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Geometric morphometrics of the shoulder girdle in extant
turtles (Chelonii)
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'"Muséum National d’Histoire Naturelle, Paris, France
’Département d’Orthodontie, Faculté de Chirurgie Dentaire, Montrouge, France

Abstract

The aim of this study was to identify shape patterns of the shoulder girdle in relation to different functional and
environmental behaviours in turtles. The Procrustes method was used to compare the shoulder girdles (scapula and
coracoid) of 88 adult extant turtles. The results indicate that four shape patterns can be distinguished. The shoulder
girdles of (1) terrestrial (Testudinidae), (2) highly aquatic freshwater (Trionychidae, Carettochelyidae) and (3)
marine turtles (Cheloniidae, Dermochelyidae) correspond to three specialized morphological patterns, whereas the
shoulder girdle of (4) semi-aquatic freshwater turtles (Bataguridae, Chelidae, Chelydridae, Emydidae, Kinosternidae,
Pelomedusidae, Platysternidae, Podocnemididae) is more generalized. In terrestrial turtles, the long scapular prong
and the short coracoid are associated with a domed shell and a mode of locomotion in which walking is predominant.
By contrast, highly aquatic freshwater turtles share traits with marine turtles. In both, the short scapular prong and
the long coracoid are associated with a flat shell, and swimming locomotion. The enlarged attachment sites of the
biceps, coracobrachialis magnus, and supracoracoideus also give these strong swimmers a mechanical advantage
during adduction and retraction of the arm. Increasing size leads to allometrical shape changes that emphasize
mechanical efficiency both in terrestrial and in aquatic turtles.

Key words Chelonians; coracoid; locomotion; Procrustes analysis; scapula; shape pattern.

the coracoid, reaches maximal complexity with a large

Introduction . o
range of size and shape variations in the lower tetrapods,

Over the last decade, anatomical studies have been
complemented by geometric morphometrics, allowing
the calculation and visualization of global shape changes
in organs or organisms. Procrustes superimposition is
the most effective method (Gower, 1975; Bookstein
et al. 1985; Rohlf & Slice, 1990; Goodhall, 1991, 1995)
for creating spatial graphical representations of shape
variations in complex anatomical structures using three-
dimensional (3D) data (O'Higgins et al. 1990; Penin,
1997; Penin & Baylac, 1999; Penin & Berge, 2001; Ponce
de Ledn & Zollikofer, 2001; Hennessy & Stringer, 2002).
The shoulder girdle of turtles, formed by the scapula and
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especially in turtles with an extremely developed acromial
process. The girdle constitutes a structure for which the
Procrustes method provides a powerful tool for func-
tional morphology and taxonomy. In previous studies,
the Procrustes method was used to distinguish between
size-related shape changes (allometry) and shape changes
corresponding to taxonomic differences (Penin et al. 2002;
Berge & Penin, 2004). In the present study, the same
approach is applied to distinguish morphological groups,
in terms of allometry, and functional adaptations. The
material includes a wide range of specimens represent-
ing numerous species of many sizes (due to continuous
growth at the adult stage). Therefore, we have not
studied systematics but rather functional shape changes.

Background to ecological and locomotor comparison

Extant turtles live in a wide range of terrestrial and
fresh- and sea-water environments (ponds, lakes, streams,
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36 The chelonian shoulder girdle, M. Depecker et al.

