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The analysis of patterns of integration is crucial for the reconstruction and understanding of how
morphological changes occur in a taxonomic group throughout evolution. These patterns are relatively
constant; however, both patterns and the magnitudes of integration may vary across species. These
differences may indicate morphological diversification, in some cases related to functional adaptations to
the biomechanics of organisms. In this study, we analyze patterns of integration between two functional

’éeyw‘?“:?" and developmental structures, the cranium and the cervical spine in hominids, and we quantify the
ovariation amount of divergence of each anatomical element through phylogeny. We applied these methods to
Phylogeny . . g ae s . .
Neck three-dimensional data from 168 adult hominid individuals, summing a total of more than 1000 cervical
Apes vertebrae. We found the atlas (C1) and axis (C2) display the lowest covariation with the cranium in

hominids (Homo sapiens, Pan troglodytes, Pan paniscus, Gorilla gorilla, Gorilla beringei, Pongo pygmaeus).
H. sapiens show a relatively different pattern of craniocervical correlation compared with chimpanzees
and gorillas, especially in variables implicated in maintaining the balance of the head. Finally, the atlas
and axis show lower magnitude of shape change during evolution than the rest of the cervical vertebrae,
especially those located in the middle of the subaxial cervical spine. Overall, results suggest that dif-
ferences in the pattern of craniocervical correlation between humans and gorillas and chimpanzees
could reflect the postural differences between these groups. Also, the stronger craniocervical integration
and larger magnitude of shape change during evolution shown by the middle cervical vertebrae suggests

that they have been selected to play an active role in maintaining head balance.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The relationship between form and function is present in many
biological structures (e.g., Preuschoft, 2004; Ercoli et al., 2012;
Hutchinson, 2012). In human evolution, one of the most explored
topics is the study of morphological changes that may have
occurred as an adaptation to bipedal locomotion (Robinson, 1972;
Bramble and Lieberman, 2004; Sockol et al., 2007; Lovejoy et al.,
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2009a, b, c; Warrener et al., 2015; Ryan and Sukhdeo, 2016; Ryan
et al., 2018). Those studies largely focused on anatomical ele-
ments directly related to locomotion, such as the pelvis and lower
limbs (Stern, 2000; Pontzer et al., 2009; Grabowski et al., 2011;
Grabowski and Roseman, 2015). However, in recent years, the
number of studies regarding the vertebral column has increased,
with most studies focusing on the lumbar region and giving special
attention to differences in the degree of lordosis both between
sexes and across hominin species (Whitcome et al., 2007; Been
et al,, 2012, 2014; Gémez-Olivencia et al., 2017) and some on the
thoracic region (e.g., Bastir et al.,, 2014, 2017; Been et al., 2017;
Gomez-Olivencia et al., 2018).

0047-2484/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The literature regarding the cervical region in primates was,
until recently, relatively scarce compared with the other spinal
regions (e.g., Schultz, 1942, 1961; Slijper, 1946; Francis, 1955a, b;
Toerien, 1957, 1961; Jenkins, 1969). More recently, the interest in
this region has increased, in particular with studies analyzing the
morphofunctional interactions with posture and locomotion
(Manfreda et al., 2006; Mitteroecker et al., 2007; Been et al., 2014;
Nalley and Grider-Potter, 2017; Arlegi et al., 2017, 2018; Meyer et al.,
2018) and the relationship with the cranium (Nalley and Grider-
Potter, 2015, 2019; Villamil, 2018). These (and other) studies have
used several perspectives to evaluate this functional relationship
not only in primates but also in other mammal groups: for example,
approaches based on the biomechanical analysis of the cranium
(Demes, 1985); kinematic analyses of this complex in the wild and
in captivity (Bramble, 1989; Strait and Ross, 1999; Dunbar and
Badam, 2000; Cromwell et al., 2001; Choi et al., 2003; Dunbar
et al., 2008; Zubair et al., 2019); analyses from radiographs, pho-
tographs, electronic sensors, and dissections (Vidal et al., 1986; Graf
et al., 19954, b; Benoit et al., 2020; Jorissen et al., 2020); approaches
based on the morphological correlation and integration among
traits (Nalley and Grider-Potter 2015; Villamil, 2018); and muscu-
loskeletal analyses to define modules in the craniocervical complex
(Diogo et al., 2008, 2017; Diogo and Wood, 2011; Esteve-Altava
et al., 2015; Arnold et al., 2017a; Powell et al., 2018; Boyle et al.,
2020).

Broadly, these studies revealed that despite postural differences
in mammals, no substantial differences exist among taxa in main-
taining cranial balance against gravity at rest (Vidal et al., 1986; Graf
etal,, 19953, b). In this passive posture, the mammal neck adopts an
s-shaped vertical position to minimize the distance between the
mass of the head and the weight-bearing cervicothoracic junction,
thus reducing dorsal neck muscular stress (Vidal et al., 1986; Graf
and Wilson, 1989). In quadrupeds, the vertical position of the
neck requires high dorsiflexion of the cervicothoracic articulation
(C6—T2) and hyperextension of the atlanto-occipital joint, which
also allows the adjustment of head orientation and gaze (Vidal
et al, 1986; White and Panjabi, 1990; Graf et al., 1995a; Nalley
and Grider-Potter, 2019). The important functional role played by
the cranial and caudal cervical modules contrasts with the mid-
cervical module, which is mainly circumscribed to axial rotation
and does not show functional specializations (Graf et al., 1995a, b;
Arnold, 2020). However, species that do not display a complete
quadrupedal posture, such as some primates, and especially mod-
ern humans, show a more limited range of motion in the atlanto-
occipital articulation; thus, they circumscribe most of the cranio-
cervical motions in the midsagittal plane to the cervicothoracic
articulation (White and Panjabi, 1990; Graf et al., 1995a, b). The
relatively slight differences observed at rest between quadrupedal
and nonquadrupedal mammals increase during locomotion. The
former reorients the neck horizontally during exertion, whereas
humans and plausibly other upright mammals do not (Vidal et al.,
1986; Graf et al., 19954, b; Dunbar and Badam, 1998; Strait and Ross,
1999).

The concepts of integration and modularity refer to the degree
of interaction between the characters of one or more anatomical
structures (Olson and Miller, 1958). Both concepts have been
defined as important in the phenotypic evolution of organisms
from a developmental, genetic, and/or functional point of view
(e.g., Olson and Miller, 1958; Cheverud, 1996; Wagner, 1996;
Goswami et al., 2014). Morphological integration describes high
degree of correlation within subsets of morphological traits, which
may result in long-term coevolution (Cheverud, 1996). Modularity
refers to the relative independence of traits that are part of different
developmental or functional regions. In evolutionary studies, these
concepts are crucial for the reconstruction and understanding of
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how morphological changes occur in organisms because they can
facilitate or restrict the evolution of their characters in specific di-
rections (Wagner, 1996; Hallgrimsson et al., 2007; Goswami and
Polly, 2010; Gémez-Robles and Polly, 2012).

Because integration can enhance or constraint morphological
evolution, establishing how patterns of integration have evolved
concurrently with the morphology can help determine the evolu-
tion of a group (Wagner, 1988; Grabowski et al., 2011). In general
terms, it has been proposed that integration patterns are relatively
constant in species (Goswami, 2006; Porto et al., 2009; Bardua
et al., 2019; Watanabe et al., 2019). However, both the patterns
and the magnitudes of integration may vary across species (Marroig
and Cheverud, 2001; Marroig et al., 2009; Porto et al., 2009;
Goswami and Polly, 2010). Detecting potential differences in inte-
gration patterns is critical because these changes may indicate
morphological diversification as a result of possible adaptation to
selection pressures affecting evolutionary trajectories, likely related
to functional effects of the mechanics of organisms (Wagner and
Schwenk, 2000).

