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ABSTRACT
This study aims to interpret the axial patterning of the crocodylian neck,

and to find a potential taxonomic signal that corresponds to vertebral position.
Morphological variation in the cervico-thoracic vertebrae is compared in fifteen
different crocodylian species using 3D geometric morphometric methods. Multi-
variate analysis indicated that the pattern of intracolumnar variation was a grad-
ual change in shape of the vertebral series (at the parapophyses, diapophyses,
prezygapohyses, and postzygapohyses), in the cervical (C3 to C9) and dorsal (D1-
D2) regions which was quite conservative among the crocodylians studied. In
spite of this, we also found that intracolumnar shape variation allowed differen-
tiation between two sub regions of the crocodylian neck. Growth is subtly corre-
lated with vertebral shape variation, predicting changes in both the vertebral
centrum and the neural spine. Interestingly, the allometric scaling for the pooled
sample is equivalently shared by each vertebra studied. However, there were sig-
nificant taxonomic differences, both in the average shape of the entire neck con-
figuration (regional variation) and by shape variation at each vertebral position
(positional variation) among the necks. The average neck vertebra of crocodylids
is characterized by a relatively cranio-caudally short neural arch, whereby the
spine is relatively longer and pointed orthogonal to the frontal plane. Conversely,
the average vertebra in alligatorids has cranio-caudally longer neural spine and
arch, with a relatively (dorso-ventrally) shorter spine. At each vertebral position
there are significant differences between alligatorids and crocodylids. We discuss
that the delayed timing of neurocentral fusion in Alligatoridae possibly explains
the observed taxonomic differences. Anat Rec, 00:000–000, 2014. VC 2014 Wiley
Periodicals, Inc.
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Eusuchian crocodiles are characterized by key skeletal
evolutionary innovations including procoelous vertebrae,
convex caudal articular surface, along their vertebral
column, and a tetraseriated osteodermal shield (Norell,
1989; Busbey, 1994; Brochu 1997; Salisbury et al., 2006;
Pol et al., 2009; Buscalioni et al., 2011). Early seminal
contributions on vertebral shape posited that the acqui-
sition of a procoelic vertebral articulation was the key
skeletal modification that led to the emergence of the
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clade Crocodylia (sensu Benton and Clark, 1988). This
type of “ball and socket” vertebral articulation enabled
enhanced angular movement with each vertebral unit,
thereby increasing axial mobility in these animals. The
mechanical advantages of the procoelic vertebrae, the
presence of a biconvex first caudal vertebra and the
angled disposition of the zygapophyses, signified an effi-
cient progression towards aquatic life in crocodiles (Trox-
ell, 1925). Several authors have suggested that the
coupling of such key innovations (i.e., procoelia and der-
mal skeleton), would be biomechanically constraining
both the musculoskeletal and dermatoskeletal systems
(i.e., the Eusuchian bracing system sensu Salisbury and
Frey, 2001; Salisbury et al., 2006), which restrained deci-
sive phenotypic changes among major crocodylian clades
(Cleuren and de Vree, 2000). In fact, Crocodylidae, Alli-
gatoridae and the long-snouted genus Gavialis main-

tained the same musculoskeletal axial morphology
(Seidel, 1978; Cleuren and De Vree, 2000; Tsuihiji, 2005,
2007).

As a consequence of the above, most of the morpholog-
ical characters proposed for phylogenetic inference focus
on the anatomy of the atlas-axis complex, the anatomy
of the third cervical vertebra, and the extension of the
hypapophyses to the dorsal vertebral series (see charac-
ter description in Fig. 1). This leaves an important gap
in our understanding of other taxonomic traits of the
axial skeleton, in particular those relating to the cervico-
thoracic region, which may allow differentiating between
major crocodilian clades. The fact that the cervical sys-
tem is influenced by multiple factors and forces that
stem from head support and limb movement (Frey,
1988a; Cleuren and de Vree, 2000), indicate the rele-
vance of the entire anatomical and functional system in
crocodile evolution. Therefore it is important to carry
out new research on this system in the Crocodylia
crown-group divergence.

Vertebral shape variation has been studied quantita-
tively in anthropological and medical studies (Manfreda
et al., 2006), and in several mammalian groups (Filler,
1986; Chen et al., 2005; Galliari et al., 2009). However,
similar studies are rather scarce in other vertebrate
groups, for example amphibians (Wake, 1980) and reptiles
(snakes, Polly and Head, 2004; Sarris et al., 2012; vara-
nids, Burnell et al., 2012). In addition, postcranial axial
shape variation is serially continuous and previous stud-
ies investigating interspecific morphometric variation in
complete segments (cervical and/or dorsal series) have
concluded that it is possible to make a detailed description
of the general axial patterning of the group, as well as to
identify specific traits that allow for regional axial differ-
entiation. Therefore, predicting relevant correlated
changes along vertebral portions as determined by axial
position is morphometrically possible (Polly and Head,
2004), as well as by taxonomic and functional specializa-
tions (Wake, 1980; Burnell et al., 2012). Using three
dimensional geometric morphometrics, here we aim to
quantitatively describe vertebral shape variation for the
first time in crocodylians. This will be achieved by analy-
sing the vertebrae of the cervico-thoracic segment from
fifteen different species. In particular, we aim to interpret
the patterning of axial organization in the neck of Croco-
dylia (i.e., regional shape variation), and to ascertain
whether there is a taxonomic signal (differentiation
between families) corresponding to vertebral position (i.e.,
positional shape variation).