large rivers, torrents, estuaries, ocean, etc.). For this
reason, Romer (1956) distinguished land tortoises, marine
and freshwater turtles, whereas Walker (1973) used the
terms ‘terrestrial’, ‘semi-aquatic’ and ‘aquatic’. Pritchard
(1979) introduced the term ‘semi-terrestrial’ to describe
some freshwater turtles. Ecological differences may
correspond to functional differences in the patterns of
locomotion. Walker (1971a) was among the first to
study the involvement of the shoulder girdle in the
movement of the forelimb during walking in a fresh-
water turtle (Chrysemys picta). Other studies concern
analyses of gait during walking in various freshwater
and terrestrial turtles (Hildebrand, 1966; Zug, 1972;
Walker, 1979; Jayes & Alexander, 1980; Williams, 1981).
Van Leeuwen et al. (1981) specified mechanical stresses
in tortoise leg muscles during walking. The movements
of marine turtles were analysed (Walker, 197 1b; Renous,
1988, 1993, 1995; Renous & Bels, 1989; Renous et al.
1999), and compared with the swimming movements
of freshwater turtles. Davenport et al. (1984) and
Pace et al. (2001) compared the kinematics of forelimbs
in two species of freshwater turtles, one species
(Trachemys scripta) being more generalized and the other
(Apalone spinifera) morphologically highly specialized
for swimming. They demonstrated that there are two
different functional patterns, corresponding, respect-
ively, to species which travel frequently over land and
those which spend little time out of water. Several
studies pointed out variations in the structure of the
locomotor apparatus (Boulenger, 1889; Hoffmann, 1890)
in relation to environment (Romer, 1956; Walker, 1973).
More specifically, Walker (1962, 1971a, 1972) attempted
to establish relationships between limb structure, body
form and walking patternsin one species (C. picta). Zug
(1971) made an extended comparative study of pelvic
and hindlimb morphology and locomotion in crypto-
diran turtles.

Aim of the study

The shoulder girdle seems to be particularly appropri-
ate for comparative study because of the predominant
role of the forelimb in propulsion, both in terrestrial
and in aquatic environments. This is particularly true
for marine turtles, in which propulsion is mainly driven
by the forepaddles (Davenport et al. 1984; Renous, 1988,
1993; Renous & Bels, 1989; Renous et al. 1999). In the
present study, we use geometric morphometrics to
specify morphological traits in the shoulder girdle that

can be used to characterize morphofunctional groups
of turtles. Our aim is to discuss shape differences in
relation to body shape and the use of the forelimbs for
different locomotor behaviours related to specific
habitats. The method does not predict any phylogenetic
affinities because Pleurodira and Cryptodira are not
considered separately in this study. Size scaling in turtles
is particularly important. Body weight in adult terrestrial
turtles ranges from 140 g (Homopus signatus) to 300 kg
(Dipsochelys gigantea), and in adult marine turtles from
45 kg (Lepidochelys kempii) to 900 kg (Dermochelys
coriacea). To summarize, the purpose of the study is to
understand how size interacts with locomotor adapta-
tions in aquatic and terrestrial environments.

Material and methods
Sample

The shoulder girdles of 88 extant adult specimens,
corresponding to 13 families and 57 species, were
measured (Table 1). The specimens belong to the col-
lections at the Muséum National d’Histoire Naturelle
(Paris), except for one specimen (Carettochelys insculpta)
belonging to the Naturhistorisches Museum (Vienna).

Anatomy of the shoulder girdle

The shoulder girdle of extant turtles is a triradiate structure
with a dorsal scapular prong, a ventral anterior acromial
process and a ventral posterior coracoid (Fig. 1). The
acromial process is an extension of the scapula (Friant,
1942; Walker, 1973; Lee, 1996) rather than a separate
element, homologous to the anterior part of the coracoid,
as in other reptiles (Gaffney, 1990). The scapular prong
constitutes a vertical column, dorsally and medially
articulated with the shell. Ventrally, the acromial process
also has a column-like shape. The two ends of the scapula
are capped by cartilages and are connected by ligaments
to the entoplastron. The triangular coracoid is essen-
tially horizontally orientated. The coracoid is capped by
an epicoracoid cartilage, but is not connected by liga-
ments to the entoplastron (Walker, 1973). The glenoid
cavity is formed by both the coracoid and the scapula.

