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ABSTRACT We investigated the development of the
whole skeleton of the soft-shelled turtle Pelodiscus sinen-
sis, with particular emphasis on the pattern and
sequence of ossification. Ossification starts at late Tokita-
Kuratani stage (TK) 18 with the maxilla, followed by the
dentary and prefrontal. The quadrate is the first endo-
skeletal ossification and appears at TK stage 22. All adult
skull elements have started ossification by TK stage 25.
Plastral bones are the first postcranial bones to ossify,
whereas the nuchal is the first carapacial bone to ossify,
appearing as two unstained anlagen. Extensive examina-
tion of ossification sequences among autopodial elements
reveals much intraspecific variation. Patterns of ossifica-
tion of cranial dermal elements are more variable than
those of endochondral elements, and dermal elements
ossify before endochondral ones. Differences in ossifica-
tion sequences with Apalone spinifera include: in Pelodis-
cus sinensis the jugal develops relatively early and before
the frontal, whereas it appears later in A. spinifera; the
frontal appears shortly before the parietal in A. spinifera
whereas in P. sinensis the parietal appears several stages
before the frontal. Chelydrids exhibit an early develop-
ment of the postorbital bone and the palatal elements as
compared to trionychids. Integration of the onset of ossifi-
cation data into an analysis of the sequence of skeletal
ossification in cryptodirans using the event-pairing and
Parsimov methods reveals heterochronies, some of which
reflect the hypothesized phylogeny considered taxa. A
functional interpretation of heterochronies is speculative.
In the chondrocranium there is no contact between the
nasal capsules and planum supraseptale via the sphe-
nethmoid commissurae. The pattern of chondrification of
forelimb and hind limb elements is consistent with a
primary axis and digital arch. There is no evidence of
anterior condensations distal to the radius and tibia. A
pattern of quasi- simultaneity is seen in the chondrogene-
sis of the forelimb and the hind limb. J. Morphol.
270:1381–1399, 2009. � 2009 Wiley-Liss, Inc.
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INTRODUCTION

Turtles are unique among living tetrapods in
that they posses a box-like shell that is formed
by dorsal and ventral parts (the carapace and

plastron), which together cover most of the body in
the majority of taxa. The turtle shell has been
considered a textbook example of a morphological
novelty (Gilbert et al., 2001). However, is not just
the shell of turtles that is remarkable in its
morphology, most other elements are also highly
modified.

Among recent turtles, soft-shelled turtles (Trio-
nychidae) are arguably the most distinctive and
morphologically derived group, characterized by a
greatly reduced shell covered by a thick, leathery
epidermis. Scheyer et al. (2007) reported a lami-
nated structure of bone histology within Trionychi-
dae, and demonstrated that this is unique among
turtles. The postcranial skeleton also shows pecu-
liarities, such as an increased phalangeal formula
(Richardson and Chipman, 2003). The living diver-
sity of trionychids includes about 14 genera and 30
species (Meylan, 1987; Engstrom et al., 2004; Bick-
ham et al., 2007; Fritz and Havaš, 2007). Among
them, the Chinese soft-shell turtle Pelodiscus
sinensis is one of the best known forms, and it is
commercially exploited (Ginsberg, 2002; Ministry
of Agricuture, Forestry and Fisheries of Japan,
2007). Additionally, this species has become a
major subject of study in developmental and
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molecular investigations of the origin of the turtle
shell (Kuraku et al., 2005; Nagashima et al., 2005;
Ohya et al., 2005). In spite of this and the early
description of the adult anatomy of Pelodiscus by
Ogushi (1911) and of several aspects of shell
development by Cherepanov (1995), there are no
data on skeletal formation in this species. Sheil
(2003) described skeletal development in the trio-
nychid Apalone spinifera, and there are similar
works on other cryptodires (Chelydra serpentina:
Rieppel, 1993a; Sheil and Greenbaum, 2005; Mac-
rochelys temminckii: Sheil, 2005; Trachemys
scripta: Sheil and Portik, 2008), and the pleurodire
Phrynops hilarii (Bona and Alcalde, 2009). Here,
we provide a summary of developmental events
with focus on those stages that are most informa-
tive for the onset and early ossification of skeletal
elements. We also provide the first quantitative
examination of skeletal heterochrony in crypto-
diran turtles, which future studies can expand and
compare using similar analyses of other amniote
clades (Maxwell and Harrison, 2008; Sánchez-
Villagra et al., 2008a; Weisbecker et al., 2008).
Considering the importance of developmental data
in the interpretation of new fossils documenting
early turtle evolution (Li et al., 2008; Reisz and
Head, 2008), our study also delivers relevant data
for future comparative analyses.

MATERIALS AND METHODS
Collection of Embryos and Descriptive
Morphology

Eggs of Pelodiscus sinensis were obtained from a commercial
turtle farm and incubated in the laboratory, as described by
Tokita and Kuratani (2001). Embryos were removed from their
eggs at regular intervals to sample as much of the ontogenetic
sequence as possible, and each specimen was fixed in Bouin’s
fixative and 20% formalin, and developmental stages were
determined by reference to the staging criteria of Tokita and
Kuratani (2001). Embryos were cleared and double-stained for
bone and cartilage following standard procedures (Taylor and
Van Dyke, 1985). Retention of stain in bone and cartilage gener-
ally was excellent; however, in some cases early bone formation
was not indicated by Alizarin Red stain, but rather by appear-
ance as a faint structure with a distinct surface texture
(Rieppel, 1993a; Sheil, 2003). The latter scenario was not con-
sidered evidence of first ossification, but rather, earliest ossifica-
tion was determined to be the earliest stage at which Alizarin
Red was retained for that element. There is a possibility of
de-calcification due to the acetic acid contained in the Alcian
blue solution. To study ossification only, ideally one should pre-
pare the specimens stained only by Alizarin, with no exposure
to acid for cartilage staining or hydrogen peroxide for de-pig-
mentation. Histological sections also show ossification at earlier
stages and in a more reliable way (Vogel, 1972). But as all the
specimens were treated with the same method and we are pri-
marily interested in recording sequences of ossification, we can
define the start of ossification with appearance of red staining
and compare stages with no bias introduced in the analysis of
heterochrony (Sánchez-Villagra, 2002). For the comparison of
ossification across species presented here, only the relative
timing or sequences are important, and for that reasons the
differences in technical approaches across studies do not affect
our study.

Fifty-one specimens ranging from stages 15–27 (hatchling),
as well as two large juveniles were examined (Supporting
Information). These specimens formed the basis of comparison for
the descriptive morphology, as well as documentation of
ossification sequences. We describe the chondrocranium based pri-
marily on specimens from stages 19–21 (specimens 015, 019, 020,
and 021) and base the illustrations on a stage-20 specimen (019).
This description is part of ongoing studies by one of us (C.A.S.)
and future comparisons and phylogenetic analyses will be based
on comparsions with other turtle taxa (Tulenko and Sheil, 2006).

Comparisons of Ossification Sequence
Through Ontogeny

Specimens were examined and scored for the presence or ab-
sence of individual cranial and postcranial skeletal elements to
elucidate the ontogenetic sequence of ossification events for the
entire skeleton. In total, 76 individual ossification events were
identified and summarized for P. sinensis; however, to enable a
broader comparison with data from the literature for other taxa
(see below), we reduced these ossification events to a total of 66
cranial and postcranial events that were common to all taxa. The
reduction in event numbers involved postcranial ossification
events in which we grouped single ossifications into larger catego-
ries. For example, all metatarsals were grouped together and
onset of ossification for this group was considered to occur at the
first ossification of any metatarsal within this group. Similar pro-
cedures were followed for: the neural arches and centra of the cer-
vical, thoracic, sacral, and caudal regions; ribs of the trunk and
sacral region; serial elements of the manus and pes (e.g., metacar-
pals/-tarsals, phalanges, and proximal and distal autopodial ele-
ments); and costals. We compared our data for P. sinensis with
those of six additional taxa obtained from the literature: Spiny
soft-shell turtle (Apalone spinifera [Sheil, 2003]); common and
alligator snapping turtles (Chelydra serpentina [Sheil and Green-
baum, 2005] and Macrochelys temminckii [Sheil, 2005]); Ameri-
can alligator (Alligator mississippiensis [Rieppel, 1993b]); Japa-
nese quail (Coturnix japonica [Nakane and Tsudzuki, 1999]); and
common wall lizard (Lacerta vivipara [Rieppel, 1992]).

