins to ossify 56–57 58 55–56 57 56 56 59–60
U: neural arches of 11th vertebra appear 52 56 54 57 53 55–56 52
U: 11th vertebra begins to ossify 58–66< 59 56 62 62–63 61 59–60
U: neural arches of 12th vertebra appear 56–57 56 55–56 58 53 56 53
U: 12th vertebra begins to ossify 58–66< 66 66< 66< 63–66< 61 64–66
U: neural arches of 13th vertebra appear 56–57 58 58 58 – – 54–57
U: sacro-urostylar articulation develops 56–57 58 58 58–59 61–62 61 59–60
U: 10th and 11th vertebrae fuse 56–57 56 57–58 58 60–61 56 58
U: 11th and 12th vertebrae fuse 56–57 57 57 57 53–54 56 62
U: 12th and 13th vertebrae fuse 56–57 58 58 58 – – 63
U: hypochord appears 52 55 54–55 55–56 53 55 53
U: hypochord fuses with neural arches 58–66< 66 63 65–66 64–66< 66 66
U: ossification complete 58–66< 66< 66< 66< 63–66< 66< 62–66<
IL: ilia appear 54 54 54 54 53 54–55 54
IL: rotation begins 55 57 57 57 55 55 55
IL: ossification of ala begins 55–56 56 55–56 56 56 55–56 57–58
IL: ilio-sacral contact established 66 58 57–58 58–59 62–63 57 60
IL: ossification of corpus ilii begins 57–58 58 60 58–59 64 58–61 61–62
IL: ossification complete 58–66< 66< 66< 66 66–66 66< 66–66<
IS: ischia appear 54 55 54 54 53 55 53
IS: ischia in touch 56–57 57 57–58 56 56 57 59
IS: full contact of medial surfaces 58–66< 63 64–66 58–59 65 63 63
IS: ossification begins 58–66< 66 66 64 62–63 63 59
IS: ossification complete 58–66< 66< 66< 66 63–66< 66< 66–66<
P: pubes appear 54 55 54 54 53 54–55 53
P: pubes fuse with ilia 54 55 54 54 53 55 53
P: pubes in touch 57–66< 58 62–63 58 62–63 61 62
P: full contact of medial surfaces 58–66< 63 66 62 65 63 63
P: praepubes (epipubes) appear 56–57 56 – – – – 59
P: ossification of pubes begins – – – – – – 63
P: ossification of pubes complete – – – – – – 66–66<

Abbreviations: SV, sacral vertebra; U, urostyle; IL, ilium; IS, ischium; P, pubis; 66< indicates post-metamorphic stages.
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both postsacral (i.e. the 10th and 11th) vertebrae

(Fig. 1J), but later (at stage 57) it expands anteriorly, so

that it reaches beneath the posterior part of the sacral

vertebra (Fig. 1K). Its posterior expansion is only mod-

erately delayed, so that in stage 58 it reaches beyond

the level of the most posterior extent of the fused neu-

ral arches (Fig. 1L). Its posterior end is slightly declined

from the notochord and is oval, instead of semicircular,

in cross-section. Because constriction of the notochord

proceeds in an anterior–posterior direction, owing to

developing vertebral centra, the anterior end of the

hypochord approaches the bases of the sacral neural

arches in stage 58, whereas it still occupies its original

position posteriorly (Fig. 1L). The ventral extended

parts of the postsacral neural arches fuse with each

other on either side in stage 57, thus forming a pair of

cartilaginous strips adjacent dorsolaterally to the noto-

chordal sheaths (Fig. 1M,P). From these strips the neu-

ral arches of two, occasionally three, postsacral

vertebrae protrude dorsally; in stage 59 (Fig. 1M), the

neural arches of the 1st postsacral vertebra do not fuse

with one another, whereas the sacral vertebra is

already complete dorsally. Dorsal ends of the postsacral

neural arches on both sides expand anteriorly and pos-

teriorly (Fig. 1L), which ultimately results in formation

of permanent (anteriorly) or temporary (posteriorly)

foramina for spinal nerves. The thickened posterior

end of the hypochord approaches the fused neural

arches, in accordance with reduction of the notochord.

Simultaneously with the development of the post-

sacral vertebral column, the hind limb develops

towards its distal end. The tibia and fibula appear

shortly after the femur. Only when the astragalus and

calcaneus are formed, and when the neural arches of

the 11th vertebra and of the hypochord may be recog-

nized (at stage 54), do the earliest rudiments of the pel-

vis appear. As the early development of the pelvis is

very fast and because the number of investigated spec-

imens in these crucial developmental stages was lim-

ited, we were not able to decide which pelvic element

appeared as the very first. In 

 

Bombina

 

, which is closely

related to 

 

Discoglossus

 

, although affected by hetero-

chrony (retarded skeletogeny), the ilium appears first

(see below). By the end of stage 54 the complete vertical

pelvic rod is present, and the ilium begins to expand

dorsally into a shaft (ala ossis ilii) in the direction of the

sacral vertebra. Moderate rotation of the pelvis starts

as soon as stage 55 (Fig. 1J), still before the ilia reach

the level of the sacral neural arches at stages 56–57

(Fig. 1I,K,L). The iliac shafts retain their nearly vertical

position until stage 58 (Fig. 1L). The rotation acceler-

ates at stage 59 (Fig. 1N), but the ultimate position of

the pelvis is reached only in fully grown adults, whereas

at the end of metamorphosis (stage 66) the angle of

the iliac shafts is still about 45

 