Landmarks

Sixteen landmarks have been defined according to the
three levels of homology given in Bookstein (1991)

© 2006 The Authors
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Table 1 The specimens studied
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Family/Species n No. Family/Species n No.
Testudinoidea Chelydridae
Testudinidae Chelydra serpentina 1 53
Astrochelys radiata 3 1,2, 3 Platysternidae
Centrochelys sulcata 3 4,5,6 Platysternon megacephalum 1 54
Chelonoidis carbonaria 4 7,8,9 10 Kinosternidae
Chelonoidis denticulata 3 11,12,13 Kinosternon leucostomum 1 55
Chersina angulata 1 14 Kinosternon subrubrum 1 56
Dipsochelys gigantea 3 15, 16, 17 Chelidae
Geochelone elegans 1 18 Chelus fimbriatus 1 57
Homopus areolatus 2 19, 20 Hydromedusa tectifera 1 58
Indotestudo elongata 2 21,22 Platemys platycephala 1 59
Kinixys belliana 1 23 Pelomedusidae
Kinixys erosa 1 24 Pelomedusa subrufa 1 60
Manouria emys 2 25, 26 Pelusios subniger 1 61
Manouria impressa 1 27 Podocnemididae
Stigmochelys pardalis 1 28 Erymnochelys madagascariensis 1 62
Testudo graeca 4 29, 30, 31, 32 Peltocephalus dumerilianus 1 63
Testudo hermanni 1 33 Podocnemis expansa 1 64
Testudo kleimanni 1 34 Trionychoidea
Testudo marginata 2 35, 36 Trionychidae
Emydidae Amyda cartilaginea 2 65, 66
Clemmys guttata 1 37 Apalone ferox 1 67
Clemmys insculpta 1 38 Aspideretes gangeticus 1 68
Emys orbicularis 1 39 Aspideretes hurum 1 69
Malaclemys terrapin 1 40 Cycloderma aubryi 3 70,71,72
Pseudemys rubriventris 1 41 Lissemys punctata 1 73
Terrapene carolina 2 42,43 Pelodiscus sinensis 1 74
Trachemys scripta 1 44 Trionyx triunguis 2 75,76
Bataguridae Carettochelyidae
Chinemys reevesii 1 45 Carettochelys insculpta 1 77
Geoclemys hamiltonii 1 46 Chelonioidea
Geoemyda spengleri 1 47 Cheloniidae
Hieremys annandalii 2 48, 49 Caretta caretta 3 78,79, 80
Malayemys subtrijuga 1 50 Chelonia mydas 4 81, 82,83, 84
Melanochelys trijuga 1 51 Eretmochelys imbricata 3 85, 86, 87
Rhinoclemmys punctularia 1 52 Dermochelyidae

Dermochelys coriacea 1 88

Classification according to King & Burke (1997), except within Testudinidae (Bour & Dubois, 1984), and the Podocnemididae family
(de Broin, 1988; Meylan, 1996). n: number of specimens studied; No.: specimens represented in Fig. 3.

(Table 2, Fig. 2). Six landmarks are type I: these corre-
spond to contact points between structures. Two land-
marks are type Il corresponding to process extremities.
Eight landmarks are type Ill and are the result of
constructions. The 3D coordinates of the 16 landmarks
were digitized using a Microscribe (3D Revpro DX,
precision of 0.1 mm).

Procrustes superimposition and statistical analysis

Procrustes superimposition uses landmark coordinates.
The set of landmarks from each specimen builds a
simplified shape termed a ‘figure’. Procrustes super-

© 2006 The Authors

imposition scales, translates and rotates all the figures to
minimize distances between homologous landmarks
(generalized least-squares criterion) (Gower, 1975; Rohlf
& Slice, 1990). The size of each specimen is an overall
size calculated using all the landmarks (i.e. the square
root of the sum of the squared deviations of landmarks
from the centre of the figure). The shape is defined by
Procrustes residuals, which are the deviations of land-
marks from the mean shape. Therefore, 48 variables
(16 landmarks in three spatial dimensions) describe a
given specimen. Such a large number of variables
generates statistical problems (Rao, 1966). Statistical tests
require a low number of variables as comparison with
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38 The chelonian shoulder girdle, M. Depecker et al.