The number of vertebrae in the vertebral column is regulated by
the expression of the Hox genes, and those of the paralog groups 4
and 5 control the organization of the cervical region (Kessel and
Gruss, 1991; Burke et al., 1995; Galis, 1999a; Wellik and Capecchi,
2003). In mammals, almost all species present a fixed number of
seven cervical vertebrae (Bateson, 1894; Johnson and O'Higgins,
1996; Galis, 1999b; Narita and Kuratani, 2005; Varela-Lasheras
et al., 2011; Buchholtz, 2014; Bohmer, 2017; Bohmer et al., 2018),
which, at the same time, are internally organized into three func-
tional and developmental modules: upper (C1-C2), middle
(C3—C5), and lower cervical (C6—C7; Arnold et al., 2016; Randau
et al,, 2017). Other studies proposed a slightly different subdivi-
sion of the cervical spine, which includes either the cranial base
(CB) as part of the upper module (i.e., CB—C1) or the cranium and
thoracic spine for some species (Arnold et al., 2017a; Villamil, 2018).
The cervical spine is a transitional functional region between the
head and the rest of the vertebral column, where each cervical
module plays a different functional role (Graf et al., 1995b; Arnold,
2020). In the synapsid/mammal transition, these functional mod-
ules did not evolve at the same time; they started with the
appearance of the upper cervical module (an early atlas-dens-axis
joint) and finished by the consolidation of a lower cervical mod-
ule (Buchholtz et al., 2012; Arnold, 2020 and references therein).

Regarding the morphological link between the cranium and the
cervical region in primates, some researchers have found certain
correlations between specific characters, which could have impli-
cations for posture and locomotor behaviors (Strait and Ross, 1999;
Nalley and Grider-Potter, 2017; Villamil, 2018). In general, taxa with
more horizontal necks show characteristic cervical traits to avoid
vertebral articular displacement (e.g., coronal orientation of the
articular facts) and for the insertion of the large epaxial muscula-
ture that supports the long load arm that results from this posture
(e.g., larger transverse and spinous processes; Adams and Moore,
1975; Ebraheim et al, 2008; Nalley and Grider-Potter, 2015;
Arlegi et al., 2017). Villamil (2018) found that the CB and the cer-
vical vertebrae in hominoids, especially the C1 and the central
cervical vertebrae (C3—C5), are strongly integrated. However, it was
concluded that body posture and locomotion are relatively weak
selection pressures in the morphology of cervical vertebrae.

Studies using anatomical network analysis also searched for
functional, evolutionary, and/or developmental modules in the
head-neck by combining the analyses of hard (bone/cartilage) and
soft tissues (muscles; Diogo et al., 2008, 2017; Diogo and Wood,
2011; Esteve-Altava et al., 2015; Powell et al., 2018; Boyle et al.,
2020). These show that the head and neck muscles in primates,
compared with other anatomical regions, are a better match for the
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most recent molecular tree (Diogo and Wood, 2011; Boyle et al.,
2020) and that this complex is mainly defined by function
(Esteve-Altava et al., 2015). They further stress that modern
humans have more head and neck muscles than any other primate
(Powell et al., 2018), and, interestingly, this leads to the least
complex and most derived musculoskeletal system in this region
among hominoids (Diogo and Wood, 2011, 2017; Powell et al.,
2018).

The main objective of this study is to quantify and analyze
patterns of correlation and the magnitudes of integration between
the morphology of the entire cranium and the cervical vertebrae in
hominids. Moreover, factors that influence integration on struc-
tures in the evolutionary process, such as the effect of size and
phylogeny, will be considered. Here, we test the following
hypotheses:

1) The morphological differences among functional and develop-
mental cervical modules will be reflected in the degree of cra-
niocervical integration (e.g., Villamil, 2018).

2) Integration is expected to be stronger in species with larger
musculoskeletal features in the dorsal neck, which would indi-
cate greater mechanical bending loads in the muscles respon-
sible for counterbalancing the gravitational forces acting on the
head (Adams and Moore, 1975).

3) Despite patterns of integration being relatively constant in
mammals, we expect certain differences in the pattern of cra-
niocervical correlation among groups that show different
postural and locomotor repertoires (Grabowski et al., 2011;
Grabowski and Roseman, 2015).

4) The cervical vertebrae in hominids present certain evolutionary
disparities (e.g., more directional or stabilizing selection), and
these differences would correspond with the internal modular
division of the cervical spine (Arnold, 2020 and references
therein).

5) Highly integrated sets of traits are mainly aligned along the axis
of size-related variation (Marroig et al., 2009; Porto et al., 2009);
therefore, removing the effect of size will result in a reduction in
the levels of integration (e.g., Porto et al., 2013; Arlegi et al., 2018).

2. Materials and methods

The sample studied in this work comprises the cranium and the
seven cervical vertebrae of 160 adult individuals of the family
Hominidae, totaling 160 crania and 1071 cervical vertebrae: 43
Homo sapiens, 46 Pan troglodytes, 12 Pan paniscus, 45 Gorilla gorilla,
8 Gorilla beringei graueri, 3 Gorilla beringei, and 3 Pongo pygmaeus
(Supplementary Online Material [SOM] Table S1). The surface of
each anatomical element was scanned in two views, cranial and
caudal, using a Go!SCAN 20 (with a resolution of 0.1 mm for the
vertebrae and 0.4 mm for the crania) and later virtually assembled
into a single three-dimensional (3D) object using VXelements
software v. 6.3 (Creaform Inc., Lévis).

Both geometric morphometric (GM) and traditional morpho-
metric (TM) methods were used to analyze covariation between the
cranium and the cervical vertebrae in Hominidae. GM methods
were used to perform the analyses at the interspecific level, and TM
methods were used at the intraspecific level. Before performing the
analyses, landmarks that could not be captured due to damage in
the bone were, if possible, estimated using bilateral symmetry and
otherwise calculated using partial least squares (PLS; Bookstein
et al., 1990; Rohlf and Corti, 2000). Overall, less than 2% of the to-
tal landmarks were estimated. All statistical analyses were per-
formed in R v. 4.0.2 (R Core Team, 2020), and, more specifically, for
GMs using the package ‘geomorph’ v. 3.2.1 (Adams et al., 2020).
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2.1. Data collection

Three-dimensional landmarks representing the morphology of
each anatomical element were virtually captured from the created
3D scan models: 33 landmarks in the cranium, 27 in the atlas (C1),
33 in the axis (C2), and 34 in the subaxial cervical vertebrae
(C3—C7; see SOM Tables S2—S5 for landmark definitions; Figs. 1 and
2) using Viewbox 4 software v. 4.5.0 (dHAL software, Kifissia). A
high percentage of C3—C5 vertebrae of H. sapiens present with
bitubercularity of the tip of the spinous process (Gémez-Olivencia
et al., 2013). In these cases, the landmarks corresponding to the
most dorsal point of the spinous process were placed virtually in
the midsagittal line. Before performing the analyses, those land-
marks that could not be captured owing to damage in the bone
were estimated using bilateral symmetry if possible and otherwise
were calculated using PLS regression (Bookstein et al., 1990; Rohlf
and Corti, 2000). Overall, less than 2% of the total landmarks
were estimated. Owing to the difficulty of obtaining individuals in
the collections that included both the cranium and all seven cer-
vical vertebrae, those that had the cranium and a minimum of five
out of the seven cervical vertebrae were selected. Of the studied
individuals, 88% presented the eight anatomical elements exam-
ined here (i.e., cranium and seven cervical vertebrae) and the
remaining 12% (n = 20) only lack one or two anatomical elements.