A data matrix was constructed in which the relative timing of
each ossification event was compared individually to all other
ossification events. The relative timing of all nonredundant
event pairs were scored according to whether a given ossifica-
tion event occurred before (score 0), simultaneously (score 1), or
after (score 2) the ossification event to which it was compared.
This resulted in a final matrix with 2145 event pairs (i.e., char-
acters) with character states 0, 1 or 2. Several elements are
considered unique to turtles (e.g., hyo-, hypo-, xiphi-, epi-, and
entoplastron, nuchal, acromion, neurals, and costals) and were
coded as unknown in the other taxa (i.e., score ‘‘?’’). The postor-
bitofrontal of Lacerta vivipara was coded in place of the postor-
bital of turtles, assuming homology of the ossification center
initiating in both elements. Because of the highly derived limb
skeleton in birds, several events were coded as unknown in
Coturnix japonica (e.g., proximal and distal carpals, centrals of
the manus, and pisiform); similarly, in the skull the postorbital
and epipterygoid were scored as ‘‘?’’ because these elements are
known to be absent in birds (Zusi, 1993). Elements that are
present in the nonturtle taxa but absent in turtles were not
considered here; this was done to guarantee the most inclusive
dataset from which comparisons of ossification events could be
inferred. The evolutionary relationship of turtles to other
amniotes remains controversial (e.g., Rieppel, 1995, 2004;
Rieppel and de Braga, 1996; Hedges and Poling, 1999; Meyer
and Zardoya, 2003; Müller, 2003; Hill, 2005; Werneburg and
Sánchez-Villagra, 2009). Several recent studies (e.g., Zardoya
and Meyer, 2001; Jiang et al., 2007) have supported the hypoth-
esis that turtles are the sistergroup of Archosauromorpha
(crocodylians and birds, here represented by Alligator mississip-
piensis and Coturnix japonica). The phylogenetic hypothesis on
which subsequent analyses of evolutionary changes in ossifica-
tion sequences (heterochrony) were based is shown in Figure 1.
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Parsimov Analysis

Parsimov (Jeffery et al., 2005) is a parsimony-based method
of analyzing ontogenetic data. The program identifies the
sequence of events that requires the fewest number of ad hoc
hypotheses for timing changes for individual elements within a
sequence and across a cladogram. We used Parsimov to identify
character changes on all branches of the reference cladogram
(see Fig. 1) and generate apomorphy lists for internal and ter-
minal branches (Maddison and Maddison, 2006). The methods
of optimizing these data are tied to the model of evolution
assumed (ACCTRAN, accelerated or DELTRAN, delayed evolu-
tion of characters) and can impact the results of the analyses.
We applied a conservative approach to our analyses, by examin-
ing a strict concensus of results of ACCTRAN and DELTRAN
optimizations (Sánchez-Villagra et al., 2008a; Weisbecker et al.,
2008). The heterochronic changes in ossification sequences are
listed in the Supporting Information to this article.
Most event-pair ties are probably an artifact of sampling error

in cases where the rate of ossification or appearance of bones
exceeds the rate of progress through defined developmental
stages, thereby leading one to identify multiple events that occur
at a single developmental stage (Velhagen, 1997). To briefly con-
sider the effect of event-pair ties on this analysis, a second analy-
sis of the dataset was performed in which event-pair ties were
converted from ‘‘1’’ to ‘‘?’’ (scored as unknown timing).

Limb Chondrogenesis

We examined early limb chondrogenesis in Pelodiscus sinen-
sis based on three stages (16, 17, 18) that document the general
outline in the development of the primary axis and the digital
arch (Shubin and Alberch, 1986; Richardson et al., 2009). Ter-
minology follows Burke and Alberch (1985); numbering of cen-
tralia is avoided given the uncertain homologies of specific ele-
ments in that area of the autopodials (Gaffney, 1990).

RESULTS
Ossification Patterns of the Skull and Jaw
(see Fig. 2)

Maxilla. The maxilla is one of the first elements
to ossify and is first visible in a late stage-18
embryo as a small, elongated, unstained plate-like
structure anterior and ventral to the eye. By stage

19 the maxilla retains considerable Alizarin red
stain, and at stage 21 it is triangular in shape and
forms the anteroventral quarter of the orbit,
whereas the ventral margin contacts most of the
upper margin of the mouth. A prefrontal process
extends dorsally nearly to the level of the dorsal
margin of the nasal capsule; however, the maxilla
and prefrontal do not articulate. A shallow but
prominent labial ridge extends along the length of
this bone, and a shelf-like pars palatina of the
maxilla extends medially along the palatal region.
By stage 23 the dorsal process of the maxilla later-
ally invests the ventral process of the prefrontal.
The palatal shelf has expanded slightly, especially
at the posterior end of the maxilla.

Prefrontal bone. The prefrontal bone is first
visible as a relatively robust but unstained trian-
gular element immediately anterior to the eye,
just above the antorbital plane of cartilaginous
nasal capsule. This element is stained from stage
20 on, and by stage 21 it has developed a slender
dorsal process that extends posterodorsally almost
to the level of the planum supraseptale, and forms
part of the orbit. Ventrally, two relatively weakly
developed processes extend medially and laterally
along the posterior border of the nasal capsule. By
stage 23 the medial and lateral ventral processes
have fused into a single shelf that forms the
anteroventral border of the orbit, separating the
orbit and the nasal capsule. The dorsal process of
the prefrontal widely overlaps the anterior part of
the frontal.

Parietal bone. The parietal bone is first appa-
rent as an unstained triangular plate lateral to
the brain and posterior to the eye in a stage-20
embryo, and very weakly stained in a late stage-20
embryo. At stage 21 the parietal is well stained,
apart from a weakly stained descending process.
By stage 23 the parietal is only slightly expanded
and overlaps with the posterior end of the frontal,
while extending posteriorly to above the anterior
surface of the otic capsule.

Squamosal bone. The squamosal bone is first
apparent at stage 20, and forms an unstained,
anteriorly-directed triangular element that covers
the dorsal aspect of the otic capsule and extends
slightly beyond the otic capsule in a short, posteri-
orly-directed process. It is weakly stained in a late
stage-20 embryo. Otherwise, this is a well-stained
element from stage 21 on.

Jugal bone. The jugal bone is first present but
unstained in stage 20 embryos, and forms a thin,
slender bar at the ventroposterior border of the
orbit. By stage 21 it is triangular in shape, with a
concave dorsal edge that forms the posteroventral
margin of the orbit. It is positioned ventrolateral
to the parietal.

Palatine bone. The palatine bone is first
present by stage 21 and forms a small plate-like
element that is subtriangular to semilunar in

Fig. 1. Phylogenetic hypothesis upon which the Parsimov
analyses were performed.
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shape, with the concave side facing laterally. At
stage 23 shape and position of the palatine are
essentially similar, although the element is
slightly larger.

Pterygoid. The pterygoid is present as a slen-
der, elongated plate-like element in a stage-21
embryo, and extends along the ventrolateral mar-
gin of the trabecula from slightly behind the level
of the pterygoid process of the palatoquadrate to
just posterior the level of the lower jaw articula-
tion. This element expands anteriorly by stage 23.

Frontal bone. The paired frontal bones are
present in stage-20 and -21 embryos as slender,
bar-like elements that form the anterodorsal mar-
gin of the orbit. In each the anterior terminus is
positioned medial to the dorsal process of the pre-
frontal. By stage 23 each frontal is stained and

invested dorsally by the posterior terminus of the
prefrontal, whereas the posterior terminus of each
invests the anterior terminus of the parietals.

Premaxilla. The premaxillae fuse early, and
are first apparent by stage 21 as a very small,
unstained plate that is oriented transversely
between the anterior termini of the maxillae,
below the nasal septum. This element is stained
from late stage 23 onwards.

Postorbital bone. The postorbital bone is first
present at stage 23 as a small, oval plate at the
posterior margin of the orbit, lateral to the parie-
tal. Bilateral asymmetry is apparent in two stage-
23 specimens, but otherwise these elements are
well stained in all specimens older than this stage.

