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The Origin of the Turtle Body Plan: 
Bridging a Famous Morphological Gap 

Michael S. Y. Lee 
A restudy of pareiasaurs reveals that these primitive reptiles are the nearest relatives of 
turtles. The two groups share numerous derived characters, such as a reduced presacral 
count, an acromion process, and a trochanter major, which are absent in other basal 
amniotes. Many traits long thought specific to chelonians also occur in pareiasaurs and 
must have evolved before the distinctive turtle shell appeared. Evidence uniting captorhinid 
or procolophonoids with turtles is shown to be weak. The phylogeny proposed here also 
suggests that certain features of the earliest turtle (Proganochelys) that have been inter- 
preted as specializations, such as the large supratemporal and robust metacarpals, are 
primitive for turtles. In pareiasaurs, the osteoderms represent the precursors of the che- 
lonian shell and the morphology of the anterior region is consistent with the idea that the 
shoulder girdle in turtles has migrated posteriorly into the rib cage. 

Turtles, mammals, and birds differ greatly 
from their primitive reptilian ancestors. 
However, although the mammal and bird 
origins are both documented by numerous 
transitional fossils, turtles appear abruptly. 
Distinctive chelonian features such as the 
carapace, plastron, and the location of the 
shoulder girdle within the rib cage are al- 
ready well developed in the earliest known 
turtles ( I ) .  Attempts by morphologists to 
understand how the turtle body plan arose 
have been hindered by the apparent absence 
of intermediate forms (2). In this report, I 
demonstrate that pareiasaurs are the closest 
relatives of turtles and are intermediates 
between turtles and generalized reptiles. 

Pareiasaurs (3) are large anapsid reptiles 
that flourished briefly and achieved a cos- 
mopolitan distribution during the Late Per- 
mian (4). These ponderous, heavily ar- 
mored herbivores appear to form a mono- 
phyletic group, characterized by several de- 
rived traits such as crenulated ("iguan- 
odont") teeth, large descending cheek 
flanges that cover the posterior region of 
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the lower jaw, a prominent ventral boss on 
the mandible, four or more sacral vzrtebrae, 
a forwardly directed ilium, a reduced pubis, 
and a wide, flattened femoral shaft. Because 
new information from a thorough reexami- 
nation of these voorlv known creatures was 

L 1 

expected to shed light on their relations 
with other reutiles. a cladistic analvsis of 

A ,  

pareiasaurs and other basal amniotes was 
undertaken (5). 

Pareiasaurs were found to share 16 de- 
rived features with turtles (Figs. 1 to 4): 
(Al)  a choana located far medially from 
the alveolar ridge of the maxilla, largely 
separating the palatine from the vomer; 
(A2) a large, circular, medially located 
foramen palatinum posterius (the subor- 
bital foramen of diapsids is more laterally 
located and of a different shape); (A3) a 
massive horizontal paroccipital process 
firmly sutured to the squamosal (also su- 
tured to the supratemporal in pareiasaurs 
and to the quadrate in turtles); (A4) a 
long lateral flange of the exoccipital on 
the posterior face of the paroccipital pro- 
cess; (A5) a basisphenoid and basioccipi- 
tal solidly ossified together, resulting in 
the loss of the ventral otic fissure that 
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normally exists between these bones; (A6) 
a fully ossified medial wall of prootic, 
separating the inner ear cavity from the 
brain cavity and pierced by foramina for 
acoustic nerves (this area is partially ossi- 
fied in Diadectes but remains unossified 
dorsally); (A7) the transverse flange of the 
pterygoid is reduced and forwardly direct- 
ed (convergently acquired in bolosaurs 
and some diadectomorphs); (A8) the su- 
praoccipital forms a long, high, narrow, 
solid median ridge, sutured to the skull 
roof along its entire length; (A9) the 
entire palate, including the transverse 
flange of the pterygoid, is raised well above 
the ventral margin of the upper jaw, with 
the palatine contacting the maxilla far 
above the alveolar ridge; (A10) prominent 
lateral projections present on at least the 

first 14 caudal vertebrae (primitively these 
are present on only the first five to nine 
vertebrae); (A1 1) the chevrons are not 
wedged between adjacent centra, each 
chevron instead articulating one caudal 
vertebra by way of distinct posteroventral 
facets on the centrum (also present in 
some mesosaurs in association with pachy- 
ostotic haemal arches): (A12) an acro- 

