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Previous research has found that hominoids have stronger modularity between limb elements than other

anthropoids, suggesting that there is less constraint on morphological diversification (e.g., limb pro-

portions) in hominoids in terms of evolutionary independence. However, degrees of modularity in the

axial skeleton have not been investigated across a broad range of anthropoid taxa. Thus, it is unknown

whether hominoids also have stronger modularity in the axial skeleton than other anthropoids, which

has implications for the evolution of diverse torso morphologies in Miocene apes as well as the evolution

of novel characteristics in the skull and vertebrae of fossil hominins. In this study, 12 anthropoid genera

were sampled to examine degrees of modularity between axial skeletal elements (i.e., cranium,

mandible, vertebrae, and sacrum). Covariance ratio coefficients were calculated using variance/covari-

ance matrices of interlandmark distances for each axial skeletal element to evaluate degrees of modu-

larity. The results showed that Alouatta, Hylobates, Gorilla, Pan, and Homo showed generally stronger

modularity than other anthropoid taxa when considering all axial skeletal elements. When only

considering the vertebral elements (i.e., vertebrae and sacrum), Alouatta, Hylobates, Gorilla, and Pan

showed generally stronger modularity than other anthropoid taxa. Humans showed stronger modularity

between the skull and vertebrae than other hominoids. Thus, the evolution of novel characteristics in the

skull and vertebral column may have been less constrained in fossil hominins due to the dissociation of

trait covariation between axial skeletal elements in hominoid ancestors, thus fostering more evolu-

tionary independence between the skull and vertebral column.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

The study of morphological modularity among skeletal regions

is important as modular structure can confine the effect of mu-

tation or selection to limited sets of traits (Hallgrímsson et al.,

2009; Armbruster et al., 2014; Goswami et al., 2014;

Klingenberg, 2014), thus influencing the potential pathways of

evolutionary change. Modular structure refers to higher in-

teractions or correlation within skeletal regions (termed ‘mod-

ules’) with relatively less connectivity between-modules

(Klingenberg, 2014). In other words, a modular structure suggests

stronger within-module integration than between-module inte-

gration. As noted by Armbruster et al. (2014: 1), “integration and

modularity refer to the patterns and processes of trait interaction

and independence”. In this regard, modularity and integration are

not antonyms but complementary concepts. In the present study,

modularity was used to refer to relative degrees of connectivity

within and between a priori defined modules. Organisms with

more modular body plans are considered to have different levels

of within- and between-module constraints on morphological

evolution as modules tend to have greater evolutionary inde-

pendence compared with other body regions. Therefore, trait

covariation may have to be dissociated or structured in differen-

tial ways to facilitate the evolution of novel skeletal morphology

(Armbruster et al., 2014; Goswami et al., 2014; Klingenberg, 2014).

For instance, Young et al. (2010) reported that hominoids have

stronger degrees of modularity (i.e., lower covariation) between

limb elements than other anthropoids. Thus, Young et al. (2010)

suggested that there was dissociation of trait covariation be-

tween limb elements in hominoid ancestors, which allowed for

the evolution of novel limb proportions among hominoids,

including the human lineage in relation to obligate bipedal loco-

motion (i.e., short forelimbs and long hindlimbs).
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In the vertebral column, the results of Williams et al. (2019)

suggest that antipronograde and dorsostable hominoids may

have experienced reduced biomechanical and developmental/ge-

netic constraints compared to pronograde and dorsomobile an-

thropoids in terms of the number of presacral vertebrae. Although

the axial skeleton is traditionally separated into the vertebral col-

umn and the skull, it is important to note that the basicranium

shares developmental origins and genetic pathways with vertebral

elements (Burke et al., 1995; Wellik, 2007) and acts as the ‘central

integrator’ of the skull (Lieberman, 2011), suggesting the existence

of modular structure across the skull and vertebral column. How-

ever, despite its importance for understanding the evolutionary

history of the human and nonhuman primate bauplan, only a few

studies have investigated modularity (or covariation) among axial

skeletal elements in primates (e.g., Villamil, 2018; Arlegi et al., 2018,

2020, 2022; Villamil and Santiago-Nazario, 2021). Moreover, these

studies have tended to focus on limited axial skeletal regions, such

as the cranium and/or cervical vertebrae, and only examined

morphological integration/modularity in hominoids (Villamil,

2018; Arlegi et al., 2018, 2022; Villamil and Santiago-Nazario,

2021). Although Arlegi et al. (2020) investigated covariation

across almost all vertebrae, the analyses were limited to humans.