Vomer. The vomer first appears as an unpaired,
unstained element that is small, triradiate, and

Fig. 2. Lateral (A, C, E) and ventral (B, D, F) views of the developing skull of Pelodiscus sinensis, as shown by three cleared
and double-stained embryonic specimens. Specimens depicted are at stages TK 21 (A, B, specimen 019), TK 231 (C, D, 027) and
TK 25 (E, F, 112). Abbreviations: boc, basioccipital; bsph, basisphenoid; cor, coronoid; exo, exoccipital; fr, frontal; ju, jugal; mx,
maxilla; opo, opisthotic; pal, palatine; par, parietal; pmx, premaxilla; po, postorbital; prf, prefrontal; pter, pterygoid; q, quadrate; qj,
quadratojugal; sang, surangular; sq, squamosal; vo, vomer. Scale 2 mm.
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positioned ventral to the medial interorbital sep-
tum, at the level of the prefrontal. This element
may be absent in a stage-22 embryo, but otherwise
is well stained from stage 23 onwards.

Quadratojugal bone. The quadratojugal bone
is first apparent as a small, unstained triradiate
structure in a stage-21 embryo, and is positioned
posterior to the jugal and lateral to the anterodor-
solateral margin of the palatoquadrate. At stage
23 the quadratojugal is stained on one side only in
a single embryo and stained on both sides in
another embryo of the same stage; otherwise this
element is stained in all specimens older than
stage 23.

Quadrate. The quadrate ossification is first
apparent as a thin, unstained perichondral layer
of bone around the incisura columella auris. It is
ossified from stage 22 onwards and has replaced
most of the medial wall of the palatoquadrate by
stage 23.

Basisphenoid. The basiphenoid is first seen in
a stage-21 embryo as an unstained, thin, vertically
positioned plate in the pituitary-basicranial fenes-
tra, at the level of the area articularis of the quad-
rate cartilage. It seems to have a paired anlage;
however, in a stage-22 embryo, an unpaired ele-
ment is ossified. By late stage 24, the basisphenoid
covers the posterior part of the pituitary-basicra-
nial fenestra; nearly the entire opening of this
fenestra is covered by late stage 25.

Columella. The columella first appears as a
thin, unstained layer of perichondral bone around
its shaft. It is well stained in all embryos by stage
22.

Basioccipital bone. The basioccipital bone is
present as a small, medial ossification of the basal
plate in stage-23 embryos. It is apparently absent
in a single early stage-24 embryo but otherwise is
present in all embryos by stage 24.

Exoccipital bone. The Exoccipital bone is First
Present at Stage 24

Prootic and opisthotic bones. The prootic
bone is also first present in most stage-24 embryos
as a perichondral ossification of the anterior part
of the otic capsule, medial to the palatoquadrate-
quadrate. The opisthotic bone is first present by
stage 24, and is present in all but one of the
examined embryos. It forms in part as a small,
perichondral ossification of a small cartilaginous
process (processus paraoccipitalis, Sheil, 2003) at
the posteroventral margin of the palatoquadrate
cartilage.

Supraoccipital bone. The supraoccipital bone
is first present in late stage-24 embryos and nearly
all stage-25 specimens. It forms as a thin perichon-
dral ossification of the posterolateral edge of the
tectum synoticum medial to the otic capsules. In
all specimens, it develops from a pair of ossifica-
tion centers that fuse along the midline by late
stage 25.

Epipterygoid. The epipterygoid is present in
some stage-25 embryos, although most embryos of
this stage lack any ossification of the ascending
process of the palatoquadrate cartilage. It also is
absent or unstained in three stage-26 embryos, but
otherwise is stained in all specimens by stage 26.

Dentary. The dentary is one of the earliest
elements to ossify and is first weakly indicated as
an unstained, rod-like structure in a late stage-18
embryo, where it spans along the ventrolateral
margin of the anterior half of Meckel’s cartilage. It
is stained in embryos of stage 19 and older. At
stage 21 the dentary covers the entire anterior
lateral half of Meckel’s cartilage and extends pos-
teriorly along the ventral edge of this cartilage to
a level just anterior of the area articularis. The
dentary has developed a distinct labial ridge by
stage 21.

Surangular bone. The surangular bone is first
present in a stage-19 embryo, and is very weakly
indicated as an unstained, short and slender bar
on the ventrolateral margin of the posterior part of
Meckel’s cartilage just anterior to the area articu-
laris. It is weakly stained in a late stage-20
embryo and has formed a triangular plate that
covers the lateral aspect of the posterior part of
Meckel’s cartilage, lateral to the area articularis.
It articulates broadly with the dentary by stage
24.

Coronoid. The coronoid is first present in a late
stage-20 embryo as a tiny plate posterior to the
dentary, nearly at the level of the parietal. It is
well stained in a stage-21 embryo, where it forms
a small, subtriangular plate posterior to the dorsal
margin of the dentary.

Angular bone. The angular bone is first pres-
ent in a stage-21 embryo, where it forms a weakly-
stained, narrow rod that lies at the ventromedial
margin of the posterior half of Meckel’s cartilage,
just anterior to the lower jaw articulation.

Prearticular and articular bone. First indi-
cation of the prearticular bone is apparent in a
stage-21 embryo, where it forms a small,
unstained triangular plate at the medial surface of
Meckel’s cartilage, just anterior to the area articu-
laris. It is absent in a stage-22 embryo, but other-
wise is stained from stage 23 on. The endochondral
articular bone is present in most stage-25 embryos,
and all but one specimen by stage-26.

Ossification Patterns of the Postcranial Axial
Skeleton

Cervical vertebrae (see Fig. 3). The cervical
region is composed of eight highly mobile verte-
brae, with those of the posterior region being
slightly broader than those positioned more anteri-
orly. The axis is similar in shape to cervical verte-
brae III-VIII, whereas the atlas diverges strongly
in morphology, with a short centrum and bipartite,
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bow-shaped neural arch. A posterior–anterior gra-
dient in ossification of the cervical vertebrae is
apparent in the centra and neural arches.The
trend to direction of ossification was inferred by
relative degrees of ossification in the cervical
vertebrae. Retention of Alizarin red was recorded
in the cervical centra at stage 19, whereas ossifica-
tion of the cervical arches was first observed by
early stage 24.

Dorsal vertebrae (Figs. 3 and 4). Ten presac-
ral dorsal vertebrae are present in the carapacial
disc of P. sinensis. All dorsal vertebrae are akinetic
and become part of the neural series, which in

later stages of development form the seven neurals
discussed by Ogushi (1911:fig. 8). The first dorsal
vertebra diverges in morphology from the more
posterior dorsals in having two prominent prezyga-
pophyses that curve anterior and ventrally to
articulate with the postzygapophyses of cervical
vertebra VIII, to enable the typical S-shaped
flexing of the cryptodiran neck, that is highly
developed in the Trionychidae (Dalrymple, 1979).
The length of the dorsal centra decreases in an
anterior -posterior trend, and an anterior–poste-
rior trend of ossification is recognized in the dorsal
centra and neural arches. Similar to the cervical

Fig. 3. Skeletal sequential development in three cleared and double-stained embryonic specimens of Pelodiscus sinensis. The
specimens are shown in dorsal (A, C, E) and ventral view (B, D, F). (A, B) Specimen (019) at stage 21. The retention of Alizarin
Red is strongest in the anterior part of the head and the plastron. In the carapace, the ossification of the nuchal is initiated. (C, D)
Specimen (101) at stage 24-. Ossifications are now also found in the posterior part of the head, as well as in all postcranial regions.
(E, F) Specimen (132) at stage 27. The specimen, which was near hatching, shows the highest degree of ossification of all specimens
under study. The cranial and postcranial elements are well ossified, although the characteristic shell is virtually nonexistent yet
at this stage.
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Fig. 4. Representative close-ups of the sequential development and ossification of selected postcranial elements of Pelodiscus
sinensis. All shell elements and endoskeletal bones are shown in an early (stage 19), an intermediate (stage 21) and a late embryonic
stage (stage 27) of development. (A–C) Epiplastra, entoplastron and ventromedial process of the scapula in ventral view. (D–F) Right
hyoplastron, hypoplastron and posterior part of the coracoid in ventral view. (G–I) Xiphiplastra and the ischia and pubes of the pelvic
girdle in ventral view. (J–L) Anterior part of the carapace (i.e., nuchal bone, anterior dorsal vertebrae; first four pairs of dorsal ribs)
in dorsal view. Ventral to dorsal rib I and II the dorsal process of the scapula is visible. (M–O) Posterior part of the carapace and
the proximal part of the tail in dorsal view. Abbreviations: cav, caudal vertebra; co, coracoid; dps, dorsal process of scapula; dr, dorsal
rib; dv, dorsal vertebra; ento, entoplastron; epi, epiplastron; hyo, hyoplastron; hypo, hypoplastron; il, ilium; is, ischium; nu, nuchal;
pu, pubis; sv, sacral vertebra; sr, sacral rib; vmp, ventromedial process of scapula; xiphi, xiphiplastron.



vertebrae, the centra of all dorsal vertebrae begin
ossification much earlier (by stage 19) than the
dorsal neural arches (by early stage 24).