7 , .  , 

mion process on the anterior margin of the 
scapula; (A13) a humerus with an ectepi- 
condylar foramen [also present in some 
early synapsids and diapsids but primitive- 
ly absent in both these groups (6, 7)]; 
(A14) a femur with the major (greater) 
trochanter on the posterior (postaxial) 
margin; (A15) a reduced fifth pedal digit 
that is much more slender and no longer 
than the first pedal digit; and (A16) a 

Fig. 1. A cladogram depicting chelonian rela- H tionships, based on a cladistic analysis of basal 
amniotes (5). Numbers refer to derived traits g 
diagnosing each grouping. Traits A1 to A16 2 
and B1 to B9 are discussed in the text and 8 
(except A16) illustrated in Figs. 2 to 4. Nyc- 
tiphruretia includes both Nyctiphruretidae and 
Nycteroleteridae. C1, the quadratojugal is en- 
larged, with a long dorsoventral dimension; C2, 
the cultriform process is shortened; C3, the Pareia6auroidae (BI to Bg) 

pineal foramen is located anteriorly, near the 
fronto-parietal suture (the pineal is usually ab- 
sent in chelonians but is present in this location 
in atavistic mutants); C4, the fifth distal tarsal is 
lost. D l ,  the stapes is imperforate and rodlike; D2, there is a palatine-prefrontal buttress that 
encloses the foramen orbito-nasale; D3, the quadrate ramus of the pterygoid is short; D4, there is 
an enlarged cranio-quadrate space, because the paroccipital process and quadrate ramus of the 
pterygoid are parallel and do not converge distally; D5, the postparietals are located on the skull 
roof rather than on the occiput (not applicable to turtles); D6, the anterior border of the splenial is 
notched; D7, the foramen intermandibularis caudalis is located posteriorly; D8, the posterodorsally 
directed spine (epipophysis) on the atlas neural arch is reduced; D9, there are paired depressions 
on the anterior and posterior faces of the neural arches of the dorsal vertebrae (not applicable to 
chelonians); D10, there is a third sacral rib (only present in some chelonians); D l  1, the interclavicle 
is T-shaped, with an anterior groove and long lateral arms, and the fourth trochanter on the femur 
is lost; D12, the pedal centralia are lost. 

Fig. 2. (A) Articulated specimen 
of Deltavjatia vjatkensis, a pareia- 
saur from the Upper Permian 
Zone IV (Tatarian) of Russia 
(Cambridge University Museum 
of Zoology TI 321). The rib cage is 
flat but undisturbed. The dermal 
armor is feebly developed in this 
small individual: osteoderms are 
small and present only in the an- 
terior dorsal region, a condition 
similar to that found in juvenile 
temnospondyl amphibians such 
as dissorophids. In adult pareia- 
saurs the armor is more exten- 
sive. (B) Drawing of the anterior 
region of (A). Labels are as in Fig. 
1 ; scale bar, 2 cm. 

prominent dorsal buttress, V-shaped in 
ventral view, overhanging the acetabu- 
lum. These traits are present in all pareia- 
saurs and either occur in all turtles or 
represent the primitive condition in tur- 
tles (8-10). Thirteen of these synapo- 
morphies are particularly significant be- 
cause they are absent in all other basal 
amniotes [Westlothiana, diadectomorphs, 
pelycosaurs, millerosaurs, lanthano- 
suchids. Acleistorhinus. bolosaurs. mesos- 
aurs, captorhinids, protorothyridids, prim- 
itive diapsids (I I), nyctiphruretids, nycte- 
roleterids, and procolophonoids] and in 
reptiliomorph amphibians (anthracosau- 
roids and sevmouriamorvhs~ . 