°

 

 (Fig. 1O). Both sacral

diapophyses develop independently on the neural

arches (the line of contact between both cartilages my

be still discerned by the end of metamorphosis; see

Fig. 1R). Both halves of the pelvic girdle, which are

associated with rudiments of each extremity, begin to

develop separately from one another, but come into

contact with each other as early as stage 57, although

the line of coalescence may be discernible until the end

of metamorphosis. They establish contact first in the

posterior part, by the ischia, then by the pubes. The

praepubes appear in stages 56–57 (Fig. 1L) as a sym-

metrical pair of cartilages protruding anteriorly from

the pubes (Fig. 1L,N–P). Both pubes and praepubes

remain cartilaginous in adults; the definitive morpho-

logy of the ilia develops from stage 59, when the dorsal

margin of the iliac shaft expands as a thin crista made

first of perichondrium (Fig. 1P) that later ossifies. The

ultimate morphology of the ilia is undoubtedly formed

in association with large muscles. For instance, the dor-

sal crista on the iliac shaft and the tuber superius,

which develop from the perichondrium, are areas of

attachment for the iliacus externus and gluteus max-

imus muscles, respectively (Fig. 1P,Q).

The ilio-sacral articulation develops at about stage 60

when the dorsal portion of the iliac shaft comes into

contact with the lower surface of the developing sacral

diapophysis (Fig. 1R). The ilia may not reach anteriorly

far beyond the sacral diapophyses, which suggests that

they may slide forwards and backwards over the sacral

diapophyses to a limited extent (Fig. 1D,F,G).

Simultaneously with the development and positional

changes of the pelvis, the neural arches of further vertebrae

develop (12th and sometimes also 13th; rudimentary

Fig. 1 Discoglossus pictus. Note early fusion of both halves of the pelvis (B) and presence of the praepubis (L,P). (A–H) Stage 52; 
(B–J) stage 55; (C, E, I, K) stage 57; (D, F, L1) stage 58; (G) adult. (A–D, E, G, M in dorsal view; F, ventral view; H–L, N, O in left 
lateral view). (M) 3D model of pelvis and of some pelvic muscles at stage 59. (N) 3D model of pelvis at stage 59. (O) 3D model of 
pelvis at stage 66. (P, Q) Frontal sections at the levels indicated in M and N; m. rectus abdominis attached to the praepubis is 
marked by an arrow. (R) Frontal section at the level indicated in O. Scale bars in A–D, 5 mm.
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arches may be recognizable as dorso-lateral extensions

from the surface of the notochord). The neural arches

grow towards each other below and above the spinal

nerves, to make a posteriorly tapering structure pierced

by one or more spinal foramina. Only later do the neural

arches expand dorsally over the neural tube so that

both halves gradually fuse together; simultaneously,

the hypochord approaches their lateral sides because

of reduction of the notochord, so that all these three

elongated parts give rise to the urostyle. The urostyle

of the adult retains its articulation (bicondylar, procoe-

lous) with the sacral vertebra, and develops a pair of

vestigial diapophyses declined posteriorly (Fig. 1G); a

pair of spinal foramina is also preserved. The attach-

ment of the urostyle to the sacral vertebra is movable

in the adult.

 

Bombina variegata

 

 and 

 

B. bombina

 

Pelvic development in both European species of 

 

Bom-

bina

 

 is similar to that in 

 

Discoglossus.

 

 The sacral neural

arches appear at stages 51–53, and the earliest appear-

ance of the 1st postsacral was recorded at stage 53. The

very first rudiment of the pelvis is the ilium, which

appears simultaneously (at stage 54) with the astra-

galus and calcaneus in both 

 

Bombina

 

 species (Figs 2H

and 3D). It is located vertically, meeting the proximal

end of the femur, which is in a horizontal position

(Fig. 2H). Soon afterwards (stage 55), another chondri-

fication centre appears below the proximal end of

the femur (Fig. 3E) and fuses with the former (Fig. 3F);

the latter may be identified as the ischium. Although the

rate of development of the posterior limbs is similar to

that in 

 

Discoglossus

 

, development of the 2nd postsacral

vertebra and of the hypochord is slightly delayed in

 

Bombina

 

. In addition, the hypochord appears at stages

54–55, before the 2nd postsacral may be recognized

(Fig. 2A,I,J,M). The shift of the anterior end of the

hypochord towards the bases of the sacral neural

arches (Fig. 2K) occurs at stage 60, because of gradual

constriction of the notochord in an anterior–posterior

direction.

The iliac shafts reach the level of the notochord dur-

ing stage 58 (Fig. 2J), when the 2nd caudal vertebra is

still absent. They begin to rotate at stage 57, and their

position at the end of metamorphosis (stage 66) is the

same as in 

 

Discoglossus

 

 (Fig. 2L). The tips of the iliac

shafts ultimately reach the level of the last presacral

vertebra, and the line interconnecting both tips is

approximately the axis of iliac rotation. In normal

development the shafts adjoin the developing sacral

transverse processes (whose development begins at

stage 57) ventrally and, owing to the position of the

rotation axis, the anterior ends of the shafts reach over

the anterior margins of sacral diapophyses (Fig. 2P,S).

