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Abstract

The neck connects the head and the trunk and is the key structure allowing all movements of the head. The neck morphology
of birds is the most variable among living tetrapods, including significant differences in the number and shape of the cervical
vertebrae. Despite these differences, according to the literature, three morphofunctional regions (i.e., modules) have been
identified along the neck. However, this regionalization has not been quantitatively tested through a geometric morphomet-
ric approach applied to the cervical vertebrae. Based on the examination of 187 cervical vertebrae belonging to 16 species
with various ecologies, we revealed a common modular structure of the neck using 3D surface geometric morphometrics.
We adopted an approach without a priori clustering to identify modules along the neck. The phylogenetic influence on each
module was tested. Then, each module was digitally reconstructed as a 3D vertebral model, and postural characteristics
were studied. We characterized 9 modules: 7 are transpecific, being shared by at least 2 and up to 15 species. Two modules
are specific to species with particularly long necks. The modularity pattern appears to be tightly linked to morphofunctional
aspects and partially to phylogeny. In contrast, feeding ecology seems to be more closely related to the chaining of mod-
ules (the neck) than to the modules themselves. A study of postural properties revealed that each modular unit exhibits a
characteristic curvature. Overall, the modular structure of the neck corresponds to the three traditional functional regions.
However, the results also revealed unexpected pattern complexity, including subdivisions within these regions. The study
of the patterns of modularity is therefore a relevant approach for challenging the three-functional-region hypothesis and
allowed us to identify the structure of the diversity of the necks of birds.
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The neck, which is morphologically defined as an associa-
tion of multiple cervical vertebrae (Romer 1950), is a key
structure of tetrapods (limbed vertebrates) facilitating varied
complex movements (Long et al. 1997; Johnson and Shapiro
1998; Daeschler et al. 2006; Ericsson et al. 2013; Pierce
et al. 2013). In contrast to mammals, which almost exclu-
sively exhibit seven cervical vertebrae, irrespective of neck
length (Galis 1999), the number of vertebrae in the necks of
birds varies greatly (Bohmer et al. 2019), ranging from ten
cervical vertebrae in many parrots to 26 cervical vertebrae in
the swan (Boas 1929; Bohmer et al. 2019). In addition to this
numerical variability, birds display a high shape variability
of the cervical vertebrae across species (Boas 1929). The

4 Léa Terray
lea.terray @mnhn.fr

P< Olivia Plateau
olivia.plateau @unifr.ch

UMR 7205 Institut de Systématique, Evolution, Biodiversité
(ISYEB), Muséum National D’Histoire Naturelle, CNRS,
Sorbonne Université, EPHE, Université des Antilles, CP 50,
57 rue Cuvier, 75005 Paris, France

Faculté des sciences, Département de géosciences, Université
de Fribourg, Chemin du musée 6, 1700 Fribourg, Switzerland

3 UMR 7179 Mécanismes Adaptatifs Et Evolution (Mecadev),

Muséum National d’Histoire Naturelle — CNRS., CP 55, 57
rue Cuvier, 75231 Paris, France

UMR 6457, SUBATECH, IMT-Atlantique, Université de
Nantes, CNRS/IN2P3, 4 rue Alfred Kastler, Nantes, France

differences in vertebral morphology and number appear to
be linked to behavioral adaptations involving special feeding
techniques (as observed in the darter bird Anhinga anhinga
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Boas 1929) or peculiar locomotion modes (Dilger 2010;
Miiller et al. 2010; Wilkinson and Ruxton 2012). This high
diversity of shape and associated functions is associated with
a wide range of ecologies (Stevens and Parrish 1999; Graf
et al. 1994; Alexander 1985); for example bassoon nuts are
fishing birds, while woodpeckers are strongly specialized to
extract insects directly from tree bark.

Despite the wide variation in the number and morphol-
ogy of cervical vertebrae, the necks of birds have tradition-
ally been divided into three main morphofunctional regions.
Inspired by Virchow (1910), who investigated the mobil-
ity of the neck in the penguin, Boas (1929) compared neck
mobility across a larger sample of bird species. According
to differences in maximal dorsoventral mobility between
successive vertebrae, the cervical vertebral column of birds
can be divided into three main regions (Virchow 1910; Boas
1929). The cranial portion is characterized by prevalent ven-
tral flexion, the intermediate region is prevalently flexible
in the dorsal direction, and the caudal portion allows move-
ments in both directions. Several studies have supported this
regionalization of the avian neck (e.g., Zweers et al. 1987;
Heidweiller et al. 1992; Bout 1997; van der Leeuw et al.
2001; Tambussi et al. 2012; Cobley et al. 2013; Krings et al.
2017; but see also Kambic et al. (2017), who challenged this
three-region model).