Sacral vertebrae and ribs (Figs. 3 and 4).
There are two sacral vertebrae, each articulating
with a corresponding sacral rib. The sacral centra
and neural arches generally resemble those of the
dorsal region. The lateral terminus of the first sac-
ral rib expands anteroposteriorly, whereas that of
the second sacral rib is relatively straight and rod-
like. In well-ossified specimens (e.g., hatchlings),
rib morphology does not change markedly from
earlier developmental stages; the first sacral rib
develops a broad lateral cartilaginous articular
facet, and the second sacral rib only a marginal
one. All specimens studied still lacked articulation
of the sacral ribs and the ilium. Ossification of the
sacral centra was inferred on the basis of surface
texture by stage 22, and by stage 242 ossification
was well under way. Alizarin red was found in the
sacral arches at stage 241. Sacral ribs demon-
strated a strong divergence in the onset of ossifica-
tion. First retention of Alizarin red was noted by
stage 252 in sacral rib I, whereas similar reten-
tion was found only at stage 272 in sacral rib II.
No such indication was found in the onset of ossifi-
cation in the sacral centra and arches, which
appear to ossify simultaneously.

Caudal vertebrae (Figs. 3 and 4). Generally,
13 caudal vertebrae are recognized, however, sev-
eral individuals were found to have 14 caudal
anlagen. In shape, the caudal centra and neural
arches are indistinguishable from those of the sac-
ral and dorsal vertebrae. The centra carry small
short transverse processes, but none of the speci-
mens studied possessed ossified transverse proc-
esses. Caudal centra and vertebral arches show an
anterior–posterior gradient in ossification, but
prominent individual variation was recorded
among the elements of these regions. The anterior
caudal centra start ossifying by stage 242. Com-
plete ossification of all caudal centra was found
only in a single stage-27 specimen (129). The ante-
rior caudal arches were ossified at stage 241.

Dorsal ribs and carapace (Figs. 3 and 4).
The nuchal bone is the first bone to ossify in the
carapace, and it appears as two unstained anlagen
by stage 19; ossification is present in the paired
ossification centers by stage 21 (specimen 19).
Although difficult to assess in the specimens due
of the underlying developing vertebral arches of
the posterior-most cervical and the first dorsal,
there seems to be no apparent connection between
the two unstained anlagen of the nuchal. Whereas
a medial connection cannot be completely ruled
out, we detect only two separate lateral ossification
centers, instead of a single medial one (see elec-
tronic Supporting Information). With the medial
connection of the two ossification centers, the
nuchal develops as a boomerang-shaped element

with lateral termini that extend posterolaterally.
At later developmental stages, the medial portion
of the element bears a straight to slightly concave
anterior margin, and a distinctly convex posterior
margin. The lateral processes of the nuchal are
recurved posteriorly and terminate in a thin,
frayed, and irregular margin. The medial portion
of the element lacks compact bone, and the spongy
interior is visible. Compact cortical bone of the
nuchal is well developed by stage 27, and from
stage 272 onward, ossification has extended over-
lapping the anterior-most vertebral arches.

The dorsal ribs start as rather straight cartilagi-
nous rods that are arranged in a fan-shaped pat-
tern in the turtle carapace. Dorsal rib I differs
from the other dorsal ribs in that it is small, thin
bone that grows posteriorly from dorsal vertebra I
and articulates in posthatchling specimens with
the anterior margin of the dorsal rib II, thus hav-
ing a curved (anteriorly concave) shape. Medially,
the dorsal ribs bend ventrally to form continuous
anlagen (the rib heads of later ontogenetic stages)
with the centra of the dorsal vertebrae. Ossifica-
tion of the dorsal ribs I-IV starts at stage 21, how-
ever, retention of Alizarin red commences at stage
22. At this stage, the dorsal rib V starts ossifying,
though Alizarin red is not yet retained. By stage
242, all dorsal ribs (I-IX) have started ossification
as indicated by retention of Alizarin red. In all
dorsal ribs, the ossification starts at the middle
portion of the rib shafts and progresses medially
and laterally. In specimen 132 (stage 27), the
medial parts of the dorsal ribs II and III (articu-
lating with the dorsal centra) appear well ossified,
whereas the more posterior dorsal ribs retain some
cartilage in these areas. All studied specimens
retain cartilage tips at the lateral margins of the
dorsal ribs II-IX, whereas the tip of dorsal rib I is
already ossified at stage 242.

There are eight pairs of costal bones forming the
bony carapacial disc in P. sinensis. Costal I is
strongly associated with dorsal rib II, but also cov-
ers the diminutive dorsal rib I, which contacts dor-
sal vertebra I. The more posterior costals (II-VII)
are each associated with only one dorsal rib, thus
the eighth costal is associated with dorsal rib IX.
Costal VIII also covers the short transverse pro-
cess of the tenth dorsal vertebra. This transverse
process first ossified by stage 27. Initial indication
of costal outgrowths from the periosteal collars of
the dorsal ribs was texturally observable at stage
23 for costals I-IV. At stage 242, all but costal VIII
were ossified based on Alizarin red staining. Ossi-
fication was indicated by weak staining only from
stage 262 onward in costal VIII. Similar to the
associated ribs, the costal plates start to develop at
intermediate positions on the ribs and continue to
develop medially and laterally. Even in hatchlings,
the costals remain thin laminar bony structures
that have not grown far between the dorsal ribs;
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therefore none of the examined specimens exhibits
articulations between adjacent costal plates. There
is no sign of any anlage for peripheral bones,
which, as in all trionychids except Lissemys spp.,
are fully reduced in adult P. sinensis.

Plastron (Figs. 3 and 4). The plastral bones,
none of which develops from a cartilaginous
precursor, are the first to ossify in the postcranium
of P. sinensis. At stage 181, the paired posterior
hyo-, hypo- and xiphiplastra are recognizable on
the basis of textural differentiation. Alizarin red is
retained in these elements at stage 19. At this
stage, the anterior anlagen of the epiplastra and
the median entoplastron can be seen based on
textural differences and a clear retention of
Alizarin red is recorded at stage 201. Ossification
generally starts at the central portions (i.e., crest-
regions) of the elements and spreads into the
tapering processes, respectively.

The epiplastra are crescent-shaped, concave
laterally, with a broader anterior process and a
sharply pointed posterolateral process. The poste-
rior margins of the epiplastra extend parallel to,
but do not articulate with, the anterolateral mar-
gins of the unpaired entoplastron. At early stages
of ossification, the entoplastron is crescent-shaped,
with a posterior concavity and two sharply pointed
posterolateral processes. It later develops a flat
anterior crest while retaining the posterior concav-
ity and two broad posterolateral flanks. Laterally,
each of the flanks shows several thin bony protru-
sions. The hyoplastra start ossifying as thin cres-
cent-shaped, sharply pointed rods with anterior
concavities. In later stages, the hyoplastra develop
a more straight lateral portion and a plate-like
medial portion. Both portions carry thin finger-like
processes that extend beyond the actual bone mar-
gins. At stage 27, there are two blunt lateral pro-
trusions and three pointed medial protrusions,
with the anterior medial parts of the hyoplastra
articulating weakly with the posterolateral por-
tions of the entoplastron. Due to the curvature of
the embryo, the hyo- and hypoplastra do not lie in
one plane but are slightly angled relative to one
another. The outlines of the hypo- and hyoplastra
are similar in shape. Early ossification starts at
the central-medial platy section and progresses
medially and laterally. The hypoplastron then
develops a more straight lateral process, whereas
its main portion becomes larger. As observable in
specimen 101 (Stage 242), the central regions of
the hyo- and hypoplastra still largely lack compact
bone layers, thus the interior cancellous bone
structures are visible. By stage 27, there are also
two blunt lateral and four to five stronger and
lesser medial pointed processes. The posterior
protrusions of the hypoplastra interdigitate with
the two most prominent anterior protrusions of
the xiphiplastra. Each xiphiplastron develops as a
tripartite structure with two prominent and few

additional small thin fingerlike anterior protru-
sions, two to three short medial protrusions, and a
single massive posterior process. The anterior mar-
gin of the element is slightly concave and the
medial margin is more strongly concave. During
development, the lateral margin varies from being
straight or concave to slightly convex in the poste-
rior part of the xiphiplastron. As figured by Ogushi
(1911:fig. 8), the posthatching shape of the lateral
margin of the xiphiplastron is convex.