However, there is some variation in the development

of the ilio-sacral articulation, which may include, in

addition to the sacral diapophysis, the transverse pro-

cess of the most posterior presacral vertebra (Fig. 2N), or

may entirely substitute the sacral diapophysis, which is

not developed (Fig. 2Q). Nevertheless, in both species

of 

 

Bombina

 

, normal development results in a consider-

able shift of the pelvis anteriorly so that the tips of the

ilia reach anteriorly beyond the level of the sacral ver-

tebra (Fig. 2T), and sometimes even to the level of the

second presacral vertebra (Figs 2S,T and 3N,P–R). Con-

sequently, the postsacral part of the vertebral column

located between both iliac shafts is relatively short and

may be elongated by the inclusion of additional post-

sacral vertebrae (symmetrically or asymmetrically) so

that in completely developed adults the anterior tips of

the shafts extend only moderately over the sacral dia-

pophyses (compare Fig. 3T with Fig. 2T).

The pelvic development is completed (with the

exception of the ilio-sacral articulation) as early as

stage 58, before the front legs become apparent exter-

nally (Fig. 2B). There is, however, considerable varia-

tion in ossification degree: whereas in some individuals

the ilia begin to ossify in very early stages (as early as

stage 58; see Fig. 2J), the whole skeleton in others may

remain cartilaginous even when their metamorphosis

is completed (Fig. 2L).

 

Bufo bufo

 

The earliest rudiments of the pelvis appear at stage 54,

as in 

 

Discoglossus

 

. However, there is noticeable retar-

dation in the development of the caudal skeleton,

because neither the postsacral vertebrae nor the hypo-

chord are developed at this stage (Fig. 4A). A short

hypochord is present at stage 56 (Fig. 4F), but some-

times is still barely discernible (Fig. 4K). The ossification

of the long bones starts as early as stage 57 (Fig. 4B,L),

when cartilaginous neural arches of the 1st postsacral

vertebra begin to develop. The neural arches of the 1st

postsacral vertebra begin to ossify soon afterwards

(stage 58), though before they fuse with one another

above the neural tube (Fig. 4H,M). In addition, further
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development of the postsacral vertebral column is very

slow – the pair of rudimentary (but already partly ossi-

fied) neural arches of the 1st postsacral (10th) vertebra

fuses with the minute cartilaginous rudiments of the

2nd postsacral (11th) vertebra, so that an oval spinal

foramen arises at stage 63 on either side (Fig. 4I). The

hypochord is still entirely cartilaginous at stage 63 and

is well separated from postsacral neural arches, although

the sacral and praesacral vertebrae have well-developed

and largely ossified arches (Fig. 4I). Development in the

concluding stages of metamorphosis mainly concerns

the hypochord, which fuses dorsolaterally with the

extended ventral bases of the neural arches, and the

degree of ossification; at stage 66 (Fig. 4J,P) the ossifi-

cation of the pelvis and corresponding part of the ver-

tebral column is nearly complete, although the ischia

are still separated from the ilia by cartilage (Fig. 4P).

The sacral diapophyses begin to develop at stage 58

(Fig. 4M) and attain their ultimate size at stage 62

(Fig. 4N). Although during the rotation of the ilia their

Fig. 2 Bombina variegata. Note body outlines in B and C, and occurrence of abnormalities. (A, F, I, M) Stage 56; (B, J, O, P, Q) 
stage 58 (asymmetrical expanded diapophysis on presacral vertebra substituting the sacral diapophysis is marked by an arrow in 
Q); (C) stage 61; (D, L, S) stage 66; (E) adult; (G) stage 53; (H) stage 54; (K) stage 60; (N) stage 57; (R) stage 59; (T) adult (A–E in 
dorsal view; F–L in left lateral view; M–P in dorsal view; Q–T in ventral view). Scale bars in A–D, 5 mm.
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tips reach as far as the level of the praesacral vertebrae

(Fig. 4M), the ilio-sacral contact is established (Fig. 4O)

with their anterior ends (stage 63).

 

Pelobates fuscus

 

Figure 5(A,H,L) shows the rudimentary hind limbs

far behind the level of the sacral vertebra. The first

postsacral (10th) vertebra appears shortly after the sacral

and nearly simultaneously with the hypochord (stage

53). Both units (axial skeleton and posterior extremity)

develop independently for a long period. Although the

quickly developing pelvic girdle with the extremity

soon moves (at stage 56) beneath the hypochord

(Fig. 5J), the iliac shafts are still short and thus widely

separated from the sacral vertebra. Nearly the whole

posterior rotation of the ilia proceeds far from the sacral

diapophyses (which are already developing at stage

56; Fig. 5N). The ilio-sacral contact is established only at

stage 63 (Fig. 5O). In addition, both halves of the pelvic

Fig. 3 Bombina bombina. Note asymmetrical development of the presacral, sacral and caudal transverse processes (L, M, P, Q, S). 
(A, I, J) Stage 58; (B, O) stage 64; (C, P, Q, R) stage 66; (D) stage 54; (E) stage 55; (F) stage 55; (G) stage 55–56; (H) stage 56; (K) 
stage 60; (L–N) stage 62; (S, T) adult (A–C, L–T in dorsal view; E, F in ventrolateral view; D, G–I in dorsolateral view). Disarticulation 
of the hypochord from vertebral column is an artefact. Scale bars in A–C, 5 mm.
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girdle remain widely separated for a long time, coming

into contact with each other only at stage 62 (Fig. 5F).