2.2. Geometric morphometrics

All analyses using GM techniques were performed at the inter-
specific level including all taxa. Before performing the statistical
analyses, we conducted a generalized Procrustes analysis (GPA;
Rohlf and Slice, 1990) from the raw 3D coordinates of each cervical
vertebra and the cranium separately including all taxa to remove
the information related to size, position, and orientation.

Integration and pairwise comparisons We quantified the degree of
morphological integration between shape variables that describe
the different elements of the cranium and cervical vertebrae. We
used the two-block PLS regression method, using the
‘integration.test’ function of the package ‘geomorph’ (Adams
et al, 2020). This method uses the decomposition of the
between-block covariance matrix and searches for pairs of new
axes that represent the maximum amount of covariance between
the two blocks. As each axis of each block (e.g., axis 1 of block 1)
only correlates with the corresponding axis of the other block
(e.g., axis 1 of block 2), the covariance pattern can only be
analyzed by a pair of PLS axes at a time (Bookstein et al., 1990;
Klingenberg and Zaklan, 2000; Rohlf and Corti, 2000). The results
of this procedure are appropriate because it yields values that are
unaffected by sample size or by the number of variables (Adams
and Collyer, 2016). The significance was calculated by comparing
the obtained PLS correlation (rpis) values with those resulting
from a random permutation of the individuals in one partition
relative to those in the other (Bookstein et al., 2003; Adams and
Collyer, 2016). Then, to test whether each cervical vertebra
presented a significantly different magnitude of integration with
the cranium compared with the other vertebrae, we calculated
the effect sizes of each pairwise PLS analysis using the
‘compare.pls’ function of ‘geomorph’ (Collyer et al., 2015; Adams
and Collyer, 2016). This analysis, rather than using the PLS
correlation coefficient, performs two-sample Z-tests, which are
robust to differences in sample size and the number of landmarks.

Phylogenetic signal Phylogenetically related species share an
evolutionary history and thus tend to display similar trait values
due to their common ancestry (Felsenstein, 1985). To evaluate
shape divergence over the evolution of the cranium and the
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Figure 1. Landmarks (red dots) and linear measurements (blue lines) taken of the cranium in this study. Landmarks: upper left, cranium in left lateral view; lower left, in caudal
view; upper center, in ventral view. Linear measurements: lower center, in left lateral view; lower center, in ventral view. Note that not all landmarks are visible in all views. See
SOM Tables S2 and S6 for landmark and linear measurements definition. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)

cervical vertebrae, we calculated the phylogenetic signal of our data
using the phylogenetic information of hominids from the 10kTrees
Project platform (Arnold et al., 2010) and the Procrustes mean
average of each species for each element independently. To
estimate the phylogenetic signal, we used the function ‘physignal’
of ‘geomorph,” which is based on the multivariate version of the
K-statistic (Kpmye: Adams, 2014). This method estimates the degree
of phylogenetic signal in a data set relative to what is expected
under a Brownian motion of evolution. Conversely to previous
methods, Kny is appropriate for highly dimensional multivariate
data avoiding type I errors. Significance was estimated via shape
data permutation among the tips of the phylogeny (Adams, 2014;
Adams and Collyer, 2019). Finally, we explored patterns of cranial
and cervical vertebrae shape evolution by projecting the
phylogeny onto the morphological morphospace represented by
the first two principal components (PC1 and PC2).

Phylogenetic PLS analysis To account for relatedness among the
hominid species in our sample, we calculated craniocervical inte-
gration while accounting for the phylogenetic relationships among
taxa using phylogenetic PLS analyses. This approach, implemented
in the function ‘phylo.integration’ of ‘geomorph,’ also displays
appropriate type I error rates and constant levels of integration
irrespective of the number of species or trait dimensions (Adams
and Felice, 2014). The significance of the analyses was performed
via permutation analysis in the same way as for the PLS analysis
(discussed earlier).

2.3. Traditional morphometry

All analyses from the Traditional morphometry section were
performed at the intraspecific level, that is, including only the three
species with the greatest sample sizes (i.e., H. sapiens, G. gorilla, and
P. troglodytes). Here, we analyzed covariation between the cranium

and the cervical vertebrae using linear measurements from both
raw data sets and size-adjusted (removing the influence of size).
First, linear measurements were derived from the 3D coordinates
using the ‘interlmkdist’ function of ‘geomorph.’ These linear vari-
ables were selected from a series of standard measurements that
best represent the morphology of the cranium and each cervical
vertebra (SOM Tables S6 and S7; McCown and Keith, 1939; Martin
and Saller, 1957; Howells, 1973; Brduer, 1988). Six variables were
selected for the atlas (C1), nine for the axis (C2), and another nine
for each of the C3—C7 vertebrae (Fig. 3). Correlation analyses be-
tween two elements require that they both have the same number
of variables, so the nine variables selected for the cranium were
reduced to six for the analyses with the atlas (SOM Table S8). After
that, to test whether sex was a significant source of variation in the
data sets that needed to be removed, we accounted for the relative
amount of shape variation attributable to sex on each vertebral and
cranial element per species by creating a linear model and esti-
mating the probability via analysis of variance. All analyses resulted
in nonsignificant differences between sexes, and thus, we did not
correct sex variation from the data sets.

PLS integration analysis With the obtained linear variables from
the raw 3D coordinates, we first analyzed the magnitudes of inte-
gration between the cranium and the cervical vertebrae in the three
species using the ‘integration.test’ function of ‘geomorph,’ the same
method applied for GMs (discussed earlier).

Between variables pairwise correlation test Next, we analyzed
patterns of correlation between the cranium and the cervical
vertebrae in the three species by quantifying the correlation be-
tween pairs of variables. To do so, we calculated the Pearson cor-
relation coefficient and significance between all the cranial
variables, on the one side, and all the variables of each vertebra, on
the other side, using the ‘cor.test’ function of the R package ‘stats’ v.
4.0.2 (R Core Team, 2020).
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Cc2 Cé

Figure 2. Landmarks used in this study in the cervical vertebrae. Note that not all landmarks are visible in all views. See SOM Table S3 for landmark definition. The figured vertebrae

belong to Pan troglodytes.

Influence of size Next, we assessed the potential influence of size
on integration. To do so, we calculated the geometric mean of each
anatomical element (cranium and cervical vertebrae) using their
linear measurement values (six for the atlas and nine for each of the
other elements), and we used it as a proxy for size (Darroch and
Mosimann, 1985; Jungers et al., 1995). To obtain ‘size-corrected’
data sets, we divided the raw values of the linear measurements
by the geometric mean for each vertebra and the cranium
(Coleman, 2008; Pablos et al., 2013; Arlegi et al., 2017), hereafter
size-adjusted. Then, we repeated the two previous analyses (i.e.,
‘integration.test’” and ‘cor.test’) using the obtained size-adjusted
data sets. In addition, we analyzed the amount of cervical shape
variation explained by cranial size (i.e., allometry) and the
differences in the allometric pattern among species. To do so, we
performed a regression analysis using the linear measurements
from the raw data sets as dependent variables and the cranial
size represented by the geometric mean as the independent
variable using the ‘procD.Im’ function of ‘geomorph’ and the
‘pairwise’ function of ‘RRPP’ v. 0.6.2 (Collyer and Adams, 2018,
2021) to calculate the angle between the male and female
regression vectors and its significance.