MATERIAL AND METHODS

Specimens

The sample spanned a wide range of crocodylian
diversity (63% of all species) and disparity. It included
eight genera, and 15 species of adult and subadult speci-
mens (Alligator mississippiensis Daudin 1802, A. sinen-
sis Fauvel 1879, Caiman crocodilus Linnaeus 1758, C.
yacare Daudin 1802, Melanosuchus niger Spix 1825,
Paleosuchus palpebrosus Cuvier 1807, P. trigonatus
Schneider 1801, Crocodylus acutus Cuvier 1807, C. mor-
eletii Dum�eril and Bibron 1851, C. niloticus Laurenti
1768, C. rhombifer Cuvier 1807, C. siamensis Schneider
1801, Osteolaemus tetraspis Cope 1861, Tomistoma
schlegelii M€uller 1838, Gavialis gangeticus Gmelin 1789)

Fig. 1. Cladogram depicting the relationships between the species
sampled, in which the main transformations of cervical characters are
highlighted. The phylogenetic hypothesis and the definition of the
derived character states are based on Brochu (1997): 1, Ventral tuber-
cle of the proatlas less than one half; 2, Proatlas strap-shaped (1),
massive and block shaped (2); 3, Caudal half of axis neural spine nar-
row; 4, Axis neural arch possesses a lateral process; 5, Atlas intercen-
trum plate-shaped in lateral view; 6, Axial hypapophysis located
toward the cranial end of the vertebral body; 7, Hypapophyseal keels
present on all cervical vertebrae, along thoracic vertebrae I–III (1), or
thoracic vertebrae I–IV (2); 8, C-III with a weakly developed hypapoph-
ysis (1); or with a prominent hypapophysis (2); 9, Neural spines on the
caudal cervical vertebrae craniocaudally narrow compared with those
on the cranial cervical vertebrae; 10, Proatlas lacking a cranial pro-
cess; 11: Cranial half of axis neural slopes cranially; 12, Axial neural
spine not crested. Character state changes are placed according to
an accelerate transformation optimization; the grey box are reversals.
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all from the Florida Museum of Natural History (Gaines-
ville, USA). The length of the femora was measured to
determine the maturity of the specimens (see Appendix).
In addition the occurrence of the neurocentral fusion in the
specimens of Alligator mississippiensis was corroborated.
According to Ikejiri’s estimations (2012) the measurements
that we obtained corresponded to those of adults, or nearly
adult animals ranging between 1 and 3 m in body length.

The Cervico-thoracic Region

The ossification of the axial skeleton in crocodylians
follows a cranio-caudal gradient. The cervical centra and
neural arches show the first sign of mineralization dur-
ing embryonic development (Rieppel, 1993). However,
the fusion of the neural arch with the centrum occurs
during postnatal ontogeny, leaving the neurocentral
suture of most of the presacral vertebrae open, even
after the animal reaches sexual maturity. Unlike the
ossification pattern, the closure of the neurocentral
suture follows a caudo-cranial sequence (Brochu, 1992).
Therefore the neurocentral suture of the cervical region
is the last to fuse. Consequently, the closure sequence of
the external neurocentral suture can be traced along the
axial series and compared with the body length of the
animal (Ikejiri, 2012).

The presacral vertebral column in Crocodylia is divided
into cervical and dorsal vertebrae that can be subdivided
into thoracic and lumbar (Hoffstetter and Gasc, 1969). All
the vertebrae are procoelous except for the atlas, the axis,
the second sacral and the first caudal. Proof of the exis-
tence of at least seven cervical vertebrae is provided by
the anterior extension of the coelom to the eighth verte-
brae (Duncker, 1979), though osteological criteria restrict
the cervical region to 8 or 9 vertebrae. Limiting the cervi-
cal region to the eighth cervical coincides with the posi-
tion where the para- and diapophyses processes are
furthest apart and situated near the dorsal central border
(Mook, 1921). We define the cervical region as the nine
first vertebrae restraining the series to those vertebrae
bearing cervical ribs, which are disconnected from the
sternum (Hoffstetter and Gasc, 1969; Frey, 1988b; Cleu-
ren and De Vree, 2000; Claessens, 2009).