The hypochord and the neural arches of the two post-

sacral elements are separate from each other, and they

fuse together only at stage 65 (Fig. 5P). The urostyle

involves two postsacral vertebrae and develops an

immovable articulation with the sacral vertebra (later

both coalesce with each other). The urostyle is compar-

atively short and does not reach the level of fused ilia.

 

Rana dalmatina

 

The neural arches of the sacral (9th) vertebra appear at

stages 50–51. The axial skeleton consisting of nine pairs

of neural arches persists until stage 55. The 1st postsacral

vertebra may still be absent (Fig. 6A,B) or may be present

as a pair of tiny cartilaginous rudiments. The first rudi-

ment of the hind limb appears at stage 54, beginning

with the femur, then extending distally as tibia and

fibula and astragalus and calcaneus (at stage 55;

Fig. 6A,B,O). The ilia appear at stage 55, soon followed

by the ischia (Fig. 6I). The hypochord appears at stage

56, simultaneously with the second postsacral vertebra;

at this stage the iliac shafts extend dorsally to almost

reach the notochord (Fig. 6J). The ilia continue their

dorsal expansion so that their tips reach the level of

(but do not contact with) the developing sacral diapo-

physes (Fig. 6K). It is only at this stage (stage 62) that

the iliac shafts begin to rotate posteriorly. During the

rotation the tips of the iliac shafts never exceed the

level of the sacral diapophyses anteriorly (Fig. 6R–T).

The ilio-sacral articulation is established later than in

stage 66, only after completion of metamorphosis (Fig. 6U).

Development of the postsacral vertebral column is

delayed; both neural arches of the postsacral vertebra

fuse with one another above the neural tube, but their

Fig. 4 Bufo bufo. Note the early onset of ossification (B, L) and retardation in development of the urostyle. (A, K) Stage 56; 
(B, G, L) stage 57; (C, H, M) stage 58; (D) stage 58–59; (E, N) stage 62; (F) stage 56; (I, O) stage 63; (J, P) stage 66 (A–E in ventral 
view; F–J in left lateral view; K–P in dorsal view). Scale bars in A–E, 5 mm.
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bases remain paired and only moderately expand pos-

teriorly. This situation (including independent hypo-

chord) remains unchanged through the end of

metamorphosis (Fig. 6U). The firm synchondrotic articu-

lation of the iliac shafts with the sacral diapophyses

develops only in fully grown adults.

 

Xenopus laevis

 

The sacral vertebra appears at stage 52, closely fol-

lowed by the 1st postsacral (later at stage 52), rarely

also with a tiny asymmetrical rudiment indicating early

development of the 11th vertebra. Hind limbs appear

Fig. 5 Pelobates fuscus. Note the distance between the early rudiments of the posterior limbs and the sacral vertebra (A, L) and 
late fusion of both halves of the pelvis (E, N). Note also asymmetric development of the sacrum (E). (A, B, H, L, M) Stage 53; (C, I) 
stage 54; (D, J, N) stage 56; (E) stage 60–61; (F, K) stage 62; (G, P) stage 65 (rudimentary femur, tibia and fibula are marked by an 
arrow); (O) stage 63 (A in ventral view; B–F in dorsal view; H–K in left lateral or ventrolateral views; L–P in ventral view). Scale 
bars A–F 5 mm.
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at stage 53 (Fig. 7A,G,O); they are located closely

behind the level of the first postsacral vertebra. The

earliest rudiment of the pelvic girdle may be discerned

at stage 53, below the proximal end of the femur; dur-

ing stage 54 another ossification centre appears,

slightly elongated and vertical in position, above its

proximal end (Fig. 7H). The former may be identified as

the ischium, the latter as the ilium. Both remain sepa-

rated from one another, even as the ilium begins to

expand dorsally (stage 55; Fig. 7I). The iliac shafts still

retain their nearly vertical position at stage 60, when

they begin to ossify in their middle parts (Fig. 7L). Sub-

sequent rotation of the pelvis and ossification of the

ilium and femur at stages 62 and 63 are accompanied

by their anterior shift (Fig. 7M,T). This, together with

the developing sacral diapophyses (at stage 63), results

in the formation of the ilio-sacral articulation, in which

the middle part of the iliac shaft comes into contact

Fig. 6 Rana dalmatina. Note retardation of the development of the caudal skeleton, as in Bufo, and late constitution of the 
ilio-sacral articulation. (A, B, I, O, P) stage 55; (C, J) stage 55–56; (D, E, Q) stage 57; (F, K, S) stage 62; (G) stage 54; (H) stage 54–55; 
(L) stage 63; (M) stage 63–64; (N, U) stage 66; (R) stage 61; (T) stage 64 (A–F in dorsal view; G–N in left lateral view; O–U in dorsal 
view). Scale bars in A–F, 5 mm.
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with the lower surface of the sacral diapophysis; conse-

quently, the shafts extend over the anterior edge of

the sacral diapophyses at stage 66 (Fig. 7N,U).