Ossification Patterns of the Appendicular
Skeleton

Pectoral girdle (see Fig. 3). The pectoral gir-
dle develops as a tripartite structure composed of
the coracoid (posterior) and scapula [with a ventro-
medial process (i.e., the ‘‘acromion’’ process) and a
dorsal process]. In the earliest stages examined,
the pectoral girdle is mostly anterior to the carti-
laginous anlage of the first rib. Only with the
development, i.e., the ossification, of the nuchal
bone and the anterior costal and neural bones of
the carapace, does this girdle become enclosed
within the shell. The coracoid forms the posterior
portion of the the glenoid fossa, whereas the ven-
tral margin of the lateral part of the scapula forms
the anterior portion of this fossa. The coracoid and
ventromedial process of the scapula lie on a hori-
zontal plane subparallel to the plastron, and the
dorsal process of the scapula is angled about 708 to
the horizontal plane. The coracoid develops as a
broad, blade-like element with a concave medial
margin and a convex lateral margin. Posteriorly,
the coracoid ends in a pointed cartilaginous tip
that curves anteromedially (‘‘epicoracoideum’’ of
Ogushi, 1911: p. 71). The scapula develops as a
straight cylinder. At its dorsal end, the scapula
terminates in a posteriorly-bent cartilaginous pro-
cess, described as the epiphysis of the scapula, the
‘suprascapulare’, and the ‘os triquetrum Bojani’
sensu Ogushi (1911: p. 71). The ventromedial pro-
cess of the scapula is circular in cross section
towards the glenoid fossa but medially it is dorso-
ventrally compressed. At its medial tip, the process
is capped by a long prominent cartilaginous pro-
cess that extends both anteriorly and posteriorly.
Ogushi (1911: p. 71) interpreted wrongly the ven-
tromedial process of the scapula as the clavicle,
hence he named the medial cartilaginous process
‘epiclaviculare’. Before the onset of ossification, the
pectoral girdle appears as a continuous cartilagi-
nous anlage without apparent demarcations. The
scapula and its ventromedial process both start
ossifying from separate centers at stage 23,
whereas the coracoid starts to ossify at stage 242.
Ossification starts at the mid regions of the ele-
ments and progresses towards the glenoid fossa
and the distal margins of each bone respectively.
At stage 27, the adult morphology of the pectoral
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girdle is already present, with only the distal tips
of the bones retaining cartilage.

Forelimb (Figs. 5 and 6). The adult manus is
composed of two proximal carpals (a larger ulnare
and a smaller intermedium), one or two centralia,
an elongate pisiform, Distal Carpals 1-5, Metacar-
pals I-V, and the phalanges; the phalangeal formula
of the manus at hatching is 2-3-3-5-4 (see Fig. 5).
The humerus first exhibits ossification at stage
201, followed by the zeugopodial elements at stage
22. Because of individual variation among the speci-
mens studied, there is no unambiguous ossification
sequence during growth (see Fig. 6). However, the
metacarpals and phalanges generally ossify before
the proximal and distal carpals around stages 24
and 25. The distal carpals ossify earlier than the
proximal carpals, and the second distal carpal is
the first to ossify. Ossification of the pisiform coin-
cides with the ossification of Distal Carpal 5. The
ulnare ossifies before the intermedium. In several
specimens from stage 272 onward, a second iso-
lated central element starts ossifying.

Pelvic girdle (Figs. 3 and 4). Before the onset
of ossification, the cartilaginous anlage of the three
pelvic bones appears to be continuous. The shape of
the pelvic girdle does not change much from preos-
sification stages to well ossified forms. In well
ossified specimens (e.g., stage 27), cartilaginous
symphyses are present between the pubes and
ischia. The pubis and ischium lie in one horizontal
plane, whereas the rod-like ilium extends dorsally
and slightly posteriorly. In all specimens and stages
studied, a large cartilaginous prepubis remains
situated anterior to the pubic bones. Similarly, the
posterodorsal tip of the ilium and the posterior tip
of the ischium remain cartilaginous. As indicated
by retention of Alizarin red, ossification of all three
pelvic bones commences at stage 242. Similar to
the condition in the pectoral girdle, ossification
starts at the mid-parts of the elements.

Hind limb (Figs. 5 and 6). The adult pes
includes one large proximal tarsal, the astragalo-
calcaneum complex, and four distal tarsals, with
the fourth being the largest (see Fig. 5). The
recorded phalangeal formula of the pes at hatch-
ling is 2-3-3-4-3. The general scheme of ossification
in the hind limb is generally similar to the one
found in the forelimb. The ossification of the stylo-
and zeugopodial elements in the hind limb coincide
with those of the serial homologous structures in
the forelimb, as the femur starts retaining Alizarin
red at stage 201, the tibia and fibula at stage
22. The first autopodial elements to ossify are
the Metatarsals II-IV (stage 24) followed by the
phalanges. Among the metatarsals, the fifth
hooked metatarsal is the last to ossify. Only when
ossification started in all phalanges, the onset of
ossification was recorded in the distal tarsals. The
proximal tarsal, i.e., the astragalocalcaneum,
starts ossifying shortly after the first distal tarsals,

and is well ossified at stage 27. As in the manus,
marked individual variation was recorded among
the specimens (see Fig. 6).

Parsimov Analysis: General Results

The rank ordered ossification sequence for Pelo-
discus sinensis studied by us comprises 66 ossifica-
tion events, compared with data from the litera-
ture as cited above. These characters represent
ossification events in the cranium (28 events),
postcranial axial skeleton (17 events, including
ribs, vertebrae, and plastral elements), pectoral
girdle and forelimb (11 characters), and pelvic gir-
dle and hind limb (10 characters). These ossifica-
tion events were compared and summarized in a
data matrix of event pairs, yielding a total of 2145
event pair comparisons. Of these, 351 (16.4%) rep-
resent comparisons of cranial vs. cranial elements,
1053 (49.1%) represent comparisons of cranial vs.
postcranial elements, and 741 (34.5%) represent
comparisons of postcranial vs. postcranial ele-
ments. Two Parsimov analyses were performed on
the event pairs, one with the original data and a
second with all event-pair ties converted from
score ‘‘1’’ to score ‘‘?’’. The results are reported in
tabular form and in the Supporting Information to
this paper. The discussion of the Parsimov results
are based on the consensus of ACCTRAN and
DELTRAN optimizations on the phylogenetic
framework of Figure 1.

Ossification Sequence Changes in the Main
Clades Detected with Parsimov (see Fig. 1)

Hypothetical last common ancestor of cryptodire
turtles examined: Seven elements were inferred to

Fig. 5. Schematic representation of left zygopodial and auto-
podial elements (A, manus; B, pes) of adult Pelodiscus sinensis.
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shift earlier in development relative to other ele-
ments. Of these, four (maxilla, prefrontal, parietal,
and squamosal) are dermal bones of the cranium
that shifted early relative to other dermal ele-
ments of the cranium, or to elements of the fore-
and hind limb. In the maxillary arcade of the
skull, the maxilla shifted earlier relative to two
dermal bones of the lower jaw (dentary and suran-
gular). The prefrontal, parietal, and squamosal
(dermal bones of the skull table and temporal

region) were inferred to shift earlier relative to the
jugal (which plays a functional role between the
maxilla and palatal series), and the temporal ele-
ments of the dermal roofing series (Rieppel, 1980),
as an element that forms part of the suspensorium
and temporal region. Only one group of elements
(metatarsals) were inferred to shift later in devel-
opment relative to the quadratojugals. In the post-
cranial axial skeleton, the thoracic centra shifted
early relative to those of the cervical region.

Fig. 6. Schematic diagram of the sequential ossification of the zygopodial and autopodial bones in Pelodiscus sinensis. Each
cleared and double-stained specimen under study is indicated by its developmental stage, followed by the specimen number in
parentheses. ‘‘Minus’’ (2) and ‘‘plus’’ symbols (1,11) indicate early and late examples of a respective stage. Hatchling specimens
are marked with an ‘‘h’’ in front of the specimen number and the days after hatching (‘‘d’’) are given respectively. The onset of
ossification for each element is based on the initial retention of Alizarin Red. Elements shown in white are still cartilaginous, weak
initial ossification is marked by gray color, and well ossified elements are in marked in black color. The occurrence of a second
central element in the manus of some specimens of P. sinensis is indicated by a ‘‘plus’’ symbol (1). Note that in specimen (112),
stage 25, the left manus and pes are only weakly stained, whereas the right elements show overall good staining results. Please
refer to Figure 5 for the identity of the structures represented.
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Neural arches of the caudal and sacral vertebrae
also shifted earlier relative to elements of the fore-
and hind limb.