The classical approach to vertebral shape variation is
essentially descriptive (Romer, 1956; Hoffstetter and
Gasc, 1969), although occasionally some taxonomic stud-
ies involve the use of measurements (Mook, 1921, 1925;
Johnson, 1955; Cong et al., 1998; Schwarz et al., 2006;
Jouve et al., 2006). Overall, the vertebral series present a
gradual morphological transition that depends on the
position of the paired rib articulations (parapophysis with
the costal capitulum, and diapophysis with the costal

Fig. 2. Crocodylian cervical vertebra in lateral view (A), in cranial and caudal views (B) and in dorsal
view (C) with the 43 landmarks described in Table 1. Scale bar 2 cm. Abbreviations: Diap., diapophysis;
Hypap., hypapophysis; Neu.Sp., neural spine; Parap., parapophysis; Postz., postzygapophysis; Prez.,
prezygapophysis. CT-scanned vertebra from Paleosuchus.
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tuberculum), and on the zygarthral (pre- and postzyga-
pophyses) angles between adjacent vertebrae (Mook,
1921; Salisbury and Frey, 2001). Unlike those of Aves
and some non-avian dinosaurs, the position and shape
of parapophyses and diapophyses shifts continuously
along the cervico (2–9) and thoracic (1–9) series in croco-
dylians (Mook, 1921; Claessens, 2009; Schachner et al.,
2009). The area selected in this study comprises the
third (C3) to the ninth (C9) cervical vertebrae, and the

first two thoracic vertebrae (D1–2) where this gradual vari-
ation is clear. The atlas and axis have been excluded
because each vertebra is formed by a singular combination
of diverse and isolated elements whose configuration
makes impossible any comparison with the rest of verte-
brae. The first two thoracic vertebrae (prothoracic verte-
brae, according Salisbury and Frey, 2001) have been
included because they are more similar to the preceding
cervical vertebrae than to the subsequent dorsal vertebrae.

TABLE 1. Vertebral landmarks anatomically ordered by: articular surfaces, bony processes,
neural arch and centrum

No. Anatomical description

Articular Surfaces
15 Ventralmost border of the vertebral centrum on the caudal articular surface
16 Central distal tip of the vertebral condyle
17 Dorsalmost extreme of the vertebral condyle
18 Ventralmost extreme of the vertebral condyle
19 Lateralmost extreme of the vertebral condyle (left side)
25 Dorso-caudal border of the parapophysis capitular surface (pararthrum countour)
26 Ventro-caudal border of the parapophysis capitular surface (pararthrum countour)
27 Dorso-cranial border of the parapophysis capitular surface (pararthrum countour)
28 Ventro-cranial border of the parapophysis capitular surface (pararthrum countour)
31 Caudal border of the diapophysis tubercular surface (diarthrum countour)
32 Cranial border of the diapophysis tubercular surface (diarthrum countour)
33 Dorsal border of the diapophysis tubercular surface (diarthrum countour)
34 Ventral border of the diapophysis tubercular surface (diarthrum countour)
8 Cranio-axial border of the postzygapophysis articulation surface (postzygarthrum countour)
9 Cranio-lateral border of the postzygapophysis articulation surface (postzygarthrum countour)
10 Caudo-lateral border of the postzygapophysis articulation surface (postzygarthrum countour)
11 Caudo-axial border of the postzygapophysis articulation surface (postzygarthrum countour)
39 Cranio-axial border of the prezygapophysis articulation surface (prezygarthrum countour)
40 Cranio-lateral border of the prezygapophysis articulation surface (prezygarthrum countour)
41 Caudo-lateral border of the prezygapophysis articulation surface (prezygarthrum countour)
42 Caudo-axial border of the prezygapophysis articulation surface (prezygarthrum countour)
43 Central depression of the cranial cotyle (vertebral fossa)

Vertebral Processes
24 Caudal contact between the parapophysis and the vertebral body (paraphophyseal process)
29 Caudal contact between the diapophysis and the vertebral body (diaphophyseal process)
30 Cranial contact between the diapophysis and the vertebral body (diaphophyseal process)
20 Caudal border of the hypapophysis at the vertebral body (hypaphophyseal process)
21 Ventro-caudal tip of the hypapophysis (hypaphophyseal process)
22 Ventro-cranial tip of the hypapophysis (hypaphophyseal process)
23 Cranial border of the hypapophysis at the vertebral centrum (hypaphophyseal process)
1 Axial confluence of the neural arch and the neural spine at the cranial region (spinal process)
2 Dorso-cranial contour of the neural spine (spinal process)
3 Neural spine maximum dorsal curvature (spinal process)
4 Dorso-caudal contour of the neural spine (spinal process)
5 Axial confluence of the neural arch and the neural spine at the caudal region (spinal process)
6 Cranio-lateral tip of the postzygapophysis pedicle (postzygapophyseal process)
7 Cranialmost tip of the postzygapophysis pedicle (postzygapophyseal process)
38 Cranial confluence between the neural arch and the right prezygapophysis (prezygapophyseal

process)
Neural arch and centrum

12 Lateral confluence of the left neural arch pedicle and the vertebral centrum on the neurocentral
suture at the caudal region (peduncle of the neural arch)

13 Axial confluence of the left neural arch pedicle and the vertebral centrum on the neurocentral
suture at the caudal region (peduncle of the neural arch)

14 Axial confluence of the right neural arch pedicle and the vertebral centrum on the neurocentral
suture at the caudal region (peduncle of the neural arch)

35 Lateral confluence of the left neural arch pedicle and the vertebral centrum on the neurocentral
suture at the cranial region (peduncle of the neural arch)

36 Axial confluence of the left neural arch pedicle and the vertebral centrum on the neurocentral
suture) at the cranial region (peduncle of the neural arch)

37 Axial confluence of the right neural arch pedicle and the vertebral centrum (on the neurocentral
suture) at the cranial region (peduncle of the neural arch)

The terminologies used follow Salisbury et al. (2006), and in bracket, Filler (1986).
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Fig. 3. Principal components of all the vertebrae (n 5 277). (A)
Scatter-plot of PC1 (x axis) versus PC2 (y axis). (B) Morphological vari-
ation across PC1. Vertebrae have been represented laterally and in
their anterolateral views to show main variation at positive and nega-
tive values. (C) Morphological variation across PC2. Vertebrae repre-

sented in lateral view. Note that vertebrae in the anterolateral views
are not fully symmetrical, because variation is captured solely at the
left vertebral half and the right prezygapophysis (see Material and
Methods). The left prezygaphophysis has been cleared to facilitate the
view of the shape variation.