The concept of modularity suggests the existence of mod-
ules, or sets of traits that show greater covariance within
each set than compared with traits of other sets and, thus,
evolve partially independently (Olson and Miller 1958;
Riedl 1978; Cheverud 1996; Klingenberg 2008, 2010;
Hallgrimsson et al. 2009). Three main types of modular-
ity exist (West-Eberhart 2003; Klingenberg 2008; Hall-
grimsson et al. 2009): developmental, functional and evo-
lutionary modularity, which affect morphological variation
at different scales. Modules are generally defined based on
shape covariation (Klingenberg 2008). Here, because we
worked on serially homologous structures (vertebrae), we
assessed degree of shape covariation between them based
on their morphological proximity. We define a module as
a set of homologous structures that are the most similar.
The patterning and regionalization of the vertebral column
is a topic that has been well studied in a broad panel of
tetrapods (e.g., Polly et al. 2001; Hautier et al. 2010; Asher
et al. 2011; Arnold et al. 2016; Randau et al. 2017 among
others); however, within birds, such studies have been quite
limited (e.g., Guinard et al. 2010; Guinard and Marchand
2010; Guinard 2012; Azevedo et al. 2012; Bohmer et al.
2015). Diverse methods have been used to quantify these
characteristics, such as traditional linear distance approaches
(e.g., Guinard et al. 2010; Guinard and Marchand 2010),
among which geometric morphometrics (GM) is the most
widespread method for the study of morphological modular-
ity (Klingenberg 2008; Klingenberg and Marugan-Lobon
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2013; Klingenberg 2014; e.g., Bohmer et al. 2015; Head and
Polly 2015; Randau et al. 2017). However, previous studies
on the modularity of the neck of birds have focused only on
a single taxon or a few taxa have often applied a develop-
mental perspective to the structure. At present, a large-scale
analysis of the modularity of the necks of birds using state-
of-the-art statistical shape methods is lacking.

The aim of this study was to reveal how shape diversity
is structured in bird necks by studying the patterns of modu-
larity at the interspecific level. To this end, we investigated
the complete cervical vertebral columns of 16 different bird
species with varied ecologies using a three-dimensional
surface GM (3D SGM) approach, allowing us to accurately
quantify the entire shape of the cervical vertebrae. We chose
an innovative approach to investigate modularity, and we
defined a module as a set of vertebrae that share a com-
mon morphology and are more similar to each other com-
pared to the vertebrae outside the module. This definition is
applicable because vertebrae are serially homologous struc-
tures. To identify modules, vertebrae were grouped using an
approach without a priori clustering. For each module, the
phylogenetic signal was assessed, and postural properties
in a relaxed posture were studied. We discuss the relative
importance of three potential factors: feeding ecology, phy-
logeny, and morphofunctional aspects, at two different scales
of shape variation: the modules and the neck, and we then
challenge the three commonly established functional regions
in light of our results.

Material and Methods
Sample

We sampled the cervical vertebral columns of 16 extant bird
species (Table 1). The atlas (first cervical vertebra) was not
included in the analysis due to its unique morphology and
the lack of specific anatomical homologies with the postat-
lantal cervical vertebrae. In total, 3D models of 187 cervical
vertebrae (CVs) were obtained. The taxa were chosen to
be distributed within the phylogenetic tree and to provide
a wide range of body sizes (from the 7.5 cm colibri to the
2.5 m ostrich) and feeding ecologies (piscivores, frugivores,
granivores, nectarivores, scavengers) within the limits of
the available specimens in the Muséum National d’Histoire
Naturelle osteological collection.

3D scans

3D models of the specimens were generated using differ-
ent scanning methods depending upon the size of the bones
to achieve the best results. The CVs of the four largest
specimens in the sample were digitized using Breuckmann
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Table 1 Sampling Genus Species Number of Collection number Missing data Feeding ecology
CVs
Crypturellus cinereus 16 MNHN 2004-187 - Insectivorous
Frugivorous
Granivorous
Apteryx sp. 14 BMNH 17-01-72-1 - Insectivorous
Struthio camelus 18 MNHN 1908-160 - Insectivorous
Frugivorous
Granivorous
Chlorostilbon mellisugus 11 MNHN 2000-466 CV o6 Nectarivorous
Gallirallus gallirallus 13 MNHN 1870-182 - Insectivorous
Aptenodytes patagonicus 12 Unumbered - Piscivorous
Anhinga anhinga 18 MNHN 1885-543 CV 10 Piscivorous
Morus bassanus 15 MNHN 1997-189 - Piscivorous
Gyps fulvus 15 MNHN 1996-43 - Scavenger
Dryocopus martius 11 MNHN 2013-344 CVs3,4,8 Insectivorous
Cacatua moluccensis 11 MNHN 2000-88 Cv238 Frugivorous
Amazona dufresniana 12 MNHN 2004-198 - Frugivorous
Calyptomena viridis 11 MNHN 1997-886 Cv2 11 Frugivorous
Granivorous
Oriolus oriolus 12 MNHN 1993-131 - Frugivorous
Granivorous
Bombycilla garullus 12 MNHN 2010-115 CVo Frugivorous
Granivorous
Hirundo rustica 13 MNHN 2000-733 CV3 Granivorous