2.4. Repeatability of the data sets

Finally, to ascertain the reliability of our results, and following
Melo et al. (2016), we tested the repeatability of the raw data sets

(e.g., C3 G. gorilla, C4 P. troglodytes) by bootstrapping each data set
10,000 times and comparing the original and the obtained co-
variances matrix using random skewers analysis (mean = 0.880,
median = 0.881; SOM Table S9).

3. Results
3.1. Geometric morphometrics

Interspecific integration and pairwise comparisons All analyses
yielded high and significant results (Table 1), with craniocervical
magnitudes of integration ranging between rps = 0.503
(cranium/atlas) and rpis = 0.832 (cranium/C6). The atlas and axis
revealed the lowest values of craniocervical covariation followed
by the C7 and C3. Thus, central cervical vertebrae (i.e., C4—C6)
showed higher values of covariation with the cranium than those
located more peripherally in the cervical spine. The altas and axis
yielded significantly different values of magnitudes of
craniocervical integration compared with the rest of the
vertebrae (Table 2). The rest of the pairwise comparison did not
reveal significant differences among them; however, it is worth
remarking that the lowest differences were obtained among
middle cervical vertebrae (i.e., C4—C6). These results relatively
support our hypothesis that the degree of craniocervical
integration would be different between vertebrae from different
cervical modules.




M. Arlegi, A. Pantoja-Pérez, C. Veschambre-Couture et al.

Atlas

Cranial

Caudal

Ventral

Journal of Human Evolution 162 (2022) 103112

Axis Type vertebra

Figure 3. Linear measurements of the cervical vertebrae used in this study. The numbers indicate the landmarks from which the linear measurements have been calculated.

Table 1
Integration values (rp;s), effect sizes, and standard errors (SE) between the cranium
(Cr) and the cervical vertebrae (C1—C7) at the interspecific level (Hominidae).*

Table 3
Phylogenetic signal of the cranium and cervical vertebrae in hominids represented
in Kpyye values.

TpLs p Effect size SE Phylogenetic signal D Effect size

Cr/C1 0.503 <0.001 4.026 0.004 Cranium 0.337 0.033 1.667
Cr/C2 0.594 <0.001 5.874 0.003 Cc1 0.052 0.479 0.043
Cr/C3 0.772 <0.001 7.200 0.003 c2 0.058 0.239 0.557
Cr/C4 0.825 <0.001 7.587 0.004 c 0.186 0.028 1.757
Cr/C5 0.776 <0.001 6.014 0.004 Cc4 0.296 0.020 1.691
Cr/C6 0.832 <0.001 7.506 0.004 c5 0.283 0.064 1.796
Cr/C7 0.707 <0.001 5.544 0.004 Cc6 0.226 0.063 1.762

c7 0.112 0.085 1.323

@ Significant values are indicated in bold (p-value < 0.05).

Table 2
Pairwise differences in PLS effect sizes comparing levels of craniocervical morpho-
logical integration in hominids.”

cr/C1 Cr/c2 Cr/C3  Crjc4  Cr/cs Cr/c6 CrfC7

Cr/C1 0.062 <0.001 <0.001 <0.001 <0.001 <0.001
Cr/C2  1.867 0.003  <0.001 0.001  <0.001 0.059
Cr/C3  4.697 2926 0314 0.625 0.359 0.357
Cr/C4 5.522 3.832 1.006 0.602 0.928 0.063
Cr/C5 5.113 3.376 0.488 0.521 0.666 0.168
Cr/C6 5455 3.756 0.917 0.090 0.432 0.075

Cr/C7 3.632 1.891 0.921 1.861 1.380 1.779

@ Significant values are indicated in bold (p-value <0.05). Values are represented
in the lower diagonal, and p-values in the upper diagonal.

Phylogenetic signal The results of the phylogenetic analyses are
shown in Table 3. They revealed that only the cranium, C3, and C4
vertebrae shapes exhibited significant (though weak) phylogenetic
signal, indicating that cranial and cervical vertebrae shapes from

Significant values are indicated in bold (p-value <0.05).

these taxa resemble each other less than expected under the
Brownian motion model of evolution. The atlas and axis exhibited
the lowest values (Kmyie = 0.052 and 0.058, respectively) and the
cranium the highest (Kyy: = 0.337), indicating lower and higher
magnitudes of shape change during evolution, respectively. The
subaxial cervical vertebrae displayed a trend that increases from
C3 to C4 (maximum value, Ky = 0.296) and then decreases
toward C7 (minimum value, Kpny¢ = 0.112). This supports our
hypothesis that cervical vertebrae in hominids present a
divergence in the magnitudes of evolutionary variation.

Phylomorphospaces Visual information of the phylomorphospaces
is shown in Figure 4. If the magnitudes of phylogenetic signal
(discussed earlier) indicates the magnitude and the direction of
shape divergence in the process of evolution (Klingenberg and
Gidaszewski, 2010), the phylomorphospaces allow one to
visualize the history of morphological diversification of a clade
(Sidlauskas, 2008). In Figure 4, we can observe that the cranium
and the subaxial cervical vertebrae show a similar evolutionary
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Figure 4. Phylomorphospaces of the cranium and the seven cervical vertebrae in Hominidae. The phylogenetic tree of this family was superimposed onto the first two principal
components of each anatomical element. The red dot indicates the root of the tree, and the numbers on the branches (internal nodes) represent the last common ancestors for the
respective pairs of lineages. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

trend. Hominine groups are separated along, and almost in parallel,
the axis of the PC1, showing a strong divergence in opposite
directions for gorillas and humans. The genus Pongo diverges
from the rest of the family, mostly in the direction of the PC2. In
the atlas, P. paniscus and H. sapiens on the one hand, and
P. troglodytes and gorillas on the other hand, show shorter
distances between them than with respect to their common
ancestor, indicating a certain homoplasy in shape. Finally, it is
difficult to ascertain the evolutionary ratio based only on the
phylomorphospaces; however, except for the atlas, the longer
branches of humans indicate faster divergence in this species
than those of the other taxa.

Phylogenetic PLS The results of the phylogenetic PLS analyses are
shown in SOM Table S10. All pairwise tests yielded high and
significant values (rps > 0.965). In contrast to the phylogenetic
uncorrected analyses, none of the vertebrae showed significant
differences in the rps values compared with the rest of the
vertebrae.

3.2. Traditional morphometric analyses of raw data

This section presents the integration analyses between the
cranium and the cervical vertebrae based on linear variables at the
intraspecific level. For this purpose, only the three species with
larger sample sizes (H. sapiens, P. troglodytes, and G. gorilla) were
assessed.

PLS integration analysis The results of the PLS analysis from raw
data are presented in Table 4 and Figure 5. They show that all
cervical vertebrae, except for the atlas in humans and
chimpanzees, were significantly integrated with the cranium for
the three species. The three groups showed lower values in the
atlas, which significantly differ from the rest of the vertebrae,
except for the C3 in gorillas (SOM Table S11). In general terms,
gorillas possessed the highest values of covariation, followed by
chimpanzees and humans. Overall, the pattern of changes in the
magnitudes of covariation moving down the vertebral column
was similar in different species, but with a different magnitude of
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Table 4
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Integration values (rp;s), effect sizes (E-size), and standard errors (SE) from the covariation analysis between the cranium and the cervical vertebrae at the intraspecific level
based on linear measurements from raw and size-adjusted (without the influence of size) data sets.