TABLE 2. PCA for regional variation (left) and positional variation (right)

Regional variation Positional variation

PC Eigenvalues % Var Cum % PC Eigenvalues % Var Cum %

1 0.02176757 51.16 51.16 C3 1 0.00605908 30.746
2 0.00602996 14.172 65.333 2 0.00241363 12.248 42.994
3 0.00281452 6.615 71.948 C4 1 0.00609147 33.96
4 0.00138955 3.266 75.213 2 0.00283418 15.8 49.76
5 0.00120852 2.84 78.054 C5 1 0.00481758 27.547
6 0.00100114 2.353 80.407 2 0.00359374 20.549 48.096
7 0.00091019 2.139 82.546 C6 1 0.00469903 26.738
8 0.00075779 1.781 84.327 2 0.00393106 22.368 49.106
9 0.00058606 1.377 85.704 C7 1 0.00494791 29.219
10 0.0004912 1.154 86.859 2 0.00338565 19.994 49.213
11 0.00047194 1.109 87.968 C8 1 0.00417029 24.79
12 0.00041704 0.98 88.948 2 0.00269363 16.012 40.803

13 0.00031541 0.741 89.69 C9 1 0.00392838 24.549
14 0.00028307 0.665 90.355 2 0.00247795 15.485 40.034

D1 1 0.00389559 23.073
2 0.00236315 13.996 37.069

D2 1 0.00502134 28.669
2 0.00255951 14.613 43.282

For positional variation only the first two first principal components are indicated.
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Fig. 4. Morphological differences between Alligatoridae and Croco-
dylidae. (A) Discrimant analysis showing the statistical difference in
average vertebral shape (P< 0.0001) between families, considering
the entire series (regional variation) (B) Discriminate analysis of mean
shape differences by vertebral position between families (local varia-
tion). In (A) and (B) the images are thin-plate spline morphs represent-
ing the mean shape corresponding to each family. Notice that the

likelihood of discriminating correctly decreases caudally. (C) Anatomi-
cal neck configuration in Crocodylidae (IHNE Crocodylus acutus,
male, body length 300 cm), and Alligatoridae (IHNE Caiman crocodi-
lus, male, body length 160 cm). Scale bar 2 cm. Specimens housed in
Instituto de Historia Natural y Ecolog�ıa, Museo del Cocodrilo, Estado
de Chiapas, M�exico.

6 CHAMERO ET AL.



Landmarks

Forty-three vertebral landmarks were digitized for 9
vertebrae in 32 specimens in three dimensions using a
Microscribe G2 (Immersion, San Jose, CA). The landmarks
(Fig. 2) capture the geometry of the vertebrae as conveyed
by the shape of the articular surfaces, vertebral processes,
and neural arch. Table 1 summarizes the anatomical terms
used. Only the landmarks on the left half of each vertebra
were analysed, with the exception of the prezygapophysis
where it was necessary to include the landmarks on the
right side to gain access to the morphology. The configura-
tions of 3D landmarks were aligned using a full Procrustes
fit to eliminate the effects of translation, rotation and
scale, and centroid size. The most common measure of size
in geometric morphometrics is centroid size (CS): the
square root of the sum of all the squared distances between
landmarks (Mitteroeker et al., 2013). Principal component
analyses (PCA) were used to summarize the variance in
shape data of each vertebral element across the sample
(Lattin et al., 2003; Zelditch et al., 2004). The allometric
relationship between vertebral shape and size was ana-
lysed using multivariate regression (Monteiro, 1999). All

the geometric morphometric procedures were performed
using MorphoJ (v.1.02c; Klingenberg, 2011). The visual
morphs were obtained by exporting MorphoJ’s results and
warping a CT-scanned vertebra using Landmark Editor
Software (Wiley, 2006).

In the present study we compare the results of the
regional and the positional variations carried out in
different analyses. First, we analysed the regional
variation using PCA including crocodylids (Crocodyli-
nae 1 Tomistoma), alligatorids and the gavial to deter-
mine the shape variation of the axial segment from
C3 to D2. Second, we analysed the variation by ele-
ment and position, which required an independent
PCA (see sample number per vertebral position in
Appendix 1) to envisage variation per positional site.
These two analyses incorporate the taxonomic distinc-
tion between the two most diversified families. For
regional variation the average vertebra of Crocodyli-
dae and Alligatoridae were shaped using the pooled
mean of the complete segment of the cervico-thoracic
region. To assess the familiar differences we analyses
each vertebral position separately using a discrimi-
nant analysis. A permutation test (1,000 permutations)

Fig. 5. PCA ordinations, and vertebral variation by position. Shape changes corresponding to the PCA
axes are the same as those in Fig. 6.
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using the Procrustes distance and the T2 statistic were
employed to identify any statistically significant difference
in the mean shapes between the two families. Third, we
evaluated the size of the intracolumnar variation to test
the occurrence of regional differentiation. The ratio
between the CS of each vertebra to the mean CS of each
specific vertebral series has been calculated.