Table 2 Landmarks

No. Definition Type
1 Medial anterior angle of the coracoid |
2 Medial posterior angle of the coracoid |
3 Posterior border of the coracoid (maximum curvature) 1l
4 Posterior border of the coracoid (coracoid collar) 1
5 Ventral extremity of the glenoid cavity I
6 Posterior border of the glenoid cavity (1/2 of the height) 1l
7 Dorsal extremity of the glenoid cavity Il
8 Anterior border of the glenoid cavity (1/2 of the height) 1l
9 Base of the scapular prong (maximum curvature) 1l
10 Lateral dorsal angle of the scapular prong |
1 Medial dorsal angle of the scapular prong |
12 Limit between the scapula and the acromial process (maximum curvature) 1
13 Medial anterior angle of the acromial process |
14 Medial posterior angle of the acromial process |
15 Limit between the coracoid and the acromial process (maximum curvature) 1l
16 Anterior border of the coracoid (coracoid collar) 1

No.: number of landmarks in Fig. 2. Types |, Il, and lll: homology in Bookstein (1991).

Fig. 1 Skeleton of the shoulder and forearm in connection
with the shell and vertebral column in a terrestrial turtle
(Kinixys belliana, ventral view, plastron removed).

ac, acromial process; co, coracoid; h, humerus; r, radius;

sc, scapular prong; u, ulna.

the number of specimens. Principal Component Ana-
lysis (PCA) allows us to reduce the number of variables.
Statistical tests are computed with a small number of
principal components (PCs).

Allometry calculations use multivariate regression in
which the explicative variable is the centroid size and
the dependent variables are the shape variables (Pro-
crustes residuals or PC scores) (Klingenberg, 1996). The
multivariate regression developed by Mardia et al.
(1979) and Krzanowski (1988) has already been used in
similar studies (Hennessy & Stringer, 2002; Penin et al.

A B

Fig. 2 The 16 landmarks recorded on the right shoulder girdle
in a semi-aquatic freshwater turtle (Chelydra serpentina).

(A) Dorsal posterior view; (B) lateral view. ac, acromial process;
co, coracoid; gl, glenoid cavity; sc, scapular prong.

For definition of landmarks, see Table 2.

2002; Berge & Penin, 2004). With this method, allometry
is defined in the sense of Gould (1966), Mosiman &
James (1979) and Bookstein (1991) as shape changes
related to size increase. Five separate analyses were per-
formed to calculate allometric shape vectors in groups (all
turtles, terrestrial, semi-aquatic, highly aquatic fresh-
water turtles and marine turtles). Shape differences
between groups were identified by a Fisher discriminant
function. In the same way as allometry, the discriminant
vector is the linear combination of the shape variables

© 2006 The Authors
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(Procrustes residuals or PC scores) that best differentiates
the groups taken in pairs (semi-aquatic vs. terrestrial,
semi-aquatic vs. highly aquatic freshwater turtle).

For both multivariate regression and discrimination,
the statistical analysis comprises two steps. First, a test
of significance (F-test giving F = F-value, d.f. = numbers
of degrees of freedom, P = probability for the null
hypothesis) uses a low number of PCs to increase signi-
ficance (Berge & Penin, 2004). In a second stage, shape
vectors (to visualize shape changes related to regres-
sion or discrimination) can be calculated either with
the significant PC or all the PCs. The graphical results
are identical (Penin, 1999; Berge & Penin, 2004).

Superimposition, PCA, allometric shape vectors and
discriminant vectors, graphs and F-tests were computed
using APS Software version 2.21 (Penin, 2000-2003).