BMNH British Museum of Natural History, MNHN Muséum National d’Histoire Naturelle Paris

3D surface scanners at the Museum National d’Histoire
Naturelle, Paris (UMS 2700): the taxa of intermediate size
(Aptenodytes, Morus, Gyps) were digitized using a blue-
light fringe 3D scanner (SmartScan 3D model) and the larger
taxon Struthio using a white-light fringe 3D scanner (Stere-
oScan 3D model with a camera resolution of 5 megapixels).
Then, Geomagic (Geomagic Studio; Raindrop Geomagic,
Research Triangle Park, North Carolina, USA) was used to
prepare the scans as described by Botton-Divet et al. (2015).
The other 12 specimens were scanned with an RX Solu-
tions microtomograph (Easy Tom 4) with the following
settings::U =100 kV, I=[100-386] pA, helical trajectory,
voxel size=11.3 um for Hirondo and Chlorostilbon, 23.3 um
for Oriolus and Bombycilla and 54.3 um for other genera.
The reconstruction software was RX Solutions XAct 2.0 r
8177. The dataset was then segmented, and surface meshes
were generated using Avizo software.

3D Surface Geometric Morphometrics

Vertebrae exhibit a particularly complex shape that cannot
be precisely recorded through traditional landmark-based
procedures. Therefore, we applied a 3D surface sliding land-
mark approach (Bookstein 1997; Gunz et al. 2005) using
three types of landmarks: homologous anatomical landmarks
and sliding semilandmarks of curves and surfaces.

The anatomical landmarks and sliding semilandmarks of
curves were manually digitized using the Landmark soft-
ware (Wiley et al. 2005), and the sliding semilandmarks
of surfaces were positioned using sliding landmarks and
relaxation procedures. This was done following the proto-
col of Gunz et al. (2005), and the workflow is detailed by
Botton-Divet et al. (2015). The sliding landmarks proce-
dure was performed using the placePatch function of the
Morpho package (Schlager 2013) in the free software R (R
Core team 2017). We first designed a template following the
method of Cornette et al. (2013). Second, the function place-
Patch automatically projected the sliding semilandmarks of
surfaces from the template on all other scans via thin-plate
spline deformation. To be more accurate, the template was
deformed to correspond to the anatomical landmarks and
sliding semilandmarks of the curves of the target specimen,
and the coordinates of the sliding semilandmarks of the sur-
faces of the deformed template were then projected on the
target specimen. Subsequently, relaxation against the tem-
plate was performed using the relaxLM function from the
same package, allowing sliding semilandmarks of surfaces
to freely slide along the surface to minimize bending energy.
The sliding and relaxation procedures were both repeated
iteratively. Thereafter, to remove biases linked to the first
relaxation against the template, a second spline relaxation
procedure was executed against the mean of all objects
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with the slider3d function from the same package. Slid-
ing semilandmarks are geometric homologs, and because
of these procedures, all landmarks of the dataset could be
compared and analyzed using traditional morphometrics. In
total, 16 anatomical landmarks, 651 sliding semilandmarks
of curves and 159 sliding semilandmarks on surfaces were
used (Fig. 1, Table 2).

All landmark coordinates were superimposed via gener-
alized Procrustes analysis (GPA) to remove the nonshape
effects of rotation, translation and scale (Rohlf and Slice
1990) using the gpagen function of the Geomorph package
(Adams and Otarola-Castillo 2013).

All subsequent statistical treatments and analyses were
also performed using the free software R (R Core team
2017).

Module Identification

We define a module as a set of CVs that share similar mor-
phologies. To identify and characterize these modules, we
used an unsupervised pattern recognition method: Gauss-
ian mixture analysis (Fraley and Raftery 1998; Everitt and
Dunn 2001). Gaussian mixture analysis is a classification
method that identifies Gaussian subsets within the main
Gaussian of the dataset without prior information on the
objects. The Gaussian assumption is especially adapted to
morphometric data. First, size elimination and projection
into reduced space, as performed by principal component
analysis (PCA), contribute to the normalization of the data

Fig.1 Cervical vertebrae
anatomy and landmarks loca-
tions used in our analysis (sixth
vertebrae of Gyps fulvus). Red
points: 16 anatomical land-
marks; blue points: 651 sliding
semilandmarks of curves; green
points: 159 sliding semiland-
marks of surfaces (Color figure
online)
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(Diaconis and Freedman 1984). Then, unsupervised clus-
tering is performed, which is a highly efficient method for
datasets whose sizes and shapes may vary between groups
(Baylac et al. 2003; Cordeiro-Estrela et al. 2006), as is the
case for morphometric data.