To test the effect of size on shape across the crocodylian
species (interspecific allometry), a linear multivariant
regression of the Procrustes residuals on size (CS) was per-
formed to obtain the regression scores (RS, Drake and
Klingenberg, 2008). We opted to use the raw (original) Pro-
crustes data instead of using phylogenetically independent
contrast because the data includes growth series, and the
Crocodylinae interrelationships remain poorly resolved
(Crocodylus species may even be fully polytomic). More-
over, Tomistoma may be the sister group of Gavialis or of
Crocodylinae. All this would make the estimation of the
hypothetical ancestors (HTUs) inconsistent with reality.

RESULTS

Regional Variation of the Cervico-thoracic Region

The same pattern of regional variation (i.e., intraco-
lumnar) occurred irrespective of the taxon analysed, con-
firming that the axial patterning variation is
conservative through all the species analysed (Fig. 3A).
Most of the variation is explained by the first two princi-
pal components (PC1 5 51.16% and PC2 5 14.17%; var-
iance explained 5 65.33%; Table 2). The variation in

shape explained by PC1 is principally related to changes
in the orientation and the relative size of the para- and
diapophyses (Fig. 3B). The changes in PC2 are associated
with the cranio-caudal shorten of the centra, and the
increase in height (relative to the neural arch and the ver-
tebral body) of both the neural spines and the hypapophy-
ses (Fig. 3C). In addition, the neural spine tends to be
cranio-caudally shorter, with its axis perpendicular to the
frontal plane of the vertebra.

In the scatter-plot (Fig. 3A) the vertebrae are ordered
sequentially with respect to their anatomical position.
There is a morphological gradation from the anterior to
the posterior region (between C3 and D2), and the order-
ing of vertebrae is primarily determined by the variation
in the dia- and parapophyses, which in turn determines
the position of the vertebrae. Nevertheless, the morpho-
logical gradation showed a curved trajectory, which delim-
ited two subset shape changes: the anterior series from
C3 to C6, and the posterior from C7 to D2. Thus, the intra-
columnar variation indicates a perceptible regionalisation
of the axial patterning. Accordingly, between C3 and C6
the vertebrae are morphologically homogeneous. From C7
to D2 the vertebrae have a greater disparity in shape as a
result of changes exerted by the para- and diapophyses
(PC1). In these vertebrae (see negative values of PC1, Fig.
3B) the capitular facet of the parapophyses stretches
cranio-caudally, and lengthens dorso-ventrally. Its posi-
tion becomes more cranial and dorsal, situated near the
neurocentral suture. The diapophyses tend to be oriented
perpendicularly to the neural arch; lengthening their

Fig. 6. Morphological variation across principal components by vertebral position. PC1 shown at left
and PC2 at right; C4, C8, and D2 were used to exemplify shape variation. (A) Pattern of variation obtained
in the analysis of C3, C4, C5, and C6 vertebrae; (B) the same at the interval C7 to C9; (C) the same for
D1 and D2; (D) pattern of variation in PC2 obtained in the analysis of C3 to C6; (E) the same at the inter-
val C7 to C9; (F) the same for D1 and D2.
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positions change so that they are at the same level as the
zygapophyses. In addition, in the two first thoracic verte-
brate the neural spine widens cranio-caudally without
changing orientation, and the hypapophyses are cranio-
caudally shortened and ventrally oriented (see negative
values of PC2, Fig. 3C).

Differences between crocodylids and alligatorids.
A discriminant analysis of the families captures the morpho-
logical differences in the cervico-thoracic region (P<0.0001;
Fig. 4A). In this region, the average vertebra of crocodylids
is characterized by their neural spine and arch. The neural
arch is relatively short (cranio-caudally), and the spine is
relatively long (dorso-ventrally) and pointed orthogonal to
the frontal plane. Conversely, the average vertebra in alliga-
torids has a flattened and robust appearance, because the
neural spine and the arch are cranio-caudally longer, with a
relatively dorso-ventrally shorter spine. The hypapophysis
is ventrally oriented and relatively smaller in crocodylids
than in alligatorids (Fig. 4A). The facets of the zygapophyses
are slightly bigger in crocodylids and the prezygapophysis
occupies a more lateral position in the alligatorids.