Homo sapiens

Pan troglodytes

Gorilla gorilla

TpLS p E-size SE TpLS p E-size SE TpLS p E-size SE
Raw
Cr/C1 0.206 0.856 —0.999 0.012 0.257 0.488 -0.143 0.010 0.552 0.001 4.324 0.012
Cr/C2 0.589 0.009 2.733 0.012 0.774 0.001 5.671 0.010 0.861 0.001 8.562 0.011
Cr/C3 0.537 0.021 2278 0.011 0.575 0.001 3.609 0.010 0.716 0.001 6.182 0.011
Cr/C4 0.549 0.010 2.739 0.011 0.722 0.001 5.709 0.010 0.862 0.001 8.274 0.011
Cr/C5 0.533 0.018 2319 0.011 0.707 0.001 5.388 0.010 0.880 0.001 8.792 0.011
Cr/C6 0.534 0.026 2.042 0.012 0.708 0.001 4.975 0.010 0.881 0.001 8.503 0.011
Cr/C7 0.566 0.008 2.745 0.011 0.712 0.001 5.246 0.010 0.866 0.001 8.036 0.011
Size-adjusted
Cr/C1 0.364 0.612 -0.318 0.014 0.433 0.190 0.894 0.012 0.620 0.004 3.363 0.013
Cr/C2 0.548 0217 0.768 0.014 0.589 0.068 1.489 0.012 0.664 0.001 3.997 0.012
Cr/C3 0413 0.678 -0.514 0.013 0.511 0.045 1.885 0.010 0.571 0.006 2.787 0.012
Cr/C4 0.450 0.632 —0.358 0.013 0.602 0.004 2.905 0.011 0.702 0.001 4.559 0.011
Cr/C5 0.446 0.446 0.102 0.013 0.516 0.090 1.376 0.011 0.704 0.001 4.636 0.011
Cr/C6 0.464 0.306 0479 0.013 0.407 0.663 —0.450 0.011 0.707 0.001 4.613 0.011
Cr/C7 0.434 0.499 -0.075 0.013 0.421 0.526 -0.106 0.011 0.687 0.001 4.347 0.011
Significant values are indicated in bold (p-value <0.05).
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Figure 5. Correlation analysis between the cervical vertebrae and the skull from raw data (left) and size-adjusted (right) in Homo sapiens (green), Pan troglodytes (blue), and Gorilla
gorilla (light yellow). The numerical values are represented in Table 4. The cervical vertebrae represented in the figure belong to an individual of the species P. troglodytes.
Abbreviation: rp;s = Partial least square correlation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

integration, except for the C3 in humans, which departed the
pattern followed by chimpanzees and gorillas (Fig. 5). Pairwise
comparisons among the three species revealed that gorillas
significantly differ from humans and chimpanzees in the
craniocervical magnitude of integration in the seven cervical
vertebrae (SOM Table S12). In contrast, humans and chimpanzees
only displayed significant differences in those vertebrae located
in the midlower cervical spine (i.e., C4, C5, and C6). These results
support the hypothesis that species with larger musculoskeletal
features in the dorsal neck display a higher degree of integration.

Between variables pairwise correlation test The results revealed
that the correlation between the cranium and the cervical verte-
brae in the three species occurred at different degrees and among
different traits (Table 5 and Fig. 6; SOM Table S13). In general terms,
in gorillas and chimpanzees, the highest craniocervical correlations
were shown between either the length of the CB or the length of

the face in the cranium and the maximum dorsoventral or
transversal diameter traits in the cervical vertebrae (Table 5). In
humans, in contrast, a clear correlation pattern did not exist
between craniocervical variables. Indeed, in this taxon, the
stronger correlation values were displayed in traits related to
maximum cranial length and vertebral body height, transverse,
and dorsoventral diameter (i.e., M1, M5, and M8). Also, we can
observe how, besides magnitude of integration (higher values in
gorillas), gorillas and chimpanzees present a more similar pattern
of correlation among craniocervical traits throughout the cervical
spine compared with humans. They show the highest
correlations in the upper left of each diagram, where variables
related to the midsagittal plane are located (Fig. 6). Conversely, in
humans, the distribution of the highest correlations is not
concentrated in that area of the diagram and shows a more
heterogeneous pattern throughout the cervical region. These
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Table 5
Highest correlation values between the cranium and cervical variables in Homo sapiens, Pan troglodytes, and Gorilla gorilla from raw data sets.

H. sapiens Highest correlation r p 2nd Highest correlation r D
Cr/C1 Basion-Prosthion/MaxDvDi 0.251 0.113 Zygo-Zygo[STrD 0.237 0.148
Cr/C2 Zygo-Zygo/STrD 0.528 <0.001 Glabella-Inion/M1a 0.518 0.001
Cr/C3 Glabella-Inion/M5 0.513 <0.001 Opisthion-Basion/M11 0.470 0.001
Cr/C4 Glabella-Inion/M8 0.547 <0.001 Nasion-Prosthion/STrD 0.536 <0.001
Cr/C5 Glabella-Inion/M5 0.549 <0.001 Opisthion-Basion/M11 0.525 <0.001
Cr/C6 Nasion-Prosthion/M1 0.546 <0.001 Glabella-Inion/MaxTrDi 0.466 0.002
Cr/C7 Glabella-Inion/STrD 0.538 <0.001 Nasion-Prosthion/MaxTrDi 0.516 <0.001
P. troglodytes Highest correlation r p 2nd Highest correlation r p
Cr/C1 Opisthion-Basion/M11 0.306 0.051 Opisthion-Basion/MaxTrDi 0.281 0.076
Cr/C2 Basion-Prosthion/MaxTrDi 0.653 <0.001 Basion-Prosthion/MaxDvDi 0.648 <0.001
Cr/C3 Basion-Prosthion/MaxTrDi 0.647 <0.001 Opisthion-Basion/M10 0.516 <0.001
Cr/C4 Basion-Prosthion/MaxDvDi 0.672 <0.001 Nasion-Basion/M5 0.579 <0.001
Cr/C5 Basion-Prosthion/MaxDvDi 0.631 <0.001 Nasion-Basion/StrD 0.600 <0.001
Cr/C6 Basion-Prosthion/MaxDvDi 0.674 <0.001 Nasion-Basion/M5 0.603 <0.001
Cr/C7 Basion-Prosthion/MaxDvDi 0.718 <0.001 Nasion-Basion/M5 0.659 <0.001
G. gorilla Highest correlation r p 2nd Highest correlation r p

Cr/C1 Glabella-Inion/MaxTrDi 0.621 <0.001 Glabella-Inion/MaxDvDi 0.586 <0.001
Cr/C2 Nasion-Basion/MaxTrDi 0.868 <0.001 Nasion-Basion/MaxDvDi 0.839 <0.001
Cr/C3 Nasion-Basion/MaxTrDi 0.847 <0.001 Basion-Prosthion/MaxTrDi 0.798 <0.001
Cr/C4 Nasion-Basion/MaxTrDi 0.846 <0.001 Basion-Prosthion/MaxDvDi 0.842 <0.001
Cr/C5 Basion-Prosthion/MaxDvDi 0.865 <0.001 Nasion-Basion/MaxDvDi 0.858 <0.001
Cr/C6 Basion-Prosthion/M13 0.862 <0.001 Nasion-Basion/MaxDvDi 0.851 <0.001
Cr/C7 Nasion-Basion/STrD 0.852 <0.001 Basion-Prosthion/MaxDvDi 0.851 <0.001

Significant values are indicated in bold (p-value <0.05).
The vertebral dimensions follow Figure 6 and SOM Table S13.

results indicate certain differences in the craniocervical correlation
pattern between species that present different postural and
locomotor repertoires; however, we have not directly tested the
relationship between them here. Thus, to confirm our hypothesis
that certain differences in postural and locomotor repertoires
would be reflected in their patterns of craniocervical integration,
further analysis with a more specific approach is needed.