The postsacral part of the vertebral column remains

arrested in its development (only two pairs of small

neural arches being present) until stage 60, when the

sacral vertebra and whole presacral vertebral column

is already extensively ossified (Fig. 7L). It is only at

stage 62 when the hypochord appears (only in a single

specimen among all investigated), whereas at stage 63

it was found in all others, in most of them being partly

ossified (in the anterior part). Notably, the pubes may

begin to ossify at stage 63 but it is not until the end of

metamorphosis (and sometimes even later) that they

are completely ossified. At stage 63, as well, the neural

arches on each side fuse into a pair of elongated struc-

tures pierced by spinal foramina; both these structures

are interconnected only at the level of the first postsacral,

Fig. 7 Xenopus laevis. The pelvis develops below the sacral and praesacral vertebrae, which is probably due to sliding function 
of the ilio-sacral articulation in adults of water-dwellers (T, U). Note also the segmentation of the urostyle (U). (A, G, O) Stage 53 
(rudiments of the posterior limb marked by arrow); (B, H, P) stage 54; (C, J, R) stage 57–58; (D) stage 59; (E, L, S) stage 60; (F, M, 
T) stage 63; (I) stage 55 (bipartite rudiment of the pelvic girdle marked by arrow); (K) stage 58; (N, U) stage 66; (Q) stage 57 (A, 
C–F in dorsal view; B in ventral view; G–N in left lateral or ventrolateral views; O, S–U in dorsal view; P–R in ventral view). Scale 
bars in A–F, 5 mm.
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which is ossified, the more posterior parts (still car-

tilaginous) being separated from each other as well as

from the hypochord (Fig. 7M,T). The identity of four

postsacral vertebrae may still be recognized in the

nearly completely ossified urostyle (stage 66), as pre-

served paired chondrifications separating spinal

foramina (Fig. 7U). The urostyle then coalesces with the

sacral vertebra to form a single unit in the adult.

Discussion

It appears that in all anurans the earliest rudiments of

the pelvic girdle are present in a form of two chondri-

fication centres. According to Green (1931), the ventral

rudiment of the early anuran pelvis is the pubo-ischiadic

portion and the dorsal rudiment is the iliac portion.

From this interpretation it may be deduced that the

ventral portion is homologous with the pubo-ischiadic

plate of amphibian piscine ancestors (exemplified

by Eusthenopteron), from which the ilium expanded

only later during the transition on to dry land

(although the pelvic element of this Devonian fish was

also interpreted as consisting of the pubic and iliac

regions, with the ischiadic part absent; compare Jarvik,

1980 and Andrews & Westoll, 1970).

These two parts (iliac and pubo-ischiadic) arise inde-

pendently from each other (Figs 3E and 7I), either at

the same time or one shortly after the other (either

with the ilium preceding the pubis–ischium, or vice

versa; this seems to be a matter of individual variation).

It may be of some interest that in further development,

the middle part of the ilium ossifies earlier than the

ischium; this suggests that the ossification sequence

within the pelvic region does not reflect the evolutionary

sequence. This seems to be confirmed by the consider-

able intraspecific variation in the rate of ossification

(compare Fig. 2J and 2L).

A striking feature of the development of the anuran

pelvis is that although the ilium is originally in a vertical

position, it soon begins to rotate posteriorly, and ulti-

mately it attains a position that is nearly parallel with

the caudal part of the vertebral column. It is obvious

that the vertical position corresponds to the situation

in early amphibians, in which the blade-like part was

perpendicular to the vertebral column (Jarvik, 1996;

Fig. 8A). The prominent rod-like iliac process (‘postiliac

process’) located close to the acetabulum and directed

posteriorly is also present in other primitive amphibians

such as Acanthostega, Tulerpeton and Whatcheeria

(Lebedev & Coates, 1995; Coates, 1996; Bolt & Lombard,

2000; Smithson, 2000), in some anthracosaurs (Smithson,

2000) and in the oldest microsaurs (Carroll, 2000). This

slender outgrowth is located at the same place as the

tuber superius in anurans, in which its lateral surface

serves as an insertion area for the m. glutaeus maximus

(Fig. 8C). In early development of the anuran pelvis,

the tuber superius is directed posteriorly as in the

early amphibians; only later does it attain the dorsal

position as a consequence of the rotation of the pelvis.

One may suppose that the developmental rotation

of the pelvis reflects the evolutionary sequence of anato-

mical interstages during the temnospondyl–anuran

transition.

The question arises as to whether thigh muscles were

affected by the iliac rotation. The pattern of anuran

thigh musculature is rather uniform, although some

limited variation may be observed (e.g. Dunlap, 1960;

Griffiths, 1963; Limeses, 1964; Cannatella, 1985). The

tuber superius is always a place of origin of the m. glu-

taeus maximus (inserting on to the inner surface of the

fascia lata on the dorsal surface of the distal end of the

femur) and of two others originating by a single ten-

don in adults, immediately posterior to the former

(Gaupp, 1896; Fig. 8C): m. iliofibularis (inserting on the

inner posterior surface of the fibular head of the tibio-

fibula) and m. iliofemoralis (inserting on the inner

surface of the femur).