Thus, it is unknown whether axial skeletal elements of hominoids

also have stronger degrees of modularity than other anthropoids as

has been found to be the case for limb elements (Young et al., 2010).

Knowing this is important as it may suggest that hominoid an-

cestors had weaker genetic constraints among traits or lower

evolutionary constraint (i.e., constraint on the evolution of diverse

torso morphology in response to diverse locomotor repertoires)

than other anthropoid groups, thus allowing for the evolution of

novel axial skeletal morphologies in the hominoid lineage,

including the unique skeletal morphology associated with human

bipedalism.

It is well understood that humans display novel characteristics

in the skull (Lieberman, 2011; G�omez-Robles et al., 2017; Schroeder

and von Cramon-Taubadel, 2017; Veneziano et al., 2018; von

Cramon-Taubadel et al., 2021) and vertebrae (Latimer and Ward,

1993; Shapiro, 1993a; Been et al., 2019) related to our upright

body posture and bipedal form of locomotion. For instance,

Schroeder and von Cramon-Taubadel (2017) found that humans

showed a strong signal of directional selection on basicranial

flexion, facial retraction, and cranial vault expansion among ape

lineages. Directional selection for brain expansion may have been

one of the major forces that shaped human skull morphology, given

that facial retraction is also associated with basicranial flexion and

brain size expansion (Lieberman et al., 2000; Lieberman, 2011;

Neaux et al., 2018). In terms of the vertebral column, there is a

mosaic of primitive and novel characteristics observable among

australopiths (Johanson et al., 1982; Lovejoy et al., 1982; Shapiro,

1993b; Meyer et al., 2015, 2017; Williams et al., 2018; Williams

and Meyer, 2019) and fossil Homo specimens (Latimer and Ward,

1993; Meyer, 2005; G�omez-Olivencia et al., 2013, 2017; Arsuaga

et al., 2015; Williams et al., 2017; Meyer and Williams, 2019;

G�omez-Olivencia and Been, 2019). Although australopiths show

more primitive vertebral morphologies than early and late Homo

specimens, australopiths have certain degrees of lumbar lordosis,

which is thought to be an adaptation for bipedal locomotion to

move the center of the torso over the sacroiliac and the hip joints

(Latimer and Ward, 1993; Shapiro, 1993a,b; G�omez-Olivencia and

Been, 2019; Meyer and Williams, 2019; Williams and Meyer,

2019; Williams et al., 2021). Also, early and late Homo specimens

showed lumbar lordosis although the Sima de los Huesos (SH)

Homo specimens and Neanderthals had lesser degrees of lumbar

lordosis than modern humans (Latimer and Ward, 1993; G�omez-

Olivencia et al., 2013; G�omez-Olivencia and Been, 2019; Meyer

and Williams, 2019; but see Williams et al., 2022). Taken

together, the evolution of the novel characteristics and morpho-

logical diversification in the skull and vertebral column of hominins

suggest that a high evolutionary potential may have pre-existed in

hominoid ancestors and/or that the human lineage presents very

different patterns of modularity compared with other hominoids.

In this regard, the purpose of the present study was to investi-

gate both whether hominoids have relatively stronger modularity

(i.e., weaker covariation) among axial skeletal elements than other

anthropoids and to compare patterns of modularity between

humans and other hominoids, by testing the following two hy-

potheses: 1) hominoids will have stronger degrees of modularity

between axial skeletal elements (i.e., cranium, mandible, vertebrae,

and sacrum) than other anthropoids as was previously reported to

be the case for limb elements (Young et al., 2010); 2) humans will

have different patterns of modularity in the axial skeleton

compared to other hominoids.