Positional Variation

Particular local changes can be traced at the articular
surfaces, neural arch and hypapohyses by examining the
variation within each vertebral site. Most variation can
be explained by the first two principal components
(Fig. 5, Table 2). The variation across PC1 is character-
ized by the orientation of neural spine, the condyle, and
the relative size and orientation of the hypapophysis
(Fig. 6A–C). The results of PC1 for vertebrae C3 to C6
show scarcely any variation in the hypapophysis, the
most noticeable change being at the condyle, and the
neural spine orientation (Fig. 6A). The opposite occurs
in the vertebrae C7 to D2 where there is more variation

in the orientation and the relative size of the hypapophysis
than in that of the condyle and the neural spine (Fig. 6B,C).
The variation in the neural spine and hypapophysis is corre-
lated, but opposed in the prothoracic (D1-D2) and cervical
(C7-C9) vertebrae. In the two first thoracic vertebrae, the
changes in caudally oriented neural spines are linked to
large and cranially oriented hypapophyses, while orthogo-
nally oriented neural spines are so with small and ventrally
oriented hypapophyses (Fig. 6C). In PC2 (Fig. 6D–F) the
variation involves the neural spine lamina, which is longer
and thinner, or shorter and broader. Accordingly PC2, verte-
brae (C7 to D2) with narrower spines have cranially ori-
ented hypapophyses, while those with broader spines have
vertically oriented hypapophyses (Fig. 6E,F).

Differences between crocodylids and alligatorids.
At each vertebral position there are significant differences
between alligatorids and crocodylids (P< 0.0001; Fig. 4B).
Crocodylids necks are characterised by semispherical con-
dyles facing dorsally, in particular throughout C3–C6, and
by relatively long and narrow hypapophyses and neural
spines throughout C5–C7. In crocodylids the diapophyses
are more dorsally oriented than in alligatorids (Fig. 4B,C).
The vertebral morphology of Gavialis gangeticus and
Tomistoma schlegelii is similar to the pattern of variation
observed in Crocodylinae. On the contrary, alligatorids
have horizontally facing condyles (except in D2). The shape
of C3–C4 and C6–D2 characterizes the cervico-thoracic
series of alligatorids. The anterior vertebrae have broad
neural spines caudally oriented but small hypapophysis
(smaller than those of crocodylids), while the posterior ver-
tebrae have large and cranially oriented hypapophysis
(larger than those of crocodylids; Fig. 4B,C).

Size

Across taxa, the average centroid size of vertebrae
increases orderly from the third cervical to the last second

Fig. 7. Relationship between size and shape. (A) Box plot showing
the standardized variation ordered from cranialmost (C3) to caudalmost
(D2) vertebrae. The centroid size of each vertebra is standardized by the
vertebrae mean size of the column they form part of. The line at CS 5 1
denotes the mean size, above which the vertebrae are larger than the
mean. (B) Multivariate regression analysis. The dispersion corresponds
to the taxa ordered according to the correlation between size and shape

(x size, y regression score, shape). Left arrow indicates the localization
of both the younger C. niloticus and the smaller species C. palpebrosus,
right arrow indicates an older and large individual of C. niloticus. The
ellipse demarcates the total neck of each individual (from C3–D2). (C).
Interspecific allometry per vertebral position predicted by the general
allometric trend (dotted line in (B)).
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thoracic; the most rostral vertebrae (C3–C4) are
the smallest and the most caudal vertebrae (D1–D2)
the largest (isometry; Fig. 7A). When analysing the com-
plete dataset (i.e., neither taking into consideration the
position nor taxonomy), the multivariate regression
yields an ordered pattern that allows differentiating both
neck configurations (by vertebral position) and species
(Fig. 8A,B). Accordingly, the multivariate regression of

shape onto CS shows a general trend in which vertebral
shape changes allometrically (%explained var-
iance 5 7.04; P<0.0001; Fig. 7B), and whereby growth
(size increase) predicts changes in the vertebral centrum
and the neural spine (Fig. 7C). This covariance between
size and shape across species corresponds to the interspe-
cific allometry of the cervico-thoracic region. Interest-
ingly, the allometric scaling (slope) of each vertebra,

Fig. 8. Color-coded ordination of multivariate regression of Fig. 7 showing the relationship between ver-
tebral size and shape. (A) Color coding indicates vertebral positions across species. (B) Color coding sep-
arates between species in the sample. Two growth series are highlighted coloring the species’ names
(Tomistoma schlegelii and Crocodylus niloticus) and asterisk highlights the size difference between the
smallest and the largest species in the sample.
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compared by position, is equivalent to that of the gen-
eral trend (i.e., size increase explains equivalent shape
changes), although the trends are parallel, clearly indi-
cating that they differ in the intercept. Furthermore, a
posterior analysis (PCA) of the residuals (the portion of
shape variance which is not correlated to size), indicates
that the total range of shape variance, which was previ-
ously explained in Fig. 3A,B, is non-allometric (i.e., dif-
ferences in the intercept indicate that major shape
changes across crocodylians are size independent). Con-
sequently, this not only indicates that the major source
of variation in cervico-thoracic region is independent of
size, but also that the observed allometric patterns
(whether the general or the positional trends) derives
from the fact that in the sample there are younger and
older individuals (e.g., Crocodylus niloticus), plus the
smaller and larger species (e.g., Caiman palpebrosus
and Crocodylus porosus-siamensis, respectively). This
further suggests that both the ontogenetic and interspe-
cific allometric trends explain the same vertebral shape
changes.