Trionychidae. Seven elements were inferred to
change their relative position in the sequence of
ossification. Four elements (surangular, quadrate,
epiplastron, and thoracic centra) were found to
move earlier, whereas three (premaxilla, caudal,
and sacral centra) were found to move relatively
later. The surangular (a dermal bone of the lower
jaw) and the thoracic centra shifted earlier in posi-
tion relative to the zeugopodial elements in both
the fore- and hind limb. The quadrate shifted ear-
lier relative to girdle elements of the forelimb
(scapula and acromion) and hind limb (ilium), as
well as the distal elements of the forelimb (pha-
langes of manus). No shifts were identified in the
timing of ossification of the quadrate relative to
any dermal elements, however, the quadrate was
observed to ossify relatively earlier than the exoc-
cipital. The only late-shift of any dermal element
of the skull was the premaxilla (an element of the
maxillary arcade) relative to the jugal and frontal
(elements of the temporal region and skull roof,
respectively).

Pelodiscus. Nine elements were inferred to al-
ter position in the sequence of ossification. The
prefrontal, squamosal, pterygoid, and surangular
(dermal bones of the skull table, temporal region,
palatal series, and lower jaw, respectively) shifted
to later positions relative to the hyoplastra, hypo-
plastra, and xiphiplastra and thoracic centra; the
pterygoid shifted to a position later than the stylo-
podial elements of both the forelimb and hind
limb. Several endochondral elements of the skull
shifted to earlier positions relative to elements of
the skull, limbs, and postcranial axial skeleton. In
particular, the basisphenoid and columella both
shifted earlier than the prearticular and quadrato-
jugal, whereas the columella also shifted earlier
than the premaxilla, vomer, and exoccipital, proxi-
mal elements of the pectoral and pelvic girdles
(scapula, acromion, and ilium), and elements asso-
ciated with the vertebral column (costals, caudal
and sacral centra, and cervical neural arches). The
cervical vertebrae shifted early relative to several
dermal bones of the skull (coronoid, parietal, jugal,
angular, prearticular, quadratojugal) and the stylo-
and zeugopodial elements of the forelimb and hind
limb. The sacral neural arches shifted late relative
to the opisthotic (endochondral bone of the poste-
rior half of the otic capsule) and ischium.

Chondrocranium of Pelodiscus sinensis at
Stage 20 (see Fig. 7)

The chondrocranium is dominated by cartilages
of the braincase and orbital region, and in general
the nasal capsules and anterior chondrocranium
are gracile and lightly built. As seen in lateral

view (see Fig. 7), the anterior half of the chondroc-
ranium is directed ventrally. The major differences
with other turtles can be observed in the anterior
portion of the orbitotemporal region, particularly
where it interacts with the nasal capsules.

Nasal capsules. The nasal capsules occupy the
anterior one-fourth of the chondrocranium and are
curved strongly ventrally relative to the long axis
of the cranium. The nasal septum extends posteri-
orly only slightly beyond the level of the planum
antorbitale and does not extend anteriorly to the
margins of the fenestrae narina. The parietotectal
cartilage is convex and extends laterally from the
nasal septum to form the roof of each nasal cap-
sule. As seen in dorsal and lateral views the fora-
men epiphaniale pierces the posterodorsolateral
region of the parietotectal cartilage, slightly ante-
rior to the level of the planum antorbitale; based
on examination of all available specimens, the pos-
terior margin of the foramen epiphaniale is incom-
plete. As in Emys orbicularis (Bellairs and Kamal,
1981:208), the lateral branch of the ethmoidal
nerve is inferred to exit the foramen epiphaniale,
but the precise route taken by this nerve is
unclear as the relative degree of chondrification in
this region is low, and the arrangement of several
cartilages differs from that observed in other tur-
tles. The ectochoanal cartilages extend posteriorly
only slightly beyond the margins of the planum
antorbitale. The fenestra narina are relatively
wide and conspicuous at the snout, and the walls
are thin and weakly stained. Each planum antor-
bitale bears a thin, conspicuous plate of cartilage
that is positioned horizontal to the long axis of the
chondrocranium and extends posteriorly nearly to
the level of the anterior margin of the planum
supraseptale. Cartilages such as these have been
interpreted as the maxillary processes of the para-
nasal cartilages. As seen in ventral view, the lam-
ina transversalis anterior is longer than wide and
slightly concave. Prominent canals for the anterior
nasal vessels lie parallel to the nasal septum and
are bordered laterally by the paraseptal cartilages;
the foramen prepalatinum lies at the anterior
extent of each canal. The internal choanae are
relatively large and directed posteriorly.

A noteworthy aspect of the chondrocranium is
the lack of contact between the nasal capsules and
planum supraseptale via the sphenethmoid com-
missurae. As seen in dorsal and lateral views,
thin, triangular sphenethmoid commissurae are
present but each is completely independent of the
nasal septum (which remains an unbranched, me-
dian cartilage) and the plana supraseptale (which
diverge slightly at their anterior termini). The
sphenethmoid commissurae lie vertically relative
to the horizontal plane of the chondrocranium and
are positioned between the posterior terminus of
the nasal septum and the anterior margins of the
plana supraseptale; the sphenethmoid commis-
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surae were not observed to contact either of these
structures in any available specimens. As seen in
dorsal view, the fenestra olfactoria advehens
(defined by the margins of the parietotectal carti-
lage, nasal septum, and sphenethmoid commis-
surae) is relatively broad. However, given that the
observed positions of the sphenethmoid commis-
surae and the dorsal projection of the nasal sep-
tum, it is assumed that the margins of the fenes-
tra olfactoria evehens are slightly different than
those observed in other turtles, and that the route
of the olfactory and vomeronasal nerves may differ
slightly in P. sinensis. Restructuring of this entire

region is quite apparent. Major modifications are
observed in the slender posterodorsally-directed
nasal septum, reduced and isolated sphenethmoid
commissurae, and deeply-inscribed anterior
margin of the interorbital septum and planum
supraseptale (which are not continuous with the
nasal septum), all of this leading to an orbitonasal
fissure that is large and open in all available speci-
mens, and the sphenethmoid commissurae are
never observed to unite the nasal capsules plana
supraseptale.

Quadrate cartilages and otic capsules. The
quadrate cartilages are approximately half the size

Fig. 7. Chondrocranium of TK stage 20 in Pelodiscus sinensis in dorsal (left), ventral (right) and lateral view (below). Numbers
and abbreviations used are: 2, optic fenestra; 3, foramen for oculomotor nerve; 5, prootic fenestra (for foramen nervi trigemini); 7,
foramen for facial nerve; 8, foramen nervi abducentis; 12, foramina for hypoglossal nerves (i.e. foramen nervi hypoglossi of adults);
bf, basicranial fenestra; bp, basal plate; c, occipital condyle (i.e. condylus occipitalis of adults); ca, columella auris; ch, choanal open-
ing (i.e. apertura narium externa of adults); cp, crista parotica; cs, crista sellaris; cv, cavum tympani; ec, ectochoanal cartilage; fe,
foramen epiphaniale; fn, fenestra narina (i.e. apertura narium interna of adults); fo, fenestra olfactoria; foa, foramen for ophthalmic
artery; fov, fenestra ovalis; fp, foramen prepalatinum; fsn, fenestra septi nasi; is, interorbital septum; lta, lamina transversalis
anterior; mf, metotic fissure; n, notochord swelling; ns, nasal septum; oa, occipital arch; oc, otic capsule; onf, orbitonasal fissure; pa,
pila antotica; pas, anterior process of palatoquadrate cartilage; pat, anterior process of tectum synoticum; pf, pituitary fenestra;
pla, planum antorbitale; pm, pila metoptica; ppr, pterygoid process of palatoquadrate cartilage; ps, planum supraseptale; psc, para-
septal cartilage; ptc, parietotectal cartilage of zona annularis; ptqc, palatoquadrate cartilage; q, quadrate cartilage; rc, rostral carti-
lage; sc, sphenethmoid commissure; si, subiculum infundibuli; t, trabecula communis; tm, taenia marginalis; ts, tectum synoticum;
zn, zona annularis. Not to scale.
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of the otic capsules and bear slender palatoqua-
drate cartilages that possess thin ascending and
anterior processes. The anterior process of the pal-
atoquadrate cartilage extends beyond the lateral-
most margins of the planum supraseptale (likely
due to reduction of the cartilages of the planum
supraseptale). The main body of the quadrate car-
tilage is twice as long as the palatoquadrate carti-
lage, and in general the corpus is twice as long as
high; the cavum tympanicum occupies less than
half of the lateral wall of the quadrate. The area
articularis is prominent and extends well below
the ventral margin of the basal plate of the brain-
case. The otic capsules are relatively large and
robust and by later stages of development exhibit
strong chondral fusion with the lateral margins of
the basal plate. The medial wall of each otic cap-
sule is pierced by the foramen for the facial nerve,
paired foramina for auditory nerves, foramen for
the glossopharyngeal nerve, and foramen for the
endolymphatic duct. Prominent, knob-like crista
parotica are present on the posteroventrolateral
margin of each otic capsule; each extends slightly
below the posterior terminus of the quadrate carti-
lage. The tectum synoticum is broad and thin,
with prominent anterior and posterior processes.
The taenia marginalis is a thin and triangular pro-
cess that extends from the anterior margin of each
otic capsule.