We also performed PCA of the Procrustes coordinates
using the plotTangentSpace function of the Geomorph pack-
age (Adams and Otarola-Castillo 2013). We retained 90%
of the shape variability as shape variables. Only 90% of the
variability was considered because the last principal com-
ponents are generally considered noise (Baylac and Frief3
2005). For these variables, we performed a model-based
clustering analysis, applying the Mclust function from the
mclust library (Fraley and Raftery 2012). This function finds
the number of clusters without a priori, according to the
covariance structure of the dataset. It is based on an algo-
rithm designed by Dasgupta and Raftery (1998), and gener-
alized by Fraley and Raftery (1998). Here are the main steps
of the algorithm, as written by Fraley and Raftery (1998):
“(1) Determine a maximum number of clusters to consider
(M) and a set of candidate parametrizations of the Gaussian
model to consider. In general M should be as small as pos-
sible. (2) Do agglomerative hierarchical clustering for the
unconstrained Gaussian model, and obtain the correspond-
ing classifications for up to M groups. (3) Do EM (Expec-
tation Maximization algorithm) for each parametrization
and each number of clusters [from 2 to M] starting with
the classification from hierarchical clustering. (4) Compute
the BIC (Bayesian Information Criterion) for the one-cluster
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VIEW
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Table 2 Definition of the
anatomical landmarks,
semilandmarks of curves (define
between anatomical landmarks)

Definitions

Anatomical Landmarks

and semilandmarks of surfaces 1 Maximum curvature of the dorsal and right part of the cranial articular surface
(define by semilandmarks of 2 Maximum curvature of the dorsal and left part of the cranial articular surface
curves) 3 Maximum curvature of the dorsal and left part of the caudal articular surface

4 Maximum curvature of the dorsal and right part of the caudal articular surface

5 Junction of vertebral arch and left prezygapophyse facet

6 Junction of vertebral arch and right prezygapophyse facet

7 Junction of vertebral arch and right postzygapophyse facet

8 Junction of vertebral arch and left postzygapophyse facet

9 Caudal maximum curvature of vertebral arch

10 Cranial maximum curvature of vertebral arch

11 Middle of left prezygapophyse facet

12 Middle of right prezygapophyse facet

13 Middle of right postzygapophyse facet

14 Middle of left postzygapophyse facet

15 Middle ventral curvature of the cranial articular surface

16 Middle ventral curvature of the caudal articular surface

Semilandmarks of curves

1-2-15 Outline of the cranial articular surface

3-4-16 Outline of the caudal articular surface

5-10-6 Border of the cranial face of the vertebral arch

8-9-7 Border of the caudal face of the vertebral arch

5 Outline of left prezygapophyse facet

6 Outline of right prezygapophyse facet

8 Outline of left postzygapophyse facet

7 Outline of right postzygapophyse facet

9-10 Central line along the dorsal face of the vertebral arch

15-16 Central line along the ventral face of the vertebral body
Semilandmarks of surfaces

1-2-15 Cranial articular surface

3-4-16 Caudal articular surface

model for each parametrization and for the mixture likeli-
hood with the optimal parameters from EM for [2 to M]
clusters. This gives a matrix of BIC values corresponding to
each possible combination of parametrization and number of
clusters. (5) Plot the BIC values for each model. A decisive
first local maximum indicates strong evidence for a model
(parametrization + number of clusters).” In this study, the
VEI model (model: AkA, distribution: diagonal, volume:
variable, Shape: equal, orientation: coordinate axes) (Fraley
and Raftery 2012) was used to parameterize the covariance
matrix.

To quantify the significance of those modules, we
tested the reciprocal influence of modules and species on
the overall vertebrae shape. We performed a Procrustes
MANOVA with permutation procedures, a resampling
method that aim to validate the model by using random
subsets of the data. We used the function ‘procD.Im’ from

package ‘geomorph’ (Adams and Otarola-Castillo 2013).
Then the proportion of variance that correspond to each
of these factors was calculated according to the formula:
SSt/SSt=V, where SSf is the sum of squares for the fac-
tor, SSt the total sum of squares and V the proportion of
variance explained by the factor.