DISCUSSION

Vertebral series contain important morphological
information, from embryology to local changes of its
parts, which relate to the evolution of axial column pat-
terning (Filler, 1986, 2007). When combined, both the
analyses of regional variation and those of variation by
element and position (i.e., intracolumnar and interspe-
cific patterns of neck morphological variation, respec-
tively) indicate that patterns of intracolumnar variation
encompass gradual shape changes in the vertebral
series, and that the cervico-thoracic region is quite con-
servative among extant crocodylians. However, we also
found that there are statistically significant taxonomic
differences in vertebral position in the necks between
crocodylian families. These differences are mainly
encompassed by the neural spine, the neural arch and
the hypapophysis, and together, these convey a signifi-
cant average neck vertebra between families.

Our results substantiate that the positions of para-
and diapophyses and other vertebral processes, such as

Fig. 9. Phylogenetic network of Crocodylomorpha, showing the axial neck patterning (not scaled) of Terres-
trisuchus gracilis (Crush, 1984); Hesperosuchus agilis (Colbert, 1952), Simosuchus clarki (Georgi and Krause,
2010), Baurusuchus albertoi (Nascimento and Zaher, 2010) and Dyrosaurus maghribensis (Jouve et al., 2006)
compared with Crocodylus acutus and Caiman crocodilus. Despite the diversity of Neosuchia, there are few
complete specimens with well-preserved articulated necks. Abbreviations: C, cervical; D, dorsal.
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the pre- and postzygapohyses, are responsible for much
of the variation in crocodilian necks (Mook, 1921). How-
ever, we found that these differences are independent of
body size. Arguably, this may be related to the fact that
the cervical and prothoracic shape differentiation takes
place during early crocodylian ontogeny (Brochu, 1996;
Salisbury and Frey, 2001; Ikejiri, 2012), entailing that
the shape of structures such as the para- and diapophy-
ses, the condyle, and the neural spine would take place
during post hatching stages. This latter observation is in
agreement with the results of the multivariate regres-
sion. A statistically significant trend was found which
indicated that size differences among vertebrae of equiv-
alent position, across the sample, imply subtle and
equivalent allometric differences. Moreover, all the neck
vertebrae appear to be equally scaled through their
ontogeny and interspecifically. The result of this equiva-
lence in intracolumnar shape differentiation and scaling
is what conveys the appearance of a conservative axial
patterning to crocodylians, and is congruent with the
conservativeness of the neck muscular arrangement
across species (Tsuihiji, 2005, 2007).

Notwithstanding the above, the level of intracolumnar
shape differentiation is sufficient to allow distinguishing
between two sub regions (i.e., C3–6 and C7–D2, see also
PC1 and PC2; Fig. 3). Interestingly, the vertebrae along
the C3–C6 subregion are smaller than the rest, and com-
prise a serially organized segment in which cervical ribs
are highly imbricated. This segment corresponds to a
portion of the neck which has restricted mobility (Salis-
bury and Frey, 2001). There is also a striking match
between the morphological distinctness between the sub
regions (those allocated by the analysis), and two differ-
ent domains of Hox expression in the early embryo. Spe-
cifically, recent studies in molecular genetics have
shown that in Alligator mississippiensis the separation
between regions C3–C6 and C5–D1 are determined by
the Hoxb24 and Hoxc24 complexes, respectively (Mans-
field and Abzhanov, 2010). Examples of these types of
morphological and molecular genetic matches have been
documented in mammals, but in the absence of a mecha-
nistic rationale, their assessment has, so far, only been
tentative (Kessel and Gruss, 1991).

Our results clearly demonstrate that there are differen-
ces in the neck vertebrae of Crocodylia that could prove to
be a useful tool in the identification, classification and
evolution of this interesting group of animals. There are
taxonomic differences in the neck configurations of Alliga-
toridae and Crocodylidae (Fig. 4). However, to date, most
of the vertebral characters described in the literature,
and which have been used for phylogenetic inference, are
based on proatlas and axis morphology (Fig. 1). Geometric
morphometrics enabled us to discern both serial and local
characters for taxonomy (Figs. 5 and 6), although their
application on phylogenetic inference must be taken
thoughtfully (i.e., phylogenetically characters are discrete
units while in morphometrics are continuous). For
instance, according to our analyses, the grouping of Cai-
manines (Paleosuchus, Melanosuchus, and Caiman) is
characterized by a lower and craniocaudally wider C3
neural spine, and by the craniocaudal expansion of neural
spines and zygapophyses at the prothoracic vertebrae. In
addition, the vertebrae C6 and C7 accurately separate
Alligatoridae and Crocodylidae. These vertebrae have
shorter neural spines and cranially directed hypapophy-

ses in alligatorids, but tall and narrow neural spines and
orthogonal hypapophyses in crocodylids (including Osteo-
laemus and Tomistoma). The separation of the specimens
in the sample into two families indicates that the combi-
nation of all these features is not related to any particular
maturation stage for C6 and C7 vertebrae. It is notewor-
thy that the single Gavialis specimen tends to group with
the crocodylids.