Allometry The results showed that all the cervical vertebrae,
except the atlas in chimpanzees and humans, exhibited a signifi-
cant amount of shape variation explained by cranial size (Table 6).
Gorillas yielded the largest percentages of variation followed by
chimpanzees. Also, the C2—C7 vertebrae presented positive
allometric trends; in contrast, the atlas showed a negative trend
(Fig. 7). Pairwise analyses yielded similar allometric pattern for
the three species in the first (atlas) and last (C7) cervical
vertebrae (Table 7). Humans differ from chimpanzees in the
C4—C5 vertebrae and from gorillas in the C2—C6. Gorillas and
chimpanzees differ in the allometric pattern in the C2 and C5
vertebrae.

3.3. TM analyses of size-adjusted data

Compared with the previous section on raw data, the size-
adjusted data give here information on shape without the influ-
ence of size.

PLS integration analysis The results of the PLS analysis from size-
adjusted databases are presented in Table 4 and Figure 5. In
comparison with those results obtained from raw data sets,
except for the atlas, all the cervical vertebrae obtained lower
covariation values with the cranium. Gorillas displayed significant
rprs values in all the covariation analyses (i.e., cranium with
C1-C7) and chimpanzees in C3 and C4 vertebrae, and humans
did not show significant results in any craniocervical covariation
analyses (Table 4). In consequence, compared with the results
obtained from the raw data set, this results in a reduction in the
differences in the values of covariation among vertebrae. Also,

pairwise comparisons revealed that once the size factor is
removed, differences between vertebrae and species are also
reduced (SOM Tables S15—16). Finally, these results partially
support the hypothesis that removing the effect of size would
result in a reduction of the magnitude of integration. Conversely
to the rest of the vertebrae, the atlas increased its values.

Between-variables pairwise correlation test These results also
confirmed this reduction of the levels of correlation from size-
adjusted data sets compared with those obtained from raw data
sets, except in the atlas of H. sapiens and P. troglodytes (SOM
Table S16 and Fig. S1). Also, in general terms, the highest
craniocervical correlation values are not related to variables
representing maximum length, either midlateral (e.g., MaxTrDi,
STiD, or M8) or dorsoventral (e.g., MaxDVDi, M5, or M13), but
variables related to the vertebral foramen (SOM Table S17).

4. Discussion
4.1. Cranium-cervical covariation: differences between species

The cervical column of hominoids has been proposed to be
highly integrated with the cranial base, with no substantial differ-
ences between species (Villamil, 2018). However, our results indi-
cate differences exist both in the patterns of correlation and
magnitudes of integration of the cervical vertebrae with the cra-
nium as a whole (Fig. 6). Among hominines, gorillas display the
highest magnitude of craniocervical integration in all the vertebrae,
followed by chimpanzees. If the magnitude of integration indicates
the degree of interaction between the cranium and the cervical
vertebrae, the pattern reveals how this is produced (Grabowski
et al., 2011). Our results showed that humans differ from both go-
rillas and chimpanzees in the traits that link the cranium and the
cervical spine. In both gorillas and chimpanzees, the strongest
correlation occurs between variables/traits representing progna-
thism and length of the cranial base and maximum length and
width of the vertebrae. In contrast, in humans, this is produced
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between the cranial length and variables related to dimensions of
the vertebral body, especially in the midcervical spine. Indeed, in
the case of humans, the correlation pattern is not reduced to a few
variables as in gorillas and chimpanzees, but a larger range of
cervical variables are associated with the cranium, resulting in a
more heterogeneous correlation pattern throughout the cervical
spine. These results support our hypothesis that species with large
musculoskeletal complexes (i.e., gorillas and chimpanzees) would
show stronger integration.

Unsurprisingly, in these quadruped species, the highest corre-
lation occurred between variables functionally implicated in the
head's load arm, such as the prognathism of the face (Schultz,
1942), and those vertebral traits that serve for the insertion of the
major nuchal muscles that support this stress (i.e., transverse and
spinous processes, Kapandji, 1974; White and Panjabi, 1990). On the
other hand, in species with an upright posture, such as humans,
where the head is located upon the cervical spine and the loads are
transmitted more vertically (Demes, 1985), the highest correlation
occurs between the cranial maximum length and vertebral body
variables. This could reflex the different muscular (e.g., Dean, 19853,
b) and biomechanical characteristics of the head-neck movement
system between these groups, as humans maintain the atlas and
the lower cervical vertebrae in a midposition between extreme
flexion and extreme extension (Graf et al., 1995b), resulting in a
more self-stabilizing resting posture (Schultz, 1942; Adams and
Moore, 1975, Dean, 1985a, b; Lieberman, 2011). This might sug-
gest that cervical vertebral morphology is influenced by the
biomechanical requirements of head movement and maintenance
of the visual field, especially during locomotion, when the advan-
tage of cervical lordosis in pronograde species is minimized owing
to the reorientation of the neck (Graf et al., 1995b; Manfreda et al.,
2006; Nalley and Grider-Potter, 2015; Arlegi et al., 2017); however,
more specific analyses are necessary to test this observation. These
results support our hypothesis that differences in postural and lo-
comotor behaviors among groups could be reflected in their
pattern of craniocervical correlation. Similarly, Nalley and Grider-
Potter (2019) found a correlation between anterior cranial fea-
tures that might reflect postural behaviors and cervical traits
associated with the muscles involved in counterbalancing the head.
Their results also revealed an influence of head shape on cervical
morphology, with humans being an outlier within primates, and
they suggested that neck posture during locomotion could also
affect cervical morphology (Nalley and Grider-Potter, 2019).

4.2. Cranium-cervical covariation: differences between vertebrae

Our results on craniocervical integration in hominids recovered
that all the cervical vertebrae are integrated with the cranium,
supporting previous results obtained in hominoids between the
cervical spine and the cranial base (Villamil, 2018). However, our
results do not conform to Villamil's (2018) results in which cervical
vertebra is the most integrated with the cranium. We obtained the
lowest covariation at the interspecific and intraspecific levels in the
atlas/cranium association, whereas previous results indicated the
atlas was the most integrated with the cranial base (Villamil, 2018).
This could be easily the result of the experimental design: we
included the entire morphology of the cranium, and thus, we did
not analyze the same features as Villamil (2018), who focused on
the CB. Our model including the entire morphology of the cranium
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Table 6
Results from the regression of cervical shape against cranial size for hominins.

Homo sapiens p Pan troglodytes p Gorilla gorilla p
C1 1.3 0.574 4.4 0.184 21.1 0.002
c2 141 0.002 213 0.001 59.6 0.001
c3 10.5 0.005 131 0.005 45.3 0.001
c4 14.7 0.003 235 0.001 67.0 0.001
c5 89 0.018 211 0.001 68.0 0.001
C6 10.2 0.015 20.1 0.001 70.0 0.001
c7 15.8 0.002 20.8 0.001 63.3 0.001

Significant values are indicated in bold (p-value <0.05). Values represent the per-
centage of shape variation in the cervical vertebrae explained by cranial size.

would mainly reflect different aspects of the biomechanics of the
head balance in the craniocervical complex, whereas the focus on
the cranial base would represent the biomechanical and develop-
mental process in that specific module, which is tightly linked with
the atlas.