For each identified subset (i.e., module), we constructed
3D mean shape meshes. First, mean landmark coordinates
were calculated using the mshape function of the Geo-
morph package (Adams and Otérola-Castillo 2013). Then,
a thin plate spline deformation was applied on the clos-
est mesh from the mean shape of the module (identified
using the findMeanSpec function), so that the deformed
mesh corresponded to the mean landmark coordinates cal-
culated with the warpRefMesh function. Each mean mesh
was exported using the mesh2ply function.
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Shape Trajectories

To obtain a better overview of the diversity of the neck,
we plotted the shape trajectories of each species using the
ggplot and geom_segment functions from the ggplot2 pack-
age (Wickham 2015). Shape trajectories are the trajectories
of shape changes between successive CVs in the PC1 vs.
PC2 morphospace (raw PCAs with shape trajectories are
available in SP Fig. 2) (i.e., the morphospace trajectory from
the first to the last CV). This approach provides a simple
visual representation of shape changes along the neck, as
explained by Werneburg et al. (2015). We then visualized
the order of the modules along the neck using the mean
shape meshes of Fig. 2.

Influence of Phylogeny on the Modules

The phylogenetic influence on each module was tested, and
the results are presented in Table 2. The hypothesis regard-
ing the phylogenetic relationships of the birds considered in
our study was based on molecular data (Hackett et al. 2008).
A consensus topology (strict consensus tree) was generated
from downloaded samples (100 randomly selected phyloge-
netic trees from the Global Bird Tree (Jetz et al. 2012) using
the phytools, ape, picante and geiger packages in R (Paradis
et al. 2004; Harmon et al. 2008; Kembel et al. 2010; Rev-
ell 2012). To quantify the phylogenetic influence, we used
the K-statistic method developed by Blomberg et al. (2003)
and adapted to multivariate data by Adams (2014), which
quantifies the phylogenetic signal within datasets contain-
ing several variables such as shape. The phylogenetic sig-
nal was assessed for each module independently except for
module 7, module 8 and module 9, for which the signal was
not computable because these modules were present only in
one or two species. A high K-value indicates a strong phy-
logenetic signal, meaning that the corresponding module is
influenced by strong phylogenetic constraints. K-values were
calculated using the physignal function in the Geomorph
library (Adams and Otarola-Castillo 2013).

Reconstruction of the Osteological Neutral Posture
for Each Module

To explore the effect of the specific morphology of each
module on its curvature in the osteological neutral posture
(Stevens and Parrish 1999), we reconstructed global mean
modules and measured their curvature angle, both between
two CVs and for the entire module. The reconstructions of
the modules were generated by duplicating the mean shape
meshes a number of times, where the number of duplications
was equivalent to the number of CVs per module, which was
estimated from an average calculation based on our sample.
Using the software blender ver. 2.79 (Blender Foundation
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2003-2018), we assembled the duplicated CVs in anatomi-
cal connection so that the articular surfaces of the vertebral
body and the pre- and postzygapophyses of two successive
CVs were in contact with each other without overhang. This
arrangement based on osteological criteria does not take into
account additional constraints/possibilities due to soft tissue
such as muscles and ligaments.

Results
Module Identification

We identified nine statistically significant modules. Seven of
them were found in the studied species (SP Fig. 1).

The manova testing the influence of modules and species
revealed that both factors significantly influence vertebrae
shape (modules: p-value <0.05; species: p-value <0.05).
Modules explain 63% of vertebrae shape, while species
explain 13%.

The comparison of the mean shape of each module pre-
sented in Fig. 2 reveals that the modules are characterized
by specific morphological features. Transversal processes
appear to be one of the less variable features from one mod-
ule to another.

Module 1

The CVs of the first module are characterized by a well-
developed neural spine that points vertically. They exhibit
rather large, ventrally curved prezygapophyses and slightly
ventrally inclined postzygapophyses. Another characteristic
feature is the ventral process on the centrum. In dorsal view,
the CVs present an X-shape.

Module 2

The characteristic features of the CVs in this module include
the presence of well-developed transverse processes, includ-
ing fused cervical ribs and a mostly enclosed carotid sulcus.
In cranial view, the articular surface of the prezygapophyses
is inclined medially. The orientation of the articular surface
of the postzygapophyses is slightly ventrally inclined in lat-
eral view. The neural spine is rather low.

Module 3

The CVs are compact with a high and wide vertebral body.
In cranial view, the articular surface of the prezygapophyses
exhibits a dorsomedial orientation. They are less concave
than those of the second module. The articular surface of the
postzygapophyses is rather horizontal in lateral view. The
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Fig.2 Mean shape meshes of
the nine modules identified by
Gaussian mixture
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medullar canal is oval, horizontally elongated, and hypapo-
physis is well developed.

Module 4

The fourth module comprises only one CV, which is the
axis (the second cervical vertebra). Compared to the post-
axis CVs in the neck, it is very peculiar in its morphology
and consequently forms a group of its own. The most pro-
nounced feature is the absence of a prezygapophysis and the
presence of the odontoid process cranially articulating with
the atlas (the first CV) and the occiput of the skull. In lateral
view, the well-developed neural spine projects caudally, with
the caudal border being almost aligned with the postzygapo-
physes. The axis presents a well-developed ventral process.
Transverse foramina are missing. The postzygapophyses are
ventrally oriented.