2. Materials and methods

2.1. Skeletal materials

For this study, major anthropoid taxa were examined at the

genus level (Table 1; Supplementary Online Material [SOM]

Table 1). When possible, a single species within each genus was

sampled. Individuals were selected if there were identifiable

landmarks on the cranium, mandible, five cervical vertebrae, five

thoracic vertebrae, three lumbar vertebrae, and sacrum. The skull

(i.e., cranium and mandible) directly interacts with the cervical

vertebrae to generate head and neck movements and create bal-

ance (Lieberman, 2011). Moreover, the basicranium shares devel-

opmental origins (i.e., somite differentiation and segregation) and

genetic pathways (i.e., Hox gene family) with vertebral elements

(Burke et al., 1995;Wellik, 2007; Lieberman, 2011). Thus, the skull is

included in the analyses as it shares functional demands and

developmental pathways with the vertebral column. However,

analyses were also repeated just using the vertebral elements

(vertebrae and sacrum), given that the cranium and mandible also

form a distinct functional module (related to feeding, cognition,

and sensory function) separate from the vertebral column. Three-

dimensional surface scans of skull and vertebral elements were

generated using an HDI-120 and a Macro R5X structured-light

scanner (LMI technologies Inc., Vancouver, Canada). In this study,

Table 1

Sample description and individual variation controlled for by mean centering.

Taxa Sex Controlled variation

Male Female Total

Alouatta palliata 7 3 10 S, SP, T, L, SAC

Alouatta caraya 3 3 6

Cercopithecus ascanius 9 6 15 S, SP, T, L

Cercopithecus mitis 8 7 15

Chlorocebus aethiops 11 9 20 S, SP, WC, T, L

Chlorocebus pygerythrus 6 6 12

Colobus guereza 8 0 8 None

Gorilla gorilla 6 5 11 S, L, SAC

Homo sapiens 48 38 86 S

Hylobates lar 22 23 45 S, L, SAC

Lophocebus albigena 4 4 8 S

Macaca fascicularis 22 17 39 S, WC, T, L

Pan troglodytes 16 15 31 S, T, L, SAC

Pongo pygmaeus 5 3 8 S, SAC

Sapajus apella 10 2 12 S

Abbreviations: S ¼ sex; SP ¼ species; WC ¼ wild vs. captive; T ¼ identity of the last

thoracic vertebra; L ¼ identity of the last lumbar vertebra; SAC ¼ the number of

sacral vertebrae.
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adult specimens were used and adult status was evaluated by

observation of a (fully) fused spheno-occipital synchondrosis and/

or the third molar on the occlusal surface. Variation attributable to

sex, species, wild vs. captive, identity of the last thoracic or lumbar

vertebrae, and/or the number of sacral vertebrae was controlled by

mean centering within each genus (Table 1; Jung et al., 2021). Mean

centering was conducted by subtracting a variable's mean from all

observations in the data, which standardizes all variable means to

zero (Iacobucci et al., 2016).

In the vertebral column, five cervical, five thoracic, three lumbar

vertebrae, and the sacrumwere selected as representative samples

of the vertebral column, as vertebral elements share developmental

origins and genetic control across taxa (Burke et al., 1995; Wellik,

2007), and functional roles within vertebral regions (Shapiro;

1993a; Been et al., 2019). Thus, a partial vertebral column was

used as a proxy for the entire vertebral column to calculate degrees

of modularity in this study, given that taxa (and in some cases,

individuals within taxa) vary in the absolute number of vertebrate

elements they possess. For the cervical vertebrae, the first, second,

third, fifth, and seventh (C1, C2, C3, C5, and C7) were sampled as all

primates have seven cervical vertebrae. For the thoracic vertebrae,

the first, fourth, seventh, tenth, and twelfth/thirteenth (T1, T4, T7,

T10, and T12/13) were sampled in catarrhines and the first, fifth,

eighth, twelfth, and fourteenth/fifteenth (T1, T5, T8, T12, and T14/

15) were sampled in platyrrhines. Thus, the selected thoracic

vertebrae included the first and last thoracic vertebrae in all cases,

plus the vertebra halfway along the thoracic spine (T7 or T8), and

two vertebrae approximately equidistance between the last

thoracic vertebra and the midpoint (T4/T5 and T10/T12). This

sampling strategy allows for a relatively constant interval coverage

in the thoracic region. For the lumbar vertebrae, the first, ‘middle,’