We also found the atlas and axis showed significantly lower
magnitude of integration with the cranium than the rest of the
cervical vertebrae. The stronger integration of the subaxial cervical
vertebrae with the entire cranium could express higher biome-
chanical implications in functions related to maintaining head
balance and movements and visual field. The intermediate epaxial
muscles mainly implied in counter the load arm associated with
head-neck posture (e.g., splenius capitis, semispinalis capitis,
longissimus capitis) have their origin in the midlower cervical
vertebrae and insert on the occipital bone (Kapandji, 1974; White
and Panjabi, 1990). Indeed, the atlas and axis play an obvious role
in stabilizing and transmitting the head mass to the rest of the
vertebral column. They have their own deep muscular group
formed by the suboccipital muscles (i.e., rectus and obliquus cap-
itis), which tightly attach the first to vertebrae with the occiput
(Kapandji, 1974; White and Panjabi, 1990). However, these deep
muscles have short-moment arms that produce fast movements
but relatively lower flexoextension moment arm compared with
those from the upper muscular layers (e.g., splenius capitis, semi-
spinalis capitis; Ackland et al., 2011). All this is reflected in the
different morphology of these vertebrae, which could affect the
lower degree of covariation with the entire cranium compared with
the subaxial cervical vertebrae.

Despite these differences in the degree of integration between
the atlas and axis, we could not detect a clear modularization of the
cervical region based on the levels of covariation with the cranium.
As we said, the atlas and axis clearly distinguish their magnitude of
integration from the rest of the vertebrae but also present significant
differences between them. Also, the subaxial cervical vertebrae
exhibited lower differences between those conforming to a priori
modules, especially those of the middle cervical region (C4—C6),
leaving C3 and C7 as transitional modules. However, these divisions
are not based on significant differences among them but the
observed differences in the magnitude of integration with the cra-
nium. Thus, besides a clear cranium/C1 and cranium/C2 modular
distinction from the rest of the vertebrae and the slight differences
between central and more caudal cervical vertebrae, we could not
detect an evident modularization of the subaxial cervical spine based
on their covariation with the cranium as in previous works (Arnold
et al, 2016; Randau et al., 2017; Villamil, 2018). This different
finding could be explained by the fact that each of these studies

Figure 6. Pairwise correlation among craniocervical variables in humans (left), chimpanzees (middle), and gorillas (left). Larger circles mean higher correlation (either positive or
negative), blue color means positive correlation values, and red color negative correlation values. Small white circle means no correlation between the variables (r = 0). Besides
differences in the magnitudes of correlation among variables (gorillas' higher values), gorillas and chimpanzees display a more similar correlation pattern than humans, showing a
trend of higher correlation in variables related to the midsagittal plane (upper-left part of each scatterplot). Numerical values are shown in Table 5 and SOM Tables S22—28, and
variable definitions in SOM Table S6. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Figure 7. Allometry analyses of cervical vertebral shape (principal component 1 [PC1] for fitted values; y) against cranial size (x) using the geometric mean as proxy for size in
Gorilla gorilla, Pan troglodytes, and Homo sapiens. For this regression visualization, we used the method ‘PredLine’ from the function ‘procD.Im’ of ‘geomorph.’ This method calculates
fitted values from a linear model and plots the first principal component of the ‘predicted’ values against size showing the allometric trends in a stylized way (Adams and Nistri,
2010). All the cervical vertebrae present a positive allometric trend with the exception of the atlas. The three species show similar allometric pattern in the atlas and the C7
vertebrae (Table 7). Humans differ from gorillas in the C2—C6 and from chimpanzees in the C4—C5. Gorillas and chimpanzees show different patterns in the C2 and C5.

analyzed integration in the cervical spine from a different angle (i.e.,
within each vertebra, between vertebrae, with the entire cranium [or
with cranial base]), which reflect different aspects of the modularity
between the studied regions (developmental, functional, and/or
morphological characteristics of their anatomy), and perhaps the
criteria for assessing the relative independence of the modules.

4.3. The phylogenetic factor and its influence on covariation

The phylogenetic signal was weak or very weak in all the
analyzed anatomical elements and only significant in the cranium,
C3, and C4 vertebrae. Previous studies also found a significant
phylogenetic signal in the cranium of hominoids; however, most of
them focused their hypotheses on cranial developmental and
functional modules such as the face and the cranial vault (von
Cramon-Taubadel and Smith, 2012; Profico et al., 2017; Villamil,
2021), the cranial base (Lieberman et al., 2000), or the temporal
bone (Lockwood et al., 2004). The scarce works that have quantified
the phylogenetic signal in the cervical vertebrae of terrestrial
mammals, including primates, found a significant phylogenetic
signal in the atlas and axis (Vander Linden et al., 20193, b), but, to
our knowledge, there is no information about the subaxial cervical
vertebrae. The discrepancy between these previous works and our
results could be explained by the phylogenetic sample used by
Vander Linden et al. (2019a, b), which included a diverse group of
mammals, including primates, rodents, lagomorphs, tree shrews,
and colugos. Our analysis was reduced to a single family (Homi-
nidae) including seven taxa, and thus, these results can be
considered as preliminary until further analyses including more
related taxa are performed.

From our data, only two vertebrae, C3 and C4, showed a sig-
nificant (although weak) phylogenetic signal, indicating the lack of
congruence between the molecular and morphological data in the
cervical spine under a Brownian motion model of evolution. This
can be interpreted as the adaptation of cervical vertebrae to se-
lection pressures, mainly related to functional and developmental
factors. In the case of the C3 and C4, their significant phylogenetic
signal could be due to their role as transitional vertebrae between
the C1—-C2 module and the subaxial cervical vertebrae. In general,
the shape of the cervical vertebrae, especially those from the cen-
tral cervical spine, rapidly diverges from their ancestry in different
directions. Hominines, the clade representing humans, gorillas, and
chimpanzees, mainly diverge in parallel to the first axis, suggesting
a certain degree of directional selection. Integrated structures, such
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as the subaxial cervical vertebrae in hominines (Arlegi et al., 2018),
evolve following the path of least resistance (Schluter, 1996), which
is the axis representing the largest variation, a concept related to
this mode of evolution. As other authors proposed, here it is also
plausible that integration among traits obscures the phylogenetic
signal from the data by constraining vertebral shape from evolving
in a more stochastic way (Varén-Gozdlez et al., 2020; Villamil,
2021). However, many other factors can also obscure the phyloge-
netic signal during the evolutionary process, such as reversals,
homoplasies by parallel or convergent evolution, allometric effects,
or nonheritable bone characters resulting from stress (Strait, 2001;
Lycett and Collard, 2005; Gilbert et al., 2009; Klingenberg and
Gidaszewski, 2010; Varon-Gonzadlez et al., 2020). Based on the
low amount of shape divergence (Table 3) and the suggestion of
convergent evolution in hominines (Fig. 4), the shape of the atlas
might have been the subject of a stabilizing selection, which has
been related to structures that show a consistent low degree of
within-element integration (Steppan et al., 2002; Gémez-Robles
and Polly, 2012). On the contrary, the subaxial cervical vertebrae
show evidence of directional selection. Despite these differences,
both modes of evolution may affect the rate and direction of
evolutionary change (Hallgrimsson et al., 2002), resulting in the
(almost) absence of a phylogenetic signal on the cervical vertebrae.