L ,  

Nine more derived traits diagnose a 
more inclusive group of chelonians, pare- 
iasaurs, and Sclerosaurus (Fig. 1): (Bl) 20 
or fewer presacral vertebrae [convergently 
acquired in Eunotosaurus, an aberrant 
caseid pelycosaur (12)]; (B2) a tall and 
narrow scapula blade, with a height that is 
over four times as high as wide (present in 
derived pelycosaurs and Tseajaia but ab- 
sent in primitive pelycosaurs and diadec- 
tomorphs); (B3) the glenoid is not screw- 
shaped but bipartite, consisting of two flat 
surfaces (formed by the scapula and the 
coracoid) that meet at a right angle; (B4) 
when the scapula is restored to its life 
position, the long or major axis of the 
glenoid is orientated anterodorsally, not 
horizontally; (B5) a reduced manual pha- 
langeal formula (23332, convergently ac- 
quired in some caseid pelycosaurs); (B6) 
the astragalus and calcaneum are com- 
pletely fused; (B7) a reduced pedal pha- 
langeal formula (r 23343, convergently 
acquired in some caseid pelycosaurs); (B8) 
thick dermal armor over the dorsal region 
(also present in the seymouriamorph Kot- 
lassia) ; and (B9) the loss of the gastralia (a 
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character difficult to determine in chelo- 
nians). The Sclerosaurus genus has been 
identified as a procolophonoid by some 
workers (13) and a pareiasaur by others 
(8). O n  the basis of these traits, Sclerosau- 
rus appears more closely related to pareia- 
saurs and chelonians than to procol- 
ophonoids. Apart from transversely broad- 
ened marginal teeth, there are no con- 
vincing features uniting Sclerosau~us with 
procolophonoids. Similar dentition has 
evolved repeatedly in other herbivorous 
lineages. Contrary to early reconstructions 
(13), Sclerosaurus does not exhibit the 
posteriorly enlarged orbit found in all pro- 
colophonoids (1 4). 

It has often been assumed that the 
highly modified postcranial skeleton of 
chelonians reveals little about their affin- 
ities with more generalized tetrapods (1, 2, 
8, 15). However, 16 of the 25 derived 
traits that link turtles to pareiasaurs (and 
Sclerosaurus) are postcranial. Previous sug- 
gestions that pareiasaurs and turtles are 
closely related (16, 17) have not been 
substantiated by such convincing evi- 
dence. Support for alternative views of 
chelonian relationships is weak. Of the 
five characters usually cited as evidence for 
captorhinid affinities (1 8), three-the ab- 
sence of the tabular bone and supinator 
process and the presence of the foramen 
orbitonasale-are exhibited by many oth- 
er primitive amniotes (15, 19), including 
pareiasaurs. The remaining two traits- 
the loss of the ectopterygoid and the 
presence of a medial flange of the jugal- 
are correlated. Similarly, of the 11 char- 
acters corroborating the recently proposed 
sister-group relationship between turtles 
and procolophonoids (15), only one ap- 
pears valid: the otic notch bordered by an 
enlarged quadratojugal. [Even this condi- 
tion is approached in some millerosaurs 
(20).] The other synapomorphies are less 
convincing. The absence of the entepi- 
condylar foramen is not the general con- 
dition in procolophonoids; furthermore, 
some pareiasaurs also lack this foramen 
(2 1). The remaining traits occur in many 
other primitive amniotes and reptilio- 
morph amphibians. The anterior expan- 
sion of the maxilla occurs in nycterole- 
terids, lanthanosuchids, Acleistorhinus, 
nyctiphruretids, pareiasaurs, and many pe- 
lycosaurs and basal diapsids (for example, 
Coelurosaurawus and Youngina) . The ex- 
tensive palatine-prefrontal contact rod- 
shaped, imperforate stapes, and anteriorly 
notched splenial are present in pareiasaurs 
and nyctiphruretids and so corroborate a 
more inclusive group (Fig. 1). The sple- 
nial is excluded from the mandibular syrn- 
physis in millerosaurs, nyctiphruretids, 
protorothyridids, early diapsids (such as 
Petrolacosaurus), and nycteroleterids. The 

shortened cultriform process occurs in pa- 
reiasaurs, nyctiphruretids, nycteroleterids, 
Acleistorhinus, and lanthanosuchids, and 
the postparietals are extremely reduced or 
lost in lanthanosuchids, nyctiphruretids, 
bolosaurs, some pelycosaurs, and many 
primitive diapsids (for example, Coeluro- 
saurawus and Youngina) . Similarly, the 
edentulous transverse flange of the ptery- 
goid occurs in seymouriamorphs, bolo- 
saurs, Diadectes, and some pareiasaurs 
(22), while the ventral ridge in this area 
occurs in pareiasaurs, lanthanosuchids, 
nyctiphruretids, nycteroleterids, and some 
millerosaurs (such as Broomia) . Finally, 
the large retroarticular process with a dor- 
sal surface formed by the articular, "angu- 
lar" (~resumablv the authors meant suran- 
gular), and prearticular is absent in all 
earlv Mesozoic and most later turtles (9); . , .  
the relevant sutures in Proganochelys are 
not determinable (1). 