Basal plate and occipital region. The para-
chordal cartilages are separated medially by a
prominent basicranial fenestra that is nearly twice
as long as wide. The anterior extent of the basal
plates is marked by the presence of extremely
reduced pila antotica that are as high as wide. The
occipital region bears general similarities to the
adult cranium in terms of passage for vessels and
nerves. The foramen posterius canalis caroticus is
relatively large and positioned anteromedial to the
crista parotica, whereas posteromedial to this fora-
men are the anatomical spaces for the cavum inter-
num, foramen jugulare laterale, foramen jugulare
externum, and fenestra perilymphaticum. At stage
21, a single, relatively large foramen nervi hypo-
glossi is present anterior to the base of the occipital
arch, and accommodates the passage of the hypo-
glossal nerve; these structures are paired in adults.

Orbitotemporal region. The interorbital sep-
tum is higher than long and, as seen in lateral
view, occupies approximately one-fifth of the
length of the chondrocranium. The interorbital
septum is reduced along the anterior margin, leav-
ing space for a large orbitonasal fissure. Each pla-
num supraseptale is reduced in form and, as seen
in dorsal view, these paired structures diverge
only slightly. The anterior margin of the planum
supraseptale and interorbital septum do not con-
tact the sphenethmoid commissurae or the interor-
bital septum. At the level of the anterior margin of
the optic fenestra, the posterior half of each pla-

num supraseptale is directed perpendicular to the
midline axis of the chondrocranium; each extends
laterally nearly to the level of the lateral terminus
of the anterior processes of the palatoquadrate car-
tilages. The pila metoptica are absent and the
posteroventral margin of the foramen for the oph-
thalmic artery is open posteriorly; therefore, the
posteroventral margin of each planum suprasep-
tale is deeply inscribed. Several cartilages typically
associated with formation of the pila metoptica
(anteroinferior process, posteroinferior process,
supratrabecular cargtilage) are presumed either to
be absent or to occupy radically different positions
in the posterior portion of the orbitotemporal
region. A detailed study of the anatomical positions
for the origin of the eye musculature in P. sinensis
will be required to elucidate precisely the modifica-
tions of cartilages observed in this region. In early-
stage specimens (e.g., stage-17, Specimen 024), the
posterior orbital cartilage presents a typical mor-
phology and position at the anterior terminus of the
notochord; however, by stage 21 this cartilage is
greatly reduced at midbody and only a tiny, knob-
like pila antotica projects dorsomedially at the level
of interaction between the trabeculae and basal
plates. The resulting anatomy (and lack of chondri-
fication of the ventral portion of the posterior orbital
cartilage) is such that the crista sellaris appears to
be absent in P. sinensis. Despite lack of chondrifica-
tion in this region, nonstaining connective tissue
does persist in this region to separate the pituitary
and basicranial fenestrae. Though this region does
not appear to chondrify in any of the available
specimens, adults of this species do possess a promi-
nent dorsum sellae and processus clinoideus
(Ogushi, 1911; personal observation), which are
known to form by endochondral ossification of the
crista sellaris and pila antotica, respectively.

Chondrogenesis in the Forelimb and the
Hind Limb

Although limited, the data are sufficient to
record the gradual proximodistal (in early speci-
mens) and preaxial-postaxial (in older specimens)
appearance of the anlage of autopodial structures
(see Fig. 8). The series documents an increase of
the phalangeal formula. Because of lack of resolu-
tion, nothing can be reported on the connectivity
among elements (Shubin and Alberch, 1986), so we
restrict ourselves to the identification of elements
appearing on subsequent stages.

Forelimb. The earliest stage of chondrogenesis
observed includes the anlagen of the radius and
the ulna; distal to the latter are the anlagen of ul-
nare and Distal Carpal 4, forming the beginning of
the primary axis. Also present are anlagen for the
intermedium and for all digits except the fifth one.
The following stage is much more advanced, exhib-
iting anlagen of the five digits, four distal carpals
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and two middle carpal condensations most likely
representing the anlage of two centralia or one
centrale and Distal Carpal 1 in a location much
more proximal than expected. One of these two
anlagen is absent in the next stage, which
presents all five distal carpals and the pisiform.
This may be the result of fusion of elements or of
individual variation.

Hind limb. The youngest specimen examined
shows the anlagen for the tibia, fibula, fibulare, and
Distal Tarsal 4, exhibiting the primary axis as well
as the anlage for structures related to Digits II and
III. The next stage exhibits anlagen of elements of
all five toes; here five distal tarsals and a large prox-
imal tarsal element are recognized. The third stage
illustrated here has the same number of elements;
only the shape and relative size of them is different.

DISCUSSION
Heterochrony and Variation in Skeletal
Development

Patterns of ossification of cranial dermal ele-
ments are generally more variable than are those
of endochondral elements of the braincase, and
dermal elements ossify before endochondral ele-
ments. Compared to Apalone spinifera, the only

other trionychid for which extensive data on the
development of the skull are available (Sheil,
2003), most ossifications develop later in P. sinen-
sis. Differences in ossification sequences between
the two species are also present in: P. sinensis the
jugal develops relatively early and before the fron-
tal, whereas it appears later in A. spinifera; the
frontal appears shortly before the parietal in A.
spinifera, whereas in P. sinensis the parietal
appears several stages before the frontal. As
expected, both soft-shelled turtles are more similar
to each other in ossification sequence than the two
chelydrid turtles Chelydra serpentina (Sheil and
Greenbaum, 2005) and Macrochelys temminckii
(Sheil, 2005). Both chelydrids show an early devel-
opment of the postorbital bone and the palatal ele-
ments as compared to the trionychids investigated.

A quantitative comparison of the amount of
sequence heterochrony in the cryptodire turtle data
set presented here with those in recent comprehen-
sive studies of mammals (Sánchez-Villagra et al.,
2008a; Weisbecker et al., 2008) or vertebrates in
general (Schoch, 2006) is not possible at present.
The sampling for turtles is much restricted and also
the turtle data set integrates in the same analysis
cranial and postcranial data, which are treated sep-
arately in the previous comprehensive studies.
However, a comparison of the average number of
heterochronic changes as measured by the consen-
sus of ACCTRAN and DELTRAN changes at all
internal nodes of the tree reveals that this number
is larger in turtles than in mammals (Sánchez-
Villagra et al., 2008a; Weisbecker et al., 2008), sug-
gesting that heterochrony in ossification sequences
in turtles is more prevalent.

As described for Chelydra serpentina (Sheil and
Greenbaum, 2005), much plasticity in ossification
within autopodials is observed. However, some gen-
eral patterns were recorded. The three middle
metacarpals are the first elements in the manus to
start ossification (although Distal Carpal 1 starts
earlier in one specimen), as in Apalone spinifera
(Sheil, 2003) and Chelonia mydas (Sánchez-Villagra
et al., 2007). In Trachemys scripta (Sheil and Por-
tik, 2008) a similar pattern is present. Which carpal
element is the first to start ossification is quite vari-
able among cryptodire turtles. The published infor-
mation is as follows: Caretta caretta and likely Che-
lonia mydas, ulnare and radiale (Sánchez-Villagra
et al., 2007); Kinosternon sp., Distal Carpal 4
(Rieppel, 1993a); Apalone spinifera, Distal Carpals
14 (Sheil, 2003); and Chelydra serpentina, Distal
Carpals 1-2 (Sheil and Greenbaum, 2005). The pat-
tern of ossification of tarsal elements described
herein is broadly consistent with that reported for
other turtles (Sheil and Portik, 2008). In P. sinensis
distal tarsals are the first to commence ossification,
followed by the proximal compound element.