Because the origin of the m. glutaeus maximus in

frogs is located dorsally and anteriorly from the acetab-

ulum, this muscle is principally a flexor of the thigh

(together with m. tensor fasciae latae and m. cruralis),

but it is also responsible for extension in the knee joint

(it is inserted on to the inner surface of the fascia lata

extending over the knee joint). Because of positional

changes of the ilium in the temnospondyl–anuran tran-

sition, it was excluded from the group of thigh exten-

sors (principally mm. semimembranosus, gracilis major

et minor, and adductor magnus) taking part in salta-

tion and swimming. Another change associated with

the elongation and posterior rotation of the iliac shaft

was a shift of the origin of the tensor fasciae latae mus-

cle (pubofibularis muscle in tailed amphibians) from

the pubis onto the iliac shaft (Fig. 8C), which, together

with the positional change of the glutaeus maximus

muscle, improved the efficiency of these thigh flexors.

No other substantial change in the arrangement of

the thigh muscles occurred as a consequence of re-

orientation of the iliac shaft (compare Fig. 8E and 8F).
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M. iliofibularis remained a flexor of the knee joint

(acting similarly to the sartorius on the ventral side of the

thigh), thus not belonging among those muscles respon-

sible for jumping. M. iliofemoralis, originating together

with m. iliofibularis, is a thin muscle acting parallel with

iliacus internus, i.e. as the flexor of the thigh.

Apparently the original thigh muscle pattern of the

temnospondyls was a satisfactory prerequisite for later

saltation and swimming of the anurans (even burrow-

ing did not affect the proximal hind-limb muscles,

although it causes a decrease in jumping ability; Emerson,

1976). In frogs, both types of locomotion and all types

of functional patterns of the thigh and ilio-sacral mus-

culatures are largely the same (Emerson & De Jongh,

1980), although it seems that swimming by ‘jumping’

movements was acquired only secondarily – there

would not be a need to change the anatomical pattern

associated with swimming by means of lateral body

undulations if there was not an intermediate terrestrial

stage between the temnospondyls and anurans. In this

context, the posterior rotation and elongation of the

iliac shaft was an evolutionary process (compare in

Fig. 8A, 8B and 8C) that was not accompanied by pro-

found changes in the thigh musculature pattern. Besides,

the fact that in frogs the tuber superius became an

insertion area exclusively for flexors suggests that the

tuber is not associated with jumping as is sometimes

believed. It may rather be a vestigial iliac process that

was developed for insertion of iliocaudal muscles in

swimming tailed amphibians. This would also explain

the considerable size of the tuber superius in proanuran

Triadobatrachus and Czatkobatrachus (Rage & RoCek,

1989; Evans & Borsuk-Bialynicka, 1998; Fig. 8B), although

they were still not capable of jumping, and its compar-

atively small size in the earliest frog Prosalirus (Jenkins

& Shubin, 1998) and in good jumpers such as Rana.

Fig. 8 (A) Resconstruction of the pelvis in the early amphibian Ichthyostega from the Middle/Late Devonian in left lateral view 
(from Jarvik, 1996). (B) Left ilium of the pro-anuran Czatkobatrachus from the Early Triassic in presumably original position; left 
lateral view; scale bar, 1 mm (from Evans & Borsuk-Bialynicka, 1998). (C) Left ilium of the modern anuran Rana with indication 
of muscle origins; left lateral view (from Gaupp, 1896). (D) Pelvis of the pro-anuran Triadobatrachus massinoti from the Early 
Triassic in ventral view. Both ilia are disarticulated and exposed in lateral aspect. Note presence of free sacral and first postsacral 
ribs; scale bar, 5 mm (from Rage & RoCek, 1989). (E) Superficial thigh muscles in the neotenous tailed amphibian Ambystoma in 
dorsolateral view. (F) Superficial thigh muscles of Rana in dorsal view (from Gaupp, 1896). Note similar muscle patterns in E and 
F, although orientation of the iliac shaft is markedly different.
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Although the basic developmental pattern of the

pelvic skeleton is similar in the anuran species studied

here, there is some positional, chronological and struc-

tural variation, as well as variation in ossification rate.

In Discoglossus and Bombina, the pelvis develops

beneath the first postsacral (10th) vertebra, the ilium

expands nearly vertically, and only when reaching the

level of the dorsal surface of the notochord does it

begin to rotate. The same holds true for Xenopus and

also for Ascaphus (Van Dijk, 1959, 1960); early in devel-

opment their pelvises lie close behind the level of the

sacral vertebra. In contrast, in Bufo, Rana and especially

in Pelobates the pelvis arises far posterior, behind the

level of anterior postsacrals and hypochord. Only when

the ilia begin to expand dorsally is the whole pelvis

shifted anteriorly. In Pelobates, moreover, this isolated

development of the pelvis from the axial skeleton is

accompanied by an extremely long period of inde-

pendent development of both halves of the pelvis

(until both ilia attain nearly their ultimate size;

Fig. 5O). Positional relations between the developing

pelvis and axial skeleton may be associated with the

type of ilio-sacral articulation in the adult. If the ilia

reach anteriorly over the fluted sacral diapophyses,

which seems to be the case with permanent or prevail-

ing water-dwellers Bombina, Xenopus (Ridewood,

1897; Van Dijk, 2002) and Palaeobatrachus (judging

from specimens in which imprints of cartilaginous ver-

tebral arches were preserved; RoCek, 2003), their pelvis

develops closely behind the sacral region. Both halves

of the pelvis come in contact rather soon. In Discoglos-

sus, which is both aquatic and terrestrial, the pelvis

develops in a similar way as in water-dwelling Xenopus

and Bombina, but adaptation for the terrestrial way of

life is given by another type of the ilio-sacral articula-

tion that is attained only in fully grown adults – the tips

of the ilia become movably attached to the sacral dia-

pophyses (they allow lateral swing or slewing; Whiting,

1961; Emerson, 1982).