Results
The four different patterns

PCA of the 88 specimens shows that the two first PCs
(representing 73.2% of the total shape variance) sepa-
rate all the specimens into four main groups (Fig. 3).
Group | comprises the family of terrestrial turtles
(Testudinidae). Group Il contains eight families of
freshwater turtles (Bataguridae, Chelidae, Chelydridae,

The chelonian shoulder girdle, M. Depecker et al. 39

Emydidae, Kinosternidae, Pelomedusidae, Platysternidae
and Podocnemididae); Group Il contains two families
of freshwater turtles (Carettochelyidae and Trionychi-
dae) and Group IV contains the two families of marine
turtles (Cheloniidae, Dermochelyidae). Note that the
majority of freshwater turtles (group Il) are close to the
terrestrial turtles, whereas Carettochelyids and Triony-
chids (group lll) are close to the marine turtles. Since
shape differences between groups correspond to com-
posite variations along PC1 and PC2, we preferred to
describe shape patterns in terms of discriminant traits
calculated as combinations of PCs (see below).

Size-related shape changes

Figure 4(A) shows allometry in all turtles. The shape of
the shoulder girdle gradually modifies with size in all
turtles. Figure 4(B-D) show within-group allometries.
Regression tests are significant in all turtles (F=31.9;
d.f. =5, 82; P< 1079, in terrestrial turtles (F = 14.1; d.f.
=5, 30; P< 10°%), in highly aquatic freshwater turtles
(F=12.0; d.f.=4, 8; P<0.002) and in marine turtles
(F=5.4;d.f. =5, 5; P < 0.04). Only in semi-aquatic fresh-
water turtles was the regression test non-significant.
Figure 5(A-D) depict allometric shape changes. The
main changes concern the lengths of the three parts of
the shoulder girdle. Shape changes seem very similar

Fig. 3 The 88 specimens projected onto
the plane of the first principal

component PC1 (52.7% of variance) and
PC2 (20.9% of variance). Pleurodira and
Cryptodira are not distinguished in the

analysis. Group | (filled circles):
Testudinidae (specimens 1-36). Group I
(open squares): Emydidae (37-44),
Bataguridae (45-52), Chelydridae (53),
Platysternidae (54), Kinosternidae (55,
56), Chelidae (57-59), Pelomedusidae
(60, 61), Podocnemididae (62—-64).
Group Il (solid squares): Trionychidae

(65-76), Carettochelyidae (77). Group IV
(open triangles): Cheloniidae (78-87)
and Dermochelyidae (88). For species
names, see Table 1. Solid lines: shape
changes along PC1 and PC2; dotted
lines: consensus (mean shape).

© 2006 The Authors
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40 The chelonian shoulder girdle, M. Depecker et al.

Fig. 4 Allometric shape vectors
calculated in various groups of turtles.
(A) All turtles; (B) terrestrial turtles;

(O) highly aquatic freshwater turtles;
(D) marine turtles. Cs, centroid size;
Va1, allometric shape vector calculated
in all turtles; Va2, in terrestrial; Va3, in

for all turtles (Fig. 5A), for terrestrial (Fig. 5B), for highly
aquatic freshwater (Fig. 5C) and for marine turtles
(Fig. 5D). The coracoid becomes proportionally longer
with size (broader in terrestrial turtles), whereas the
scapula and the acromial process become proportion-
ally shorter. Allometric shape changes also correspond
to a wider angle between the scapular prong and the
acromial process and, consequently, a more developed
glenoid cavity region.

The discriminant traits in terrestrial, freshwater
and marine turtles

Four analyses were performed to calculate the shape
that discriminates each group of turtles from the group
of semi-aquatic freshwater turtles used as a reference.
The discrimination tests are highly significant: terres-
trial turtles, F = 154, d.f. = 3, 56, P < 10°%; highly aquatic
freshwater turtles, F = 45.6, d.f. = 3, 30, P < 107% marine
turtles, F=99.7, d.f. = 3,35, P< 105

Terrestrial turtles

When compared with the semi-aquatic freshwater
turtles, these have a more massive shoulder girdle
(Fig. 6A). The glenoid cavity is clearly larger while the
angle formed by the scapula and the acromial process
(landmarks 11, 12, 13) is much wider in terrestrial turtles
than in semi-aquatic turtles. The scapula of the ter-
restrial turtles is longer and more vertically orientated.

highly aquatic freshwater; Va4, in
marine turtles. Groups I-1V and symbols

D defined as in Fig. 3.