Module 5

The morphology of the CVs of module 5 resembles that
of module 2, but the neural arch has a rounded shape in
lateral view, and the spinal canal is rather large. The articu-
lar surface of the prezygapophyses has a dorsomediocaudal
orientation; that of the postzygapophyses has a ventrolateral
orientation. The carotid sulcus is marked.

Module 6

The CVs of this module are compact (similar to module 3)
with well-developed neural spines. The articular surface of
the prezygapophyses has a dorsomedial orientation in cranial
view. The articular surface of the postzygapophyses presents
a ventrolateral orientation. The spinal canal is rounded, and
the carotid sulcus is slightly marked.

Module 7

The CVs are elongated and characterized by a rather small
neural spine. The articular surface of the prezygapophysis is
inclined dorsomedially, whereas the articular surface of the
postzygapophyses are inclined ventrolaterally. The postzyga-
pophyses are very short and are set back from the caudal end
of the vertebral centrum. The carotid sulcus is marked. The
transverse processes develop with long fused cervical ribs.
This module was only identified in the neck of Anhinga and
Struthio specimens.

Module 8
The CVs of module 8 also display an elongated morphol-

ogy, even more so than those of module 7. The articular
surface of the prezygapophyses is inclined ventrally in
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lateral view and medially in cranial view. The articular
surface of the postzygapophyses is inclined ventrally. The
carotid sulcus is marked. The transverse processes develop
with long fused cervical ribs, which are shorter than those
of module 7. The medullar canal is oval, being vertically
elongated. This module was only identified in the neck of
Struthio specimens.

Module 9

The CVs of module 9 are extremely elongated, more so
than those of modules 7 and 8. In cranial and lateral view,
the articular surface of the pre- and postzygapophyses
are inclined ventrally. In particular, the postzygapophy-
ses are very long and project caudally, extending over the
caudal end of the vertebral centrum. The carotid sulcus
is marked. This module was only found in the neck of
Anhinga specimens.

Shape Trajectories

Species’ shape trajectories—i.e., morphospace trajectory
from the second to the last CV—are presented in Fig. 3.

All modules are present in more than one species except
for modules 8 and 9, which are only present in Anhinga. The
number of CVs constituting each module is quite stable;
however, it is different between the modules. For instance,
module 1 is generally composed of two or three CVs, and
module 4 is always composed of one CV. The distribution of
the modules along the neck is quite similar among species.
For example, module 4 contains only the second cervical
vertebra of each species, and module 1 is always found sub-
sequent to module 4. Some other modules occupy the same
place in the shape trajectory as modules 2 and 5.

The shape trajectories can be divided into two catego-
ries based on the shape of the trajectory. The first category
includes trajectories that display a reversed C-shape (Calyp-
tomena, Bombycilla, Amazona, Dryocopus, Aptenodytes,
Morus, Oriolus and Cacatua). In some members of this
group, the first and last vertebrae of the shape trajectory
are truly close to each other in the morphospace. This is
observed for Aptenodytes, Dryocopus and Morus (Fig. 3).
In addition, Morus shows some peculiarities regarding the
positions of the CVs of module 2 (Fig. 3). The second cat-
egory of shape trajectories has a crushed reversed C-shape,
meaning that the lower arc of the shape trajectories rises
against the upper arc (Chlorostilbon, Crypturellus, Gyps,
Apteryx and Hirundo). Among the members of this group,
Chlorostilbon and Apteryx show peculiar shape trajectories
(Fig. 3). Two species could not be assigned to one of these
two general categories: Anhinga and Struthio.
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Influence of Phylogeny on Modules

The phylogenetic influence on each module was tested
(Table. 3). The phylogenetic test was not applicable to

module 7, module 8 or module 9 because they are species
specific to Anhinga and Struthio. Modules 1, 2, 4 and 6
are significantly influenced by phylogeny, with a strong
phylogenetic signal.