Postnatal growth may be the principal cause for neck
divergence between crocodylian families if one considers
an average alligatorid neck vertebra (with wider cranio-
caudal neural spines and arches, and lower spines than
crocodylids), because neurocentral fusion during growth
in Alligator mississippiensis is delayed when compared
with the rest of crocodilians (Ikejiri, 2012). In effect, an
allometric consequence of the delay in neurocentral
fusion in the Alligator is the acquisition of wider neural
spines and longer centra at the anterior-most cervical
vertebrae (Ikejiri, 2010). This agrees with the pattern of
variation that we observed for the cervical elements in
all of the alligatorids, enabling to hypothesize that the
timing of neurocentral fusion in the latter group may
explain the differences in the configuration of the Alliga-
toridae neck.

Differences in the necks of Crocodylomorpha at a
macroevolutionary scale have not been yet traced. How-
ever, the few examples of complete neck organization in
extinct groups suggest that the intracolumnar patterns
of the neck support the clusters of clades. Compare, for
instance, the axial neck patterning of sphenosuchians
with that of ziphosuchians (Fig. 9). Sphenosuchians
show low neural arches and spines of sub-equal width
and rather long centra, while ziphosuchians have high
neural arch pedicels, an increasing length of neural
spines and short centra. In turn, Alligatoridae and
Crocodylidae share a particular neck organization when
compared with other crocodylomorph groups (Fig. 9),
possibly entailing a key evolutionary innovation. The
intracolumnar serial pattern that we addressed above
entails morphological differences at particular vertebral
position, which split the neck in two distinct subre-
gions. A similar organization also occurs in the special-
ized axial column of Dyrosaurus (Jouve et al., 2006),
which denotes a common phylogenetic axial patterning
at the level of Neosuchia, if not a convergence.

CONCLUSIONS

One of the main advantages of geometric morphomet-
rics is the ability of this technique to segregate isometric
size from the landmark configurations, enabling the
assessment of patterns of shape variation and allometry
in a unique way. Relying on this advantage, we have
been able to demonstrate that vertebral shape variation
can be abstracted with a set of landmarks extensible to
other related archosaurs. On these bases, we have found
that the general shape variation of a complex and seri-
ally ordered structure such as the crocodylian neck is
nearly identical across taxa. Moreover, only a small por-
tion of this shape variation is coupled with size (allome-
try), yet surprisingly, the neck vertebrae in crocodylians
share the same ontogenetic and interspecific allometric
trends. This phenomenon likely conveys the paradig-
matic conservativeness of the morphological organization
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of the neck in crocodylians. In spite of this, there are
local (positional) nuances that make each family’s neck
subtly characteristic. Arguably, the fact that most of the
neck’s morphological variation is independent of size
(allometric trends differ in the intercept), suggests that
vertebral differences possibly arise early in ontogeny.
These results open a prospect to further study the evolu-
tionary transformation in Crocodylomorpha, including
their fossil record.
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APPENDIX

List of specimens and vertebrae sampled

Species Individual C3 C4 C5 C6 C7 C8 C9 D1 D2
Fem.

Length

A. mississippiensis UF 39106 X X X X X X X X X 180
A. mississippiensis UF 33552 X X X X X X X X X 235
A. mississippiensis UF 42548 X X X X X X X X X –
A. mississippiensis UF 35129 X X X X X X X X X 243
A. mississippiensis UF 39618 X X X X X X X X X 256
A. sinensis UF105540 X X X X X X X X X 134
C. crocodilus UF45438 X X X X X X X X X 87
C. crocodilus UF45439 X X X X X X X X X 97
C. yacare UF120653 0 X X X X X X X X 131
C. yacare UF121232 X X X X X X X X X 160
M. niger UF66428 X X X X X X X X X 110
M. niger UF72914 X X X X X X X X X 167
P. palpebrosus UF72815 X X X X X X X X 0 44
P. palpebrosus UF75020 X X X X X X X X X –
P. palpebrosus UF75023 X X X X X X X X X 88
Paleosuchus UAM X X X X X X X X X –
C. acutus UF54201 X 0 0 0 X X X X X 205
C. acutus UF56580 X X X X X X X X X 246
C. acutus UF98068 X X X X X X X X 0 195
C. moreleti UF54813 X X X X X X X X X 165
C. niloticus UF115639 X X X X X X X X X 46
C. niloticus UF54812 X X X X X X X X X 178
C. porosus UF63931 X X X X X X X 0 0 –
C. porosus-siamensis UF69364 X X X X X X X X 0 262
C. rhombifer UF45189 X X X X X X X X X 185
C. siamensis UF71182 X 0 X X X X X X X 149
O. tetraspis UF33749 X X X X X X X X X 98
T. schlegelii UF72817 X X X X X X X X X 59
T. schlegelii UF54210 X X X X X X 0 X X 151
T. schlegelii UF107493 X X X X X X X X X 203
T. schlegelii UF84888 X X X X X X X X X 193
G. gangeticus UF70592 X X X X X X X X X 78

31 30 31 31 32 32 31 31 28 Total 5 277

For each specimen, the absence of particular vertebrae is specified as (0). The last row corresponds to the number of verte-
brae used in the multivariate analysis by vertebral position. Fem. Length lists the linear length of the femur (in mm)
denoting the degree of maturity. Institutional Abbreviations: UF, Florida Museum of Natural History; UAM, Universidad
Aut�onoma Madrid.
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