C D

Fig. 5 Allometric shape changes associated with allometric
shape vectors (dorsal posterior view). (A) All turtles;

(B) terrestrial turtles; (C) highly aquatic freshwater turtles;
(D) marine turtles. Dotted lines: the smallest specimens; solid
lines: the largest specimens.

© 2006 The Authors
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Fig. 6 Discriminant traits in turtles (dorsal posterior view).
The semi-aquatic freshwater turtles (dotted lines) are used as
a reference to compare with other groups (solid lines).

(A) terrestrial turtles; (B) highly aquatic freshwater turtles;
(C) marine turtles.

The coracoid is shorter and broader, and the extremities
of the coracoid and the acromial process are displaced
towards a more ventral position (lower position of
landmarks 1, 2 and 13, 14).

Highly aquatic freshwater turtles

The nine species of highly aquatic freshwater turtles
studied, belonging to two families (Carettochelyids
and Trionychids), are clearly separated from the other
species (Fig. 3). They are described as highly specialized
for swimming, in comparison with the other species
which are morphologically and functionally more gen-
eralized. We calculated the discriminant vector between
these two groups. Figure 6(B) compares the specialized
shape to the generalized one. The highly aquatic fresh-
water turtles have a more developed shoulder girdle in
its ventral part (coracoid and acromial process) relative
to the dorsal scapula. We may observe that in highly
specialized freshwater species, the coracoid is longer,
broader and more curved. The scapula is shorter and
makes an acute angle with the acromial process (land-
marks 11-13).

Marine turtles

When compared with the semi-aquatic freshwater
turtles, these have a more massive shoulder girdle
(Fig. 6C). The coracoid is longer while the acromial
process and the scapula are shorter. The coracoid has a
straight posterior border (landmarks 2-4) in comparison

© 2006 The Authors
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with the freshwater turtles, which have a curved border.
Moreover, in marine turtles, the scapula makes an obtuse
angle with the acromial process (landmarks 11-13).

Discussion

As observed by Joyce & Gauthier (2004), ‘a deeper
understanding of living turtles is ... the key to revealing
the ecology of their fossil relatives’. Their strong across-
clade correlation between hand morphology and hab-
itat preferences observed among extant turtles provides
palaeoecological evidence to suggest that turtles first
evolved in a terrestrial habitat and only later moved
into aquatic environments. Our study, using a different
morphological approach, supplies complementary data
to support such a hypothesis. Our work reveals four
distinct morphological patterns of the shoulder girdle
independent of size. The two most different patterns
are those of the terrestrial and marine turtles. Two other
freshwater turtle patterns occupy an intermediate
position in terms of size and shape. The shoulder pattern
of the semi-aquatic species is close to that of terrestrial
turtles, whereas the shoulder pattern of the highly
aquatic freshwater species is close to that of marine
turtles.