and last lumbar vertebrae were sampled. For instance, the sampled

lumbar vertebraewere first, third, and fourth/fifth (L1, L3, and L4/5)

in Alouatta, first, third, and fifth (L1, L3, and L5) in Sapajus and

Homo, first, fourth, sixth/seventh (L1, L4, L6/7) in Colobus, Cercopi-

thecus, Chlorocebus, Lophocebus, and Macaca, first, third, and fifth/

sixth (L1, L3, L5/6) in Hylobates, first, third, and forth (L1, L3, and L4)

in Pongo, and first, second, third/fourth (L1, L2, L3/4) in Pan and

Gorilla. Thoracic vertebrae were defined as rib-bearing vertebrae,

whereas lumbar vertebrae were defined as nonerib-bearing

vertebrae caudal to thoracic vertebrae in the thoracolumbar region

(Williams et al., 2016). This criterion was chosen as the last rib-

bearing vertebra in some anthropoid taxa (e.g., cercopithecoids)

is often not in the same level as the transitional (or ‘diaphragmatic’)

vertebra, which have coronally oriented prezygapophyseal articular

facets and obliquely or sagittally oriented postzygapophyseal

articular facets (Williams et al., 2016).

The condition of fused coccygeal vertebrae to the sacrum was

assessed based on the cornua morphology of the sacrum and

coccygeal vertebrae, which projects inferiorly and superiorly,

respectively (Russo and Williams, 2015). Moreover, as Russo and

Williams (2015) reported, humans also have the apex and base of

the sacral hiatus mostly located at the penultimate sacral vertebrae

and at the ultimate sacral vertebra, respectively. These criteria were

considered when counting the number of sacral vertebrae and

placing landmarks on the sacrum.

2.2. Landmarking protocol

Landmarks were digitized on the left side of skeletal elements

using the software Landmark v. 3.0.0.6 (Wiley et al., 2005; Fig. 1;

SOM Tables S2�S7). When the left side was damaged, the right side

was landmarked. In specimens with significant sagittal and nuchal

crests, the average midline point of the left and right side of the

crest at the level of the vault was used to estimate the position of

midline landmarks bregma and lambda. When the spinous process

in cervical vertebrae was bifurcated, the average coordinates be-

tween the left and right sides of the bituberculosity were used.

When there was only one costal facet in the last rib-bearing

vertebra, the left side was landmarked unless there was bilateral

asymmetry on the vertebral body. The sidewith the costal facet was

landmarked when there was marked asymmetry. There was a

partially sacralized last lumbar vertebra in one orangutan, one

chimpanzee, and two humans. In these specimens, the last lumbar

vertebra could be disarticulated as the impacted sidewas slightly or

moderately sacralized. On partially sacralized last lumbar verte-

brae, the left side was landmarked unless there was marked bilat-

eral asymmetry. The side without partial sacralization was

landmarked when there was marked asymmetry.

Intraobserver error was evaluated by calculating standard de-

viations among coordinates on 3D models. The cranium, mandible,

C1, C2, T7, and sacrum of one male Macaca fascicularis were digi-

tized three times as each scan shares the same fixed coordinate

plane (von Cramon-Taubadel et al., 2007). The mean measurement

error was 0.261 mm in the cranium, 0.135 mm in the mandible,

0.045 mm in C1, 0.056 mm in C2, 0.081 mm in T7, and 0.107 mm in

the sacrum (SOM Tables S2�S7).

2.3. Analytical methods

The covariance ratio coefficient (CR) was used to calculate de-

grees of modularity as it is insensitive to sample size or number of

variables (Adams, 2016). To calculate the CR, the variance/covari-

ance (V/CV) matrix needs to be structured as follows (Adams,

2016):

S¼

�

S11 S12
S21 S22

�

where S11 is the within-module V/CVmatrix for module 1, S22 is the

within-module V/CV matrix for module 2, and S12 or S21 is the

between-module V/CV matrix for modules 1 and 2 (Adams, 2016).