The pubis, which was ossified in adults of early

amphibians, and which was indistinguishable from the

other two parts of the pelvis (except in some specimens

of Ichthyostega; Jarvik, 1996), was separated by sutures

in more advanced forms (e.g. in the Permian Archeria;

Romer, 1957). However, it remained cartilaginous in

many primitive amphibians. The pubis is developmen-

tally arrested at the cartilaginous stage in the anurans

too, with the exception of the Pipidae, Ascaphidae

and Leiopelmatidae. In Xenopus, we observed the

beginning of ossification of the pubis in metamorphosis

(stage 63), but apparently there is some variation in the

timing of ossification of this element (Trueb & Hanken,

1992). The pubis also ossified in Ascaphus (Ritland,

1955; Van Dijk, 1955), and in Leiopelma, where it may

also be represented by calcified cartilage, or it may

be cartilaginous throughout life (Stephenson, 1952;

Ritland, 1955).

Ossification seems to be a matter of considerable var-

iation even within a single species. Nevertheless, a com-

paratively early onset of ossification was noticed in

Xenopus (as observed by Mookerjee, 1931).

Remarkable elements adjacent to both pubes are the

praepubes (‘epipubes’) of Discoglossus, some Bombina

bombina specimens, Ascaphus, Leiopelma (Van Dijk,

1955), Xenopus (De Villiers, 1925) and Pseudohymeno-

chirus (Cannatella, 1985). De Villiers (1925) and Van

Dijk (1959) followed the development of the praepu-

bes in Xenopus and Ascaphus, respectively, and stated

that they were strips of cartilage developed on the

inner margin of the m. rectus abdominis, arising inde-

pendently from the pubes. De Villiers (1934) concluded

that these strips are chondrifications of the linea alba

and that their synchondrotic continuity with the pubes

is secondary. Their significance remains obscure (see

Van Dijk, 1955, for a review of the literature). We first

found cartilaginous rudiments of the praepubes in

Discoglossus and Bombina bombina in stage 56, which

corresponds to Ascaphus whose development was

investigated from histological sections (Van Dijk, 1959).

Formation of the urostyle in the course of develop-

ment attracted some interest because this structure is

one of the characteristic features of the Anura. The

number of postsacral (caudal) vertebrae and their

developmental sequence may be deduced from the

gradual appearance of the neural arches and, to a

lesser extent (because of their later obliteration), also

from the foramina for spinal nerves. It consists of four

caudal vertebrae in Megophrys (Griffiths, 1963), three

or four (10th−13th) in Xenopus (Hodler, 1949; Smit,

1953; Branham & List, 1979), three (10th−12th) in Pal-

aeobatrachus (9pinar, 1972; RoCek, 2003), three in

Alytes (Hodler, 1949), three (11th−13th, and possibly

also including the anterior half of the 14th vertebra) in

Ascaphus (Van Dijk (1960), and three in Leiopelma

(Stephenson, 1951; Stephenson, 1960). It is interesting

that some metamorphosing frogs (e.g. Megophrys;

Griffiths, 1956, 1963) may have calcified vertebrae in

their tail.
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The hypochord develops simultaneously with the

neural arches in an anterior–posterior direction; it is

first represented by a median strip-like aggregation of

fibrous connective tissue extending antero-posteriorly

along the whole ventral surface of the notochord,

which later (when cartilaginous 10th and 11th neural

arches appear) chondrifies in its postsacral region

(Mookerjee, 1931). In the Pipidae and extinct Palaeo-

batrachidae, the hypochord in the postsacral region

ossifies independently of neural arches (Fig. 7N; see

also 9pinar, 1972; RoCek, 2003); both coalesce with

each other (and with the sacral vertebra) only in the

fully grown adult. It should be noted that Hodler (1949)

considered the posterior extent of the cartilaginous

hypochord as a landmark indicating the posterior end

of the urostyle in the adult. The caudal hypochord is

interpreted as fused vestigial caudal haemal arches

(basiventralia) in which segmentation vanished (Mook-

erjee, 1931; Mookerjee & Das, 1939); in contrast,

Mahendra & Charan (1972) argued against the idea of

the urostyle being formed from the caudal vertebrae.

Griffiths (1963) noted, without further comment, its

continuity with the first postsacral intervertebral body

in Megophrys.

One of the last events in the development of the pel-

vis is constitution of the ilio-sacral articulation. This is

due to late development of the sacral diapophyses. The

sacral diapophysis takes its origin independently of the

neural arch (in the present study we were able to find

evidence for this on histological sections of Discoglos-

sus, which was the only species in which we have sec-

tions through the pelvis region in all developmental

stages). Ribs on the vertebrae within pectoral and even

posterior praesacral regions of the vertebral column

are known in adults of primitive living anurans

(Ascaphus, Leiopelma, Discoglossus); in the Pipidae and

Palaeobatrachidae, however, they fuse with the trans-

verse processes only in fully grown adults (Nevo, 1968;

RoCek, 2003), or are present at least in early periods of

larval development in Rana, Hyla and Pelobates where

they later coalesce with the transverse processes

(Mookerjee, 1931; Blanco & Sanchiz, 2000). As the

proanuran Triadobatrachus still possessed well-developed

sacral ribs (Rage & RoCek, 1989; Fig. 8D), it might be

supposed that anuran sacral diapophyses have the

same origin.