Apart from these evolutionary patterns of shape, the studied
anatomical elements also exhibited different amounts of shape
divergence in their respective morphospaces. Among the studied
elements, the atlas and axis displayed the lower magnitude of
shape change during evolution (Table 3 and Fig. 4). Regarding the
rest of the subaxial cervical vertebrae, they revealed a trend in the
amount of divergence with a steady increase from C3 to C4 and a
subsequent reduction until reaching the lowest values in C7 (Fig. 4).
The atlas and axis together with the cranial base have been pro-
posed to form a functional module (de Beer, 1937; Choi et al., 2003),
which could explain the relative conservatism in morphological
evolution in these two vertebrae, possibly linked to maintaining the
functionality of the craniocervical complex (Evans, 1939). The trend
observed in the subaxial cervical spine means that the shapes of
central vertebrae are probably more derived, while the morphol-
ogies of the C3 vertebra and, especially, the C7 vertebra are more
conserved evolutionarily. This general pattern of evolutionary
divergence in the cervical spine, from which those vertebrae
located in the middle of the cervical region show directional se-
lection and those located more peripherally a certain stabilizing
selection, could indicate a certain degree of constraint in the most
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Table 7

Pairwise statistics of the allometric model (see Table 6) comparing Homo sapiens, Pan troglodytes, and Gorilla gorilla slopes vector angles.
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The allometric model tests the influence of cranial size on cervical vertebrae shape.”

2 Significant values are indicated in bold (p < 0.05).
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peripheric elements within this modular structure. This charac-
teristic was also observed in the degree of integration in other
vertebral modules of the vertebral column, such as the thoracic and
lumbar regions of H. sapiens (Arlegi et al., 2020), which was linked
to the degree of functional constraint in articulated structures. Our
results support the hypothesis that cervical vertebrae in hominids
present certain evolutionary disparity, and these differences could
correspond to the atlas and axis with the internal modular division
of the cervical spine. However, despite differences among the
subaxial cervical vertebrae, we could not observe a clear modular
subdivision with our experimental design.

4.4. Influence of size on covariation

Similar to previous works, the results of this study also indicate
that size has an important effect on increasing the strength of
integration (Zelditch, 1988; Marroig et al., 2009; Porto et al., 2013;
Arlegi et al., 2018, 2020). Once the effect of size was removed, all
vertebrae, except for the atlas, exhibited a reduction in their
magnitude of integration with the cranium in the three species.
This mainly supports our hypothesis that removing the effect of size
would reduce the degree of integration; however, this was not
supported for the atlas. This is likely because, following our allo-
metric results, shape variation in the atlas is not explained by
cranial size in humans and chimpanzees and is lower relative to the
other vertebrae in gorillas. This means that size variation in the
cranium influence other cervical vertebrae (i.e, C2—C7)
morphology but not the atlas, and thus removing this effect in the
atlas and cranium does not negatively affect their integration.
Indeed, the shape of the atlas is highly conditioned by its inherent
link with the cranial base (e.g., Evans, 1939), and its functional role
in the craniocervical junction may relatively constrain the influence
of other sources of variation, such as cranial size.

The high variation in C2—C7 vertebral shape explained by cranial
size, especially in gorillas, may be related to the primary biome-
chanical function of the neck, which is to balance the head (e.g.,
Dunbar et al., 2008). Large-bodied mammals need shorter necks to
reduce the distance between the head's center of mass and the
cervicothoracic junction to lower the bending moment, avoiding
vertebral articular displacement (Preuschoft and Klein, 2013; Miiller
et al., 2021). In a similar vein, a previous study analyzing cervical
craniocaudal length relative to body size revealed that in non-
marsupial mammals, the atlas showed a different allometric scaling
relative to the rest of the cervical vertebrae (Arnold et al., 2017b);
C2—C7 vertebrae decreased in length as body size increased,
whereas the atlas increased. Our allometric result indicates that
beyond neck length, the overall morphology of the cervical vertebrae
is also influenced by cranial size, possibly affecting each trait differ-
ently. From the three species analyzed here, gorillas clearly showed
the highest craniocervical integration and the highest cervical shape
variation explained by cranial size. Whether the characteristic fea-
tures of the cervical morphology of gorillas, such as their large
spinous processes (Schultz, 1961; Arlegi et al., 2017), are related to
functional requirements to balance and stabilize the head is some-
thing that needs further analysis.

In addition, our results indicate different allometric relationship
between cervical vertebrae's shape and cranial size among species
in all vertebrae except in the atlas and C7 (Fig. 7 and Table 7). The
largest differences occurred between gorillas and humans, the
latter also yielding the lowest allometric variation in all the verte-
brae. The lower influence of cranial size in cervical shape in humans
may be likely related to their upright posture and bipedal loco-
motion. In a vertical cervical spine, the head's gravity center is
closer to the atlanto-occipital joint, reducing the neck's bending
moment (Schultz, 1942; Demes, 1985). This is not exclusive of



M. Arlegi, A. Pantoja-Pérez, C. Veschambre-Couture et al.

humans, as a different allometric pattern in the cervical spine
compared with other mammals has also been observed in kanga-
roos: an upright posture and bipedal-saltatorial locomotion taxon
(Arnold et al., 2017b). In addition, a positive allometric trend was
observed in the atlas and axis of primates (Manfreda et al., 2006;
Nalley and Grider-Potter, 2017). Manfreda et al. (2006) observed a
significant link between atlas shape and body mass and also that
the allometric trend was distinct between the nonhuman primates
and H. sapiens in morphological traits related to locomotion pat-
terns. Finally, in hominines, we also obtained a different allometric
trend in the atlas of hominines compared with the rest of the cer-
vical vertebrae. This was also observed in a previous study
including a vast amount of mammal species (Arnold et al., 2017a, b),
in which they observed that atlas length increased with larger body
sizes. In the present study, we included the general shape of the
vertebrae and not only the craniocaudal length as in the study by
Arnold et al. (2017a, b), but our results indicate that the atlas shape
is affected differently from body or cranial size compared with the
rest of the cervical spine.

5. Conclusions

The major objective addressed in this study was to analyze the
degree of covariation between the cranium and the cervical
vertebrae in hominids, for which we proposed and tested five hy-
potheses resulting in: First, in hominids, the atlas and axis module
show significantly lower values of magnitudes of craniocervical
integration than the rest of the cervical vertebrae. Second, as ex-
pected, species with larger musculoskeletal features in the dorsal
neck, in this case, gorillas, show the highest degree of craniocervical
correlation. Third, in contraposition to gorillas and chimpanzees,
modern humans showed a different pattern of craniocervical cor-
relation, showing less specialized and more diverse association
among their features. Fourth, from an evolutionary point of view,
the cervical vertebrae showed different evolutionary patterns, the
atlas of hominines displayed a certain degree of homoplasy, and the
subaxial cervical vertebrae a more directional-like mode of evolu-
tion. This indicates a relative morphological and evolutionary stasis
in the atlas and axis regarding the rest of the cervical vertebrae,
especially those located in the middle of the cervical spine (i.e.,
C4—C5). Fifth, as expected, removing the effect of size resulted in a
reduction of the degree of craniocervical integration in all vertebrae
exceptin the atlas. Indeed, all the cervical vertebrae except the atlas
yielded significant shape variation explained by cranial size.

In sum, although the pattern of integration is relatively constant
in mammals, we observed in our results subtle differences in the
craniocervical pattern and magnitude of integration between
humans and gorillas and chimpanzees. These differences are
mainly circumscribed to cranial and cervical characters implicated
in maintaining head balance. However, whether these relative
differences are related to postural and/or locomotor factors is
something that requires more specific analyses to be answered.
Finally, we also found that the module comprising the atlas and axis
reflects a certain degree of lower magnitude of shape change dur-
ing evolution with the rest of the craniocervical complex.
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