Table 3 Phylog_ene.tic signal Module 1 5 3 4 5 6 7 3 9

(K-value) and significance

(p-value) within each modules K-value  0.92 0.9 0.93 0.93 0.97 0.91 NA NA NA
P-value 0.012* 0.021%* 0.109 0.022* 0.184 0.047* NA NA NA

*Significant phylogenetic signal
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Reconstruction of the Osteological Neutral Posture
for Each Module

The modules are variable in the number of CVs and result
in different curvatures in an osteological neutral posture
(Fig. 4). Module 4 was not subjected to this treatment
because it is always composed of only one CV. There are
three observable classes of modules: those that exhibit

Fig.4 Reconstruction of eight
of the nine mean modules.
Module 4 was not reconstructed
because it was always composed
of one vertebra. Curvature
angles have been measured
between two consecutive
vertebrae and between the first
and the last (i.e. total curvature
angle of the module in relaxed
posture)

Angle between
two vertebrae

ventral curvature, such as modules 1 and 9 (21.09° to
21.44° of curvature, respectively, between two CVs); those
with dorsal curvature, such as modules 2 and 5 (16.32° and
19.37°, respectively); and one that show very low curvature
or does not show any as module 3, 6, 7 and 8 (from 0° to
6.47°). We observed that modules that share common pos-
tural properties in a relaxed posture occupy the same place
in the neck. Modules in the ventral curvature belong to the

Module 1

> 219 -21.9 €4 Total curvature angle
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g
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7 <4— Mean module in anatomical connexion
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cranial morphofunctional region, those with dorsal curvature
belong to the intermediate region, and those with little or no
curvature belong to the caudal region.

Discussion

To investigate modularity in the necks of birds, we applied
a 3D SGM approach to the CVs of 16 species with varied
feeding ecologies. We statistically identified nine modules.
Seven of the modules are transpecific, while one is specific
to Anhinga and one to Struthio, which are two genera with
a long, peculiar neck morphology. First, we will discuss the
observed morphological diversity at two different scales:
modules (i.e., subsets of CVs) and combinations of modules
(i.e., necks), and how it may be linked to feeding ecology,
phylogeny and morphofunctional aspects. Then, we will dis-
cuss the three traditional functional regions of Boas in light
of our results.

Modules (i.e., Subsets of CVs)

The modules are composed of CVs that occupy the same
region of the neck (Fig. 3). Depending on their anatomical
region, they display peculiar postural properties (Fig. 4).
Thus, CVs are distributed in modules according to their pos-
tural characteristics, and not according to species. Vertebral
shape itself is more explained by the transpecific modules
(63%) than by species (13%). Therefore, modularity pat-
tern along the neck is strongly linked to morphofunctional
aspects. This finding supports the hypothesis that vertebral
morphology and bending ability are tightly linked to posture
and locomotion in vertebrates, as shown in cetaceans (Long
et al. 1997), primates (Johnson and Shapiro 1998; Shapiro
and Kemp 2019) and xenarthrans (Oliver et al. 2016).

The link between phylogeny and modularity patterns is
more subtle. Some modules are under phylogenetic influ-
ence, while others are not (Table 3). Thus, phylogeny
explains part of the shape variation between modules but
does not fully explain the shape variation along the neck.
This is in line with the conclusions of Brocklehurst et al.
(2018), who postulated that phylogeny applies differentially
along the vertebral column. To strengthen these findings,
more species must be added to our dataset to further discuss
the role of phylogeny in the regionalization of the neck.

The link between feeding ecology and the modularity
pattern is less well supported. The modules are transver-
sal across species (Fig. 3, SD Fig. 2), and considering that
species represent feeding ecologies, we can deduce that the
modular structure of the neck is not mainly linked to feeding
ecology. Similar observations have been made in mammals,
in which the patterns of modularity in the neck are highly
conserved regardless of the species ecology (Arnold et al.

2016, 2017; Villamil 2018), in contrast to those observed
in the rest of the column (Jones et al. 2018, 2019). To fur-
ther extend these conclusions, they can be discussed in light
of those reported for Felidae by Randau et al. (2017), who
concluded that “ecological factors influence the shape of the
vertebral column heterogeneously and that distinct vertebral
sections may be under different selection pressures”. We
can therefore hypothesize that ecological factors might apply
heterogeneously along the vertebral column, according to
phylogeny. To test this hypothesis, it would be interesting
to expand our dataset with other species to obtain statisti-
cally testable ecological groups. On the other hand, we can
assume that because feeding ecology is not strongly linked
to the modularity pattern, it could be linked to the remain-
ing shape variability that exists within modules (SD Fig. 1).

Combinations of Modules (i.e., Necks)

Great shape variability is also observed at the scale of
the neck. This diversity is represented by shape trajecto-
ries (Fig. 3), which visually describe morphological vari-
ations between CVs along the neck. Similar shape trajec-
tories mean that neck morphologies are linked to similar
phylogenetic, developmental and/or environmental factors
(Werneburg et al. 2015) and vice versa. We identified two
main categories of shape trajectories: reversed C shape and
crushed reversed C shape (Fig. 3). The first group was com-
posed of Calyptomena, Bombycilla, Amazona, Dryocopus,
Aptenodytes, Morus, Oriolus and Cacatua and the second
of Crypturellus, Gyps, Apteryx, Hirundo and Chlorostilbon,
among which the last genus displays a particular shape tra-
jectory. Struthio and Anhinga exhibit very specific shape
trajectories and do not belong to one of these groups. These
peculiarities may be linked to the particular elongated shape
of their neck. Regarding feeding ecologies, the reversed C
shape group contains opportunist and species that feed in
water (divers and piscivores), while the crushed reversed
C shape group contains opportunists, scavengers and nec-
tarivores, among which the last group displays a peculiar
trajectory. Therefore, the shape trajectory seems to be linked
to feeding ecology. Modules may not appear to be related to
ecology, but the chaining of modules (i.e., the neck) seems
to be.