Even at their earliest appearance in the 
fossil record (Proganochelys in the Upper 
Triassic), chelonians differ from typical 
reptiles in many traits apart from their 
characteristic carapace and plastron (1, 2, 
8, 15). Thus, most of these features were 

thought to have evolved approximately 
simultaneously with the turtle shell, and 
the origin of turtles was consequently seen 
as a huge evolutionary leap. The evidence 
that pareiasaurs, Sclerosaurus, procol- 
ophonoids, and nyctiphruretians are the 
successive out-groups to turtles bridges the 
morphological gap between turtles and 
generalized reptiles and sheds light on the 
sequence of acquisition of chelonian 
traits. Many of the specializations often 
thought to be uniquely chelonian (1, 2, 8) 
are present in other procolophonomorphs 
(Fig. I ) ,  making the morphological gap 
between turtles and their nearest relatives 
less dramatic than previously thought. 
Some of these traits occur in all procol- 
ophonomorphs (Fig. I) ,  as well as in a few 
other basal amniotes, and so must have 
evolved at the base of the Procolophono- 
morpha or earlier. These characters in- 
clude the large posttemporal fenestrae, 
reduced interpterygoid vacuities, the long 
jugal-quadratojugal contact, the small 
fenestra ovalis. the shortened cultriform 
process, and the small, medially enclosed 
adductor fossa of the mandible. Similarly, 
nine of the twelve procolophonomorph 

Fig. 3. Sagittal sections of skulls of (A) Proganochelys (Chelonia) and (B) Embrithosaurus 
(Pareiasauridae) and palatal views of skulls of (C) Proganochelys and (D) Bradysaurus (Pareiasau- 
ridae), with sutures depicted on the left and contours on the right. Scale bars, 2 cm; labels denote 
chelonian-pareiasaur synapomorphies listed in the text and in the legend of Fig. 1. (A) and (C) are 
modified from Gaffney ( l ) ,  and (B) and (D) are based on British Museum of Natural History (BMNH) 
R7782, BMNH R1971, and (40). Because of heavy ossification, sutures between braincase 
elements in (B) cannot be clearly discerned. 
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synapomorphies (all except D5, D9, and 
Dl0 in Fig. l ) ,  three of the four procolo- 
phoniform synapomorphies (all except 
C3), seven of the nine pareiasauroid syn- 
apomorphies (all except B4 and B9), and 

Fig. 4. Lateral views of left scapulocoracoid of 
(A) Proganochelys (Chelonia) and (B) Scuto- 
saurus (Pareiasauridae). Posterior (postaxial) 
views of the right femur of (C) Proganochelys 
and (D) Scutosaurus. Dorsal views of right pes 
of (E) Proganochelys and (F) Bradysaurus (Pa- 
reiasauridae). Left views of the middle caudal 
vertebrae of (G) Proganochelys and (H) Brady- 
saurus. Scale bars, 2 cm; (A), (C), (E), and (G) 
are redrawn from Gaffney (1); (6) is after B M N H  
R4025; (D) is after B M N H  4030; (F) is after 
BMNH 1971 and (41); and (H) is after B M N H  
1971 and (42). Labeled features are described 
in the text and in Fig. 1 .  

14 of the 16 pareiasaurian synapomorphies 
(all except A5 and A9) have been de- 
scribed as chelonian specializations (1, 2, 
8). Thus, at least 39 apparent chelonian 
traits actually diagnose more inclusive 
groups and must have evolved before the 
carapace and plastron appeared. Further- 
more. manv features characteristic of mod- 
ern turtles are not present in Proganochelys 
and so must have evolved after the shell 
appeared. Examples of such traits are the 
loss of the lacrimal, enclosure of the mid- 
dle ear region, fusion of the vomers, and 
specializations of the jaw musculature (1). 
The results of this studv demonstrate that 
in chelonians, as in mammals and birds, 
features characteristic of an apparently 
discrete and highly integrated Bauplan 
were accumulated gradually and in a pre- 
cise order. The paleobiological aspects of 
the origin of turtles can now be investi- 
gated in much the same way as the origins 
of mammals and birds. 

The phylogeny in Fig. 1 helps to bridge 
the gap between turtles and generalized 
reutiles in another wav. The earliest 
kiown turtle, ~ro~anochei~s ,  although in- 
termediate between all other turtles (ca- 
sichelydians) and generalized amniotes in 
many respects, also appears to exhibit 
many specializations that preclude it from 
being ancestral to all other chelonians (1). 
However, at least four of the apparent 
autapomorphies of Proganochelys are also 
present in pareiasaurs, Sclerosaurus, pro- 
colophonoids, and nyctiphruretians. 
Therefore, these traits-the foramen jug- 
ular anterius almost as large as the foramen 
magnum, the quadrate flange of pterygoid 
extending only half the distance to the 
quadrate condyle, the absence of the me- 
dial process of jugal (Fig. 3 ,  C and D), and 
the supratemporal that forms most of the 
uosterior marein of the skull roof-should - 
be reinterpreted as primitive for chelo- 
nians, being retained in Proganochelys but 
lost in all other turtles. Similarly, the 
robust metacarpals and metatarsals charac- 
teristic of Proganochelys are also found in 
pareiasaurs (Fig. 4), Sclerosaurus, and 
some procolophonoids and are probably 
primitive for chelonians rather than au- 
tapomorphic. Furthermore, many other 
apparent autapomorphies of Proganochelys 
( 1  )-for examule. frontals excluded from 
the orbitdl mariin', bosses above orbits and 
nares (23), the thick braincase floor, the 
LLpleur~sphen~id" ossification, a prootic 
foramen enclosed by bone, the anterodor- 
sallv directed dorsum sellae. the loss of the 
prootic-opisthotic suture, and the dorsal 
lump at the apex of the retroarticular 
process (23)-are also present in pareia- 
saurs (Figs. 2B and 3, A and B) but not 
in more distant out-groups (Sclerosaurus, 
procolophonoids, and nyctiphruretids) . 

These traits either evolved convergently 
in pareiasaurs and Proganochelys or arose 
once at the base of the pareiasaur-turtle 
clade, persisting in pareiasaurs and Proga- 
nochelys but being lost. The latter hypoth- 
esis implies that these apparent specializa- 
tions of Proganochelys are primitive for 
turtles, putting it even closer to the main 
line of chelonian evolution. Although 
Proganochelys does exhibit a few unequiv- 
ocal autapomorphies, notably the tail club 
and the hypoischia ( I ) ,  it resembles the 
expected ancestor of all later chelonians 
more closely than previously thought. 

The phylogenetic arrangement pro- 
posed here sheds light on the homologies 
of the chelonian carapace. In pareiasaurs, 
the dorsum, flanks, and sometimes the 
belly were covered in longitudinal rows of 
bony plates (24). No other primitive rep- 
tile has such extensive dermal armor; 
among reptiliomorph amphibians this 
condition is approached only in the sey- 
mouriamor~h Kotlassia. Because dermal 
armor has evolved independently so many 
times in reptiles (8), its occurrence in 
pareiasaurs and turtles is not by itself 
conclusive evidence of a relationshiu. 
However, because many other features 
suggest that pareiasaurs and turtles form a 
clade and because both groups have heavy 
dermal armor, the most reasonable as- 
sumption is that the dermal ossifications in 
these animals are homologous. The pre- 
cursors of the chelonian carauace and 
plastron can now be seen in the osteo- 
derms of pareiasaurs. These osteoderms are 
often suturally united. There is a long- 
standing.debate (25) over whether the 
neural and costal elements of the chelo- 
nian carapace arose through the expansion 
of the neural arches and ribs (26) or 
through the fusion of unmodified neural 
arches and ribs with dermal ossifications 
(27). The intimate association of the der- 
mal plates with the vertebrae and ribs in 
all pareiasaurs (24, 28) supports the sec- 
ond hypothesis. A similar process has been 
demonstrated to have occurred elsewhere 
in the body of some pareiasaurs: the super- 
ficial suuernumerarv bone between the 
interparietal and the supratemporal in El- 
ginia mirabilis (29) and Nanopareia luckhofi 
(30) almost certainly represents an osteo- 
derm that has been incorporated into the 
skull. 