The significance (functional or otherwise) of
many of the heterochronic changes detected by

Fig. 8. Chondrification sequence of the right forelimb (top)
and hind limb (bottom) in Pelodiscus sinensis in dorsal view,
documented with camera lucida drawings. Not to scale. The
sequence of specimens is from left to right: stages 16, 17, and
18; numbers refer to Tokita and Kuratani (2001) stages.
Abbreviations refer to anlage of several elements and include: c,
centrale; F, fibula; f, fibulare; i, intermedium; pi, pisiform; T,
tibia. The roman numerals refer to the digits. Not to scale.
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Parsimov is unclear. For example, in P. sinensis,
the metatarsals were inferred to shift later in
development relative to the quadratojugals. Event
pairing in a comprehensive analysis such as the
one presented here, creates pairs of events which
are connected in no biologically significant way
other than the order of comparisons made through
the event-pair matrix. Once enough empirical data
are available for turtles, this study could be
expanded into an examination of heterochrony in
developmental modules, identified via Parsimov
(Jeffery et al., 2005; Ziermann, 2008) or via
another recently developed method (Harrison and
Larsson, 2008).

Bever (2008, 2009; see also Maisano, 2002; Joyce
and Bell, 2004) has conducted studies of postnatal
ontogeny in turtle skulls that have emphasized
some of the significant changes that occur in charac-
ters that are commonly used in phylogenetic analy-
ses. He emphasized the necessity for studies of vari-
ation to understand its phylogenetic distribution
and modularity. Bever (2009: p. 97) stated, ‘‘the
available empirical data lag seriously behind recent
theoretical advances that broaden the application of
intraspecific variation data for discrete characters
to phylogenetic and evolutionary questions.’’ This
statement is also true for studies of skeletal develop-
ment such as the one presented here. The rare pos-
sibility to examine a large number of specimens
revealed much variation in the sequence within
some areas such as autopodial elements. However,
we do not think that this variation has affected the
overall analysis of heterochrony, as many of these
elements were lumped into modules or structural
units (e.g., metacarpals, metatarsals, phalanges of
manus, phalanges of pes), which as such have a typ-
ical timing pattern of ossification onset in the skele-
ton. If examination of heterochrony within autopods
were to be a subject of study, we would first need
much more information on other turtle species.
Only then could an application of recent methodo-
logical developments that deals with such variation
in studies of sequence heterochrony be warranted
(Colbert and Rowe, 2008).

Morphological Patterns and Shell Ontogeny

Examination of this developmental series has
allowed us to observe and document the changing
relations of the pectoral girdle with the developing
carapace. Figuring out the nature of the topo-
graphical relation of this girdle with the shell has
been a central point in studies of the origin of the
turtle body plan (Burke, 1989; Gilbert et al., 2001;
Nagashima et al., 2007). We confirm that only
with the development of the complex anterior por-
tion of the carapace resulting from metaplastic
ossification (Scheyer et al., 2008), does the pectoral
girdle become enclosed in the shell (Lyson and
Joyce, 2008).

Our observations of the developing nuchal and
plastral bones in Pelodiscus sinensis are compara-
ble with the conditions in Trachemys scripta and
Chelydra serpentina (e.g., Gilbert et al., 2001), in
that these elements develop through a primary
and secondary phase of ossification. Basically, the
primary phase of ossification starts with the
appearance of the unstained rod-like structures at
stage 18 and 19. Based on limited sampling of
older hatchling specimens, however, the second
phase that finally leads to the plate-like formation
of the bones in adult specimens of P. sinensis (see
Ogushi, 1911: plate 2, Figs. 8 and 9), is not
recorded in our developmental series. In compari-
son to the nontrionychid species, the primary
deeper bar- or rod-like structures are not fully
incorporated into the secondary, more superficial
plate-like parts, so that their primary outlines are
largely traceable throughout ontogeny in P. sinen-
sis. The primary and secondary phases of ossifica-
tions are both part of the primary, thecal shell. We
confirm Cherepanov’s (1995) observations that
there are no isolated epithecal (sensu Zangerl
1969) trionychid shell during development.

In trionychids, the neural series is highly vari-
able concerning the shape and number of elements
(e.g., Gardner and Russell, 1994). Ogushi (1911)
mentioned only seven neurals in Pelodiscus sinen-
sis however an additional neural separating the
anterior part of the eighth (5 posterior-most) pair
of costals can be present. Furthermore, due to the
presence of a preneural in some specimens, a plate
that can occur directly posterior to the nuchal
bone, Meylan (1987) considered the preneural to
be the neural 1, thus reporting eight neurals
instead of seven in ten individuals and nine neu-
rals instead of eight in 15 individuals of P. sinen-
sis. Accordingly, in those specimens with lower
neural numbers, the preneural (or neural 1) and
the adjacent posterior neural (or neural 2) would
have been fused. Cherepanov (1995), on the other
hand, expressed that the contact between the pre-
neural plate and the first dorsal vertebra is su-
tural (5 secondary), and thus that the preneural
cannot be a neural in the strict sense. The stage
27 specimens in the developmental series studied
herein show only ossification of the neural arches
but no neural plate development so far. Our series
thus does not allow addressing this circumstance
further, because of the lack of older hatchling
specimens. At no point during development, anla-
gen of peripheral, pygal, or suprapygal bones were
present in Pelodiscus sinensis, further confirming
the absence of these bones in Trionychidae.

The Limb Chondrification Pattern

In a series of articles, Rieppel (e.g., 1992;
1993a,b) documented and indicated that chondrifi-
cation and ossification are decoupled phenomena,
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confirming this previous observation by de Beer
(1937) and by later workers including ourselves
(Sheil, 2005; Sánchez-Villagra et al., 2007). Data
presented here for P. sinensis confirms this
pattern. In the limb of Pelodiscus, the departure
from the primary axis and digital arch patterns of
chondrogenesis in the ossification sequence is
more marked than is generally seen across tetra-
pods (Fröbisch, 2008).

Although the data available to us on chondro-
genesis are limited, they are in accordance with
the existence of a primary axis and digital arch.
We find no evidence of anterior condensations
distal to the radius and the tibia, respectively,
suggesting that the radiale and tibiale are absent,
as in other turtles examined to date (Burke and
Alberch, 1985; Sánchez-Villagra et al., 2007; Sheil
and Portik, 2008; Fabrezi et al., 2009).

The second specimen of the Pelodiscus sinensis
forelimb in the series shown here (see Fig. 7)
exhibits an element which, because of its position,
is best homologized with the anlage of a centrale.
A centrale is missing in the following stage as well
as in the adult (Ogushi, 1911). This can be best
explained with a reabsorption during development,
although a fusion with other elements (we did not
find traces of this) or individual variation in the
presence of centralia cannot be ruled out. In this
context, it is worth pointing out that there is no
apparent connectivity between or among any cen-
tralia and other autopodial elements in several
turtle species treated by several other authors
(Burke and Alberch, 1985; Sheil and Portik, 2008;
Sánchez-Villagra et al., 2008b). This lack of
connectivity may explain the higher degree of vari-
ation recorded in the development of the centralia
region of the autopod.

In their study of relative sequence of 10 events
in the early development of the forelimbs versus
the hind limbs in 14 tetrapod species spanning a
diverse taxonomic, ecomorphological and life-his-
tory range, Bininda-Emonds et al. (2007) found a
rather simultaneous development of the two in
most tetrapods, including the turtle Emys orbicu-
laris. This pattern of quasi- simultaneity is seen in
the chondrogenesis of all turtles examined to date
(e.g., Sánchez-Villagra et al., 2008b) and is
recorded here also for Pelodiscus sinensis. How-
ever, the identification of patterns of forelimb-hind
limb heterochrony may be critically sensitive to
the characters studied, i. e., different aspects of
limb development may show different forelimb-
hind limb timing relations (Richardson et al., in
press).
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