The Three Functional Regions Hypothesis

Each of the nine modules occupies a precise place in the
species necks. Apart from module 1, the repartitioning of
modules along the neck can generally be divided into three
regions: (1) the cranial region, represented by modules 1
and 9 (Fig. 3), resulting in a ventrally bent neutral posture
(Fig. 4); (2) the intermediate region, represented by modules
2 and 5 (Fig. 3), resulting in a dorsally bent neutral posture
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(Fig. 4); and (3) the caudal region, represented by modules
3, 6,7 and 8 (Fig. 3), resulting in a relatively unbent neutral
posture (Fig. 4). Together, the ventrally bent cranial region,
the dorsally bent intermediate region and the rather unbent
caudal region of the cervical vertebral column appear to
form the S-shaped neck of birds. These functional descrip-
tions of the three regions of the neck in birds correspond to
the observations made by Virchow (1910) and Boas (1929).

However, even though these three regions seem to present
a clear functional definition, our results show that there is
also a greater diversity than expected: we identified more
modules than the regions (nine versus three). This implies
the existence of (1) different modules occupying one same
functional region and presenting similar postural properties
and/or (2) subdivisions within Boas’s functional regions
(Fig. 3 and Fig. 4):

(1) Modules 2 and 5 occupy the intermediate region and
result in a natural dorsally bent posture of approxi-
mately 30°. Modules 3, 6, 7 and 8 occupy the caudal
region and result in a rather unbent posture. These
modules are redundant in terms of their position in the
neck and posture. However, they also display signifi-
cantly different morphologies. The CVs of module 2
exhibit well-developed transverse processes, including
fused ribs and a mostly enclosed carotid sulcus. This is
in contrast with the CVs of module 5, which display the
opposite morphological features (no fused cervical ribs
and an open carotid sulcus) (Fig. 2). The same applies
to modules 3, 6, 7 and 8, which display progressive
elongation along the cranio-caudal axis.

(2) Two redundant modules are commonly found in the
same neck, as observed for modules 2 and 5 in the
neck of Calyptomena or module 3 and module 6 in
the neck of Amazona, Aptenodytes, Chlorostilbon and
Crypturellus. Therefore, in some species, the functional
regions are morphologically subdivided. These subdivi-
sions consist only of redundant modules and therefore
share similar (even if not identical) postural properties
but present varied shapes. This finding is in line with
those of Krings et al. (2014, 2017), who identified three
to seven modules along the neck of owls based on mor-
phological and functional studies.

In conclusion, our results are consistent with those of
previous studies on the regionalization of the neck in birds
(e.g., Virchow 1910; Boas 1929; Zweers et al. 1987; van
der Leeuw et al. 2001; Tambussi et al. 2012; Cobley et al.
2013; Krings et al. 2017; Kambic et al. 2017). However,
they indicate that the pattern of modularity is more com-
plex than expected, including subdivisions of the traditional
functional regions and module redundancy. We found a clear
link between the modular regionalization and posture of the
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neck. This relationship has been observed in other tetrapod
groups (Polly et al. 2001; Hautier et al. 2010; Asher et al.
2011; Arnold et al. 2016; Randau et al. 2017; Jones et al.
2019). The patterns of regionalization in these groups are
different, but they display similar pattern complexity.

Conclusion

In conclusion, despite the great variability of birds in terms
of body size, ecology and the number and shape of CVs,
the modularity pattern of the neck appears to be shared
between species. Our innovative approach for addressing
modularity using clustering proved to be relevant for the
vertebral column, and nine modules were identified. Seven
were transpecific, while one was specific to Anhinga and
one to Struthio. The neck of each bird is composed of at
least four modules. This modularity pattern is tightly linked
to morphofunctional aspects, a property shared with other
vertebrate groups, but is also partially linked to phylogeny,
which is applied heterogeneously along the column. Feed-
ing ecology seems to be more closely related to the neck
than to the modules themselves. Each module results in dif-
ferent naturally bent postures, replicating the characteristic
S-shape of the neck of bird. These postural properties of
modules along the neck correspond to Boas’s (1929) func-
tional regions. However, we also found a more complex pat-
tern than expected: first, these regions are subdivided; then,
one region can be occupied by different modules with same
postural properties between one species and another.
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