Matrix S has pþ q dimensions whenmodule 1 andmodule 2 have p

and q number of traits, respectively. Then, the calculation of the CR

is as follows, which presents covariance ratio between two blocks

(Adams 2016):

CR¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

traceðS12S21Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

traceðS*11S
*

11ÞtraceðS
*

22S
*

22Þ

q

v

u

u

t

where S*11 and S*22 are the covariance matrices within modules

with zeros in the diagonal elements. Trace ðS*11S
*

11Þ or trace

ðS*11S
*

11Þ refers to the sum of the squared covariance in each block

(within-modules), whereas trace (S12S21) is the sum of the squared

covariance between two modules as diagonal elements are

excluded (Adams, 2016). The covariance ratio coefficient can be

larger than 1 when covariation between modules is larger than

covariation within modules. A CR value of 1 or more indicates no

modularity, whereas a CR value of 0 means complete modularity

between modules (Adams, 2016). Thus, a lower CR value indicates

stronger degrees of modularity (i.e., high levels of within-module

covariation and little/no covariation between modules). V/CV

matrices were generated using all possible Euclidean interland-

mark distances for a given skeletal element to calculate CR. The

covariance coefficient ratio was calculated using the ‘modular-

ity.test’ function in the ‘geomorph’ package v. 3.2.1 (Adams and

Ot�arola-Castillo, 2013) in R v. 3.6.3 (R Core Team, 2020). One axial

skeletal element was assigned to block 1 and another one was
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assigned to block 2 in the aforementioned CR formula to calculate

CR values between all possible pairs of axial skeletal elements.

ManneWhitney U tests were conducted using ‘wilcox.test’

function in R to statistically compare mean CR values in the axial

skeletal elements or in the vertebral elements among anthropoid

taxa with Bonferroni correction (i.e., statistically significant when

p < 0.00076 for 66 ManneWhitney U tests in anthropoids;

p < 0.005 for 10 ManneWhitney U tests in hominoids).

ManneWhitney U tests were used as distributions of CR values

were not normal (p < 0.05) in most anthropoid taxa when tested

using the ‘shapiro.test’ function in R.

Visual inspection of heatmaps was used to examine the overall

pattern of CR in all possible pairs of axial skeletal elements for each

taxon. A heatmap was generated by using ‘corrplot’ function in

‘corrplot’ package v. 0.92 (Wei et al., 2017) in R. Elements in heat-

maps represent relative CR values between pairs of axial skeletal

elements. Light and dark blue color shows relatively lower or

higher CR values, respectively. Lastly, to quantify which taxa were

most similar and different from each other in terms of patterns of

CR values, pairwise Euclidean distances were calculated between

taxon heatmap matrices using element-wise subtractions. To

visualize these patterns of similarity and difference, distance

matrices representing pairwise differences in the degrees of

modularity (i.e., CR values) were subjected to 2D nonmetric

multidimensional scaling (MDS) analysis using PAST v. 3 (Hammer

et al., 2001), such that dissimilarities between heatmaps could be

represented and visualized in two dimensions (Groenen and van de

Velden, 2005). In each 2DMDS plot, ‘stress’ values were reported to

Figure 1. Landmarks used in this study placed on the cranium (A), mandible (B), first cervical vertebra (C), second cervical vertebra (D), seventh thoracic vertebra (E), and sacrum

(F). The landmarks are essentially the same for all thoracic and lumbar vertebrae (for details, see SOM Tables S2eS7).
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quantify the degree of correspondence between the original and

projected distance matrices (Groenen and van de Velden, 2005).

The stress value is a goodness-of-fit statistic (i.e., how well the

inputted distance matrix can be rendered in two dimensions) and

ranges between 0 and 1 (Groenen and van de Velden, 2005). Thus,

low stress values indicate a better representation of the original

distance matrix in two dimensions.

3. Results

Hominoids generally showed lower CR (i.e., stronger modu-

larity) than other anthropoid taxa with some exceptions (Fig. 2;

Table 2). The mean CR between axial skeletal elements