The peculiar condition in swimming anurans (e.g.

Xenopus, Palaeobatrachus, Bombina), in which the

tips of their iliac shafts reach far beyond the anterior

margin of the expanded and fluted sacral diapophyses,

may be caused by insertion of the ilio-lumbaris muscle

on the transverse processes of presacral vertebrae 4–6

(Emerson, 1982); according to different theories, this

peculiarity may have had a functional role in the mech-

anisms of breathing, food capture or shock absorb-

ence (Willem, 1936, 1938a,b; Palmer, 1960; Whiting,

1961; see Van Dijk, 2002, for a more comprehensive

discussion).

We noticed some differences in the timing of devel-

opmental events among species (Table 1). For instance,

development of the hypochord in Bombina is obviously

retarded if compared with Discoglossus. The hypo-

chord and caudal vertebrae appear comparatively late

in Bufo.

As our investigation mainly concerned developmen-

tal series until stage 66, we were not able to follow

later development, including the mode of ossification

and fusion of the sacral diapophyses with the first post-

sacral or most posterior presacral diapophyses. Trans-

verse processes from the urostyle may contribute to

formation of the ilio-sacral articulation, fuse to the sac-

ral diapophyses or replace sacral diapophyses in this

function in Pelobates and Scaphiopus (Ritland, 1955).

Summary

1 The anuran pelvis develops from two chondrification

centres on each side of the body, which arise shortly

one after another and soon fuse together; they may

be interpreted as the pubo-ischiadic and iliac plates,

respectively. The former corresponds to the pelvis of

piscine ancestors of amphibians.

2 Posterior rotation of the pelvis from its original ver-

tical position, together with reduction of the tail,

undoubtedly reflects evolutionary changes that occurred

in temnospondyls; they resulted in functional changes

of some thigh muscles, and were obviously a device for

saltation and swimming.

3 The tuber superius on the iliac shaft is probably

homologous with the iliac process of early amphibians,

and is not correlated with saltation/swimming. It is a

place of origin of the m. glutaeus maximus (a homo-

logue of m. iliotibialis of tailed amphibians), which

plays only a limited role (extension of knee joint) in

jumping or swimming.

4 Development of the pelvis closely behind the level of

the sacral vertebra seems to be associated with the type

of ilio-sacral articulation (modified for longitudinal
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sliding over the sacral diapophyses in water dwellers);

the pelvis of Discoglossus, which is both aquatic and

terrestrial, develops in much the same way, but addi-

tional modifications occur in the adult – tips of the ilia

become attached to the sacral diapophyses so that they

are not capable of sliding.

5 Fusion of both halves of the pelvis also occurs earlier

in Discoglossus, Bombina and Xenopus, before the ilia

attain their ultimate size, whereas in Bufo, Pelobates

and Rana they are still separated even if the ilia are of

nearly definitive size.

6 The developmental pattern of the anuran pelvis is

largely the same for all studied species. Morphological

features used in taxonomy (e.g. shape of the ilium, sac-

ral diapophyses, sacro-urostylar articulation) develop

only during and after metamorphosis.

7 Only the more profound differences (e.g. short pelvis

associated with sliding ilio-sacral articulation of water-

dwellers contra long pelvis with firm but flexible articu-

lation, or vertical rotation, of the tips of ilia with tips

of sacral diapophyses in terrestrial forms) arise earlier

and may be recognized by different topographic rela-

tions between the developing pelvis and axial skeleton.

8 In water-dwelling anurans (Bombina, Xenopus), the

pelvis develops closely behind the level of the sacral

region of the vertebral column, and both halves of the

pelvis come into contact before the ilia reach their ulti-

mate size.

9 In terrestrial anurans (Bufo, Pelobates, Rana), the

pelvis develops far behind the level of the sacral region

of the vertebral column, and both halves of the pelvis

come into contact only when the ilia reach their ulti-

mate size.

10 The ossification mode seems to be highly variable

even within a single species; however, Xenopus begins

to ossify noticeably earlier than in any other investi-

gated species.

11 The pubis ossifies only in Xenopus (and in all other

Pipidae), and in Ascaphus and Leiopelma. An ossified

pubis in frogs is considered to be a primitive feature.

12 The praepubis (epipubis) was found only in Xeno-

pus, Discoglossus and one individual of Bombina

bombina. It is a paired chondrification arising inde-

pendently of the pubis, with which it fuses only second-

arily.

13 The urostyle develops from 3–4 pairs of neural

arches representing vestigial caudal vertebrae (10th–

13th, except for Ascaphus which has nine, instead of

eight, praesacral vertebrae), and from the unpaired

hypochord adjoining the notochord ventrally. Simulta-

neous with a degenerating notochord, the hypochord

approaches the bases of the neural arches (which fuse

with each other, so that two parallel cartilaginous rods

adjoin the dorsolateral surface of the notochord), ulti-

mately fusing with them. The hypochord may even

ossify separately from other components of the uro-

style (in the Pipidae and Palaeobatrachidae).

14 The sacral diapophyses arise independently from

neural arches and may be thus interpreted as the sacral

ribs.
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