Generalist and specialist turtles

It is generally acknowledged that modern terrestrial
and marine turtles may have evolved independently
from morphologically and functionally less-specialized
freshwater turtles (Gaffney, 1975, 1984; Gaffney &
Meylan, 1988; Gaffney et al. 1991; Shaffer et al. 1997).
Our study provides precise arguments to reinforce this
hypothesis. The shoulders of terrestrial and marine
turtles appear to be highly specialized. Body size, which
may increase considerably in tortoises and marine turtles,
accentuates morphological specializations. Within
the group of freshwater turtles, we may distinguish
two different patterns. Semi-aquatic freshwater turtles
appear to have an intermediary shape pattern between
terrestrial and marine turtles, and therefore may be
regarded as generalized. Large species belonging to the
Trionychids and Carettochelyids have a more specialized
pattern, which resembles that of marine turtles.
Pace et al. (2001) compared two species belonging
to the two groups (semi-aquatic and highly aquatic
freshwater turtles). In terms of habitat, morphology
and limb function, one is generalized (red-eared slider),
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and the other (spiny softshell turtle) specialized. The
generalized species spends time in both terrestrial and
aquatic habitats, whereas the specialized species spends
little time out of water. The former possesses twice as
much forelimb surface area as the generalized species
for generating drag-based thrust in swimming (Pace
et al. 2001). These strong swimmers have extensive
webbing between the toes of both forefeet and hindfeet
(Trionychids), and a real forepaddle (Carettochelyids),
as in marine turtles (Cann, 1998). Highly aquatic turtles
generate specific efficient movements for swimming as
compared with semi-aquatic ones (Pace et al. 2001).

Allometric shape changes in the shoulder girdle

We observed a progressive shape change of the shoulder
girdle morphology with increased size in terrestrial,
highly aquatic freshwater turtles and marine turtles
(only semi-aquatic turtles display insignificant allome-
tric shape changes). Within these groups, the shoulder
girdle tends to become more massive and robust, with
broader muscular surfaces in the scapula and coracoid
in large turtles. In aquatic turtles, these shape changes
give rise to very powerful antagonist dorsal abductor
and ventral adductor muscles. The subscapularis
muscle, inserted on the lateral surface of the scapula,
acts as an important abductor of the forelimb, and the
supracoracoideus and coracobrachialis magnus muscles,
inserted on the ventral and dorsal surface of the cora-
coid, act as adductors of the forelimb (Walker, 1973).

With continuous growth, some turtles may attain
extremely large body size. The smallest species are found
among the terrestrial and the generalized freshwater
turtles, whereas the largest species are found in terrestrial
and marine turtles. The largest highly aquatic turtles
are the same size as the smallest marine turtles. Some
variants in allometric shape changes are probably
due to locomotor adaptations. For example, when size
increases, the coracoid becomes broader in terrestrial
turtles, whereas it becomes longer in marine turtles,
and both longer and broader in highly aquatic fresh-
water turtles.

Morphological patterns related to locomotor
behaviours

The results strongly support the existence of four dif-
ferent shoulder patterns in turtles. These morphological
patterns have been calculated independently of size.

They may correspond to functional patterns, related to
the locomotor constraints imposed by the different
habitats in which turtles live. The small freshwater
turtles comprise eight families belonging to pleurodires
and cryptodires. This large group occupies both terres-
trial and aquatic environments. Their shoulder girdle
appears to have a generalized shape, intermediate
between that of terrestrial turtles and that of aquatic
turtles. Here, the term ‘semi-aquatic’ describes turtles
which possess such a morphological pattern. The ter-
restrial Testudinids constitute a homogeneous group in
terms of shoulder shape. Large species keep the same
morphological pattern, differing only slightly accord-
ing to allometric shape changes. In general, they are
well adapted to a strictly terrestrial environment. The
term ‘terrestrial turtles’ chosen here is synonymous
with ‘land tortoises’, traditionally used to distinguish
them from all other families. The marine turtles are
Cheloniids and Dermochelyids, two morphologically
close families often regarded as extant sister-groups
(Gaffney, 1975, 1984; Gaffney & Meylan, 1988; Gaffney
et al. 1991; Hirayama, 1995; Shaffer et al. 1997). They
are highly specialized for swimming, both on account
of their limb morphology (forepaddles) and their use
of synchronous and simultaneous movements of the
forelimbs, or of the hindlimbs, or of both simultaneously
(Davenport et al. 1984; Davenport & Clough, 1986;
Davenport, 1987), whereas the others, like most tetra-
pods, use alternating limbs (Grillner, 1975, 1981). The
shoulder girdle morphology confirms a certain homo-
geneity in the group of Cheloniids and Dermochelyids,
except Caretta caretta, which appears to be closer to
less specialized turtles (freshwater turtles) in our analysis.
Among the freshwater turtles, two families, the Triony-
chids and the Carettochelyids, are regarded as morpho-
logically close and sister-groups (Bickham et al. 1983;
Gaffney & Meylan, 1988; Meylan & Gaffney, 1989;
Gaffney et al. 1991; Shaffer et al. 1997). They share spe-
cialized traits with the marine turtles corresponding to
their highly aquatic lifestyle. However, the Trionychids
and the Carettochelyids preserve anatomical traits in
common with the generalized freshwater turtles. Our
results suggest that such specialized traits, which char-
acterize strong aquatic adaptation, appeared several
times in the evolution of turtles. These convergent traits
concern both the shoulder girdle and limb extremities.
Among the freshwater turtles, the locomotor behavi-
our of Carettochelys insculpta is closest to that of the
marine turtles (Georges, 1988). When swimming, its