The scapulocoracoid in turtles lies un- 
der the carapace, within the rib cage. How 
this unusual arrangement arose remains 
unclear. and numerous evolutionarv sce- 
narios have been proposed to explain'it (2, 
31, 32). Watson (32) suggested that a 
broad, flat carapace composed of laterally 
flaring ribs and heavy dermal armor first 
evolved behind the scapulocoracoid (33), 
which then migrated posteriorly. This hy- 
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pothesis, which is not widely accepted 
(32, 34), is supported by the results of this 
study. The long ribs of pareiasaurs project 
laterally from the vertebral column and 
are only slightly curved. Most pareiasaurs 
are preserved with their dorsal sides up, 
indicating that this was the preferred ori­
entation of the carcass, and the rib cage is 
usually undisturbed despite dorsoventral 
compression (35) (Fig. 2). These morpho­
logical and taphonomic features suggest 
that the bodies of pareiasaurs were broader 
and flatter than previously thought. How­
ever, the shoulder girdle is much more 
narrow than the rib cage because the 
clavicles and coracoids do not form wide 
ventral plates (36), Therefore, it appears 
that pareiasaurs had almost the exact mor­
phology predicted by Watson for "Archich-
elone" (32)—a narrow shoulder girdle an­
terior to a wide, flat carapace. 

Vertebral counts also support Watson's 
hypothesis. Most basal amniotes, includ­
ing nyctiphruretians and procolopho-
noids, have approximately five cervical 
and 20 dorsal vertebrae (37), The Sclero-
saurus genus and pareiasaurs possess five 
cervicals and 14 or 15 dorsals, whereas all 
turtles possess eight cervicals and 10 dor­
sals. The most parsimonious evolutionary 
scenario is that five or six dorsals were lost 
in the lineage leading to Sclerosaurus, 
pareiasaurs, and turtles (resulting in the 
arrangement found in Sclerosaurus and pa­
reiasaurs) . This hypothesis also holds that 
in the lineage leading to turtles, a further 
modification increased the number of cer­
vicals and reduced the number of dorsals. 
These changes suggest that the shoulder 
girdle in chelonians has shifted posteriorly 
approximately three vertebrae, which 
would mean that cervicals six to eight in 
chelonians are modified dorsals. The ma­
jor line of neck flexion in both pleurodiran 
and cryptodiran turtles is between cervi­
cals five and six (perhaps the old cervical-
dorsal boundary); cervicals six, seven, and 
eight usually work as a single rigid unit 
(38), In pareiasaurs, the transverse pro­
cesses on the five cervical centra are ven­
tral; on the first three dorsals they gradu­
ally assume a more dorsal position. In the 
earliest turtle, Proganochelys (4), this 
change occurs at cervicals six, seven, and 
eight. The dorsal tip of the scapula lies 
adjacent to cervical seven in Proganochelys 
but behind cervical eight in later turtles 
(1). This change might represent the final 
stages in the posterior migration of the 
scapulocoracoid. Furthermore, the scapu-
locoracoid in turtles undergoes an ontoge­
netic migration that recapitulates the phy-
logenetic changes suggested above: The 
somitic tissue destined to develop into the 
scapulocoracoid originates in the posterior 
cervical region and migrates posteriorly 

during early embryogenesis (2). However, 
it is not clear if this condition is unusual 
for reptiles (2). A similar phylogenetic 
shift has occurred in the pelvic girdle. In 
Proganochelys (I) and most other turtles, 
the dorsal end of the ilium lies behind the 
tenth dorsal (thoracic) rib. In certain 
pleurodires, however, the pelvic girdle 
comes to lie within the rib cage by migrat­
ing forward to contact the last two dorsal 
vertebrae, whose ribs develop thickened 
"sacral" contacts, and the two original 
sacral vertebrae become incorporated into 
the caudal series (8, 10, 39), The evi­
dence for Watson's scenario is inconclu­
sive, but it remains the only plausible 
hypothesis proposed to date. 
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