© 2006 The Authors

Journal compilation © 2006 Anatomical Society of Great Britain and Ireland



Fig. 7 Shape and orientation of the
shoulder girdle elements in relation to
the shape of the shell (anterior view).
(A) Terrestrial turtles; (B) highly aquatic
freshwater turtles; (C) marine turtles.
The shape of the shoulder girdle results
from the calculation of discriminant
traits (see Fig. 6). The extremities of the
scapular prong and the acromial process
are placed on a vertical line. A

limb movements can be simultaneous. Carettochelys also
has a limb morphology (shoulder and paddles) that is
closest to that of marine turtles.

The locomotor adaptations of aquatic and terrestrial
turtles differ fundamentally. During terrestrial locomo-
tion, the limbs must provide both support and propul-
sion, whereas in aquatic locomotion, the water supports
the body, and propulsive forces derive entirely from
the limbs pushing against the water. On account of the
rigid trunk and the weight of the shell, terrestrial
walking in such slow animals implies particular condi-
tions. Jayes & Alexander (1980), and Van Leeuwen et al.
(1981) noted that the vertical components of muscular
forces used in walking must be very much larger than
the horizontal components in order to counterbalance
body weight. The girdles play a fundamental role in
supporting the trunk in the terrestrial environment
because they act like beams to support the shell (Walker,
1962, 1971a, 1973). In contrast, the girdles do not play
such a supporting role in the aquatic environment. The
streamlined shape of the body is associated with hyper-
trophied flapping forelimbs, which gives an advantage
in terms of locomotor efficiency (Davenport et al.
1984). Walker (1973) suggested a relationship between
the shape of the shoulder girdle and the configuration
of the shell. In terrestrial turtles, the angle between the
scapular prong and the acromial process is greater than
90° (Walker, 1973), and the shell is high and domed
(Romer, 1956; Iverson, 1992). In some aquatic freshwater
turtles, Walker (1973) noted that the angle is consider-
ably less than 90°, and the shell is flat. Our analysis shows
that the shoulder girdle varies greatly in shape and
proportion in the different groups. The relative lengths
and orientations of the three elements (scapular prong,
coracoid, acromial process) are directly linked to the
shape of the shell (Fig. 7). In terrestrial turtles, the
vertical position and the great length of the scapular
prong are correlated with the domed shell. In both
marine and highly aquatic freshwater turtles, the scapular
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prong is short and more inclined in association with a
long coracoid, and the shell is flat. In comparison with
marine turtles, highly aquatic freshwater turtles have a
flatter and broader shell associated with a more inclined
scapular prong (acute angle between scapular prong
and acromial process) (Fig. 7). In spite of living in a
freshwater environment, highly aquatic freshwater
turtles possess convergent morphological traits with
marine turtles correlated with good swimming ability.
As noted by Walker (1973), aquatic turtles possess a
long coracoid, which gives them a mechanical advant-
age in swimming in terms of lever arms and muscular
attachments. Our study also indicates that their shoulder
morphology is directly linked to the streamlined shape
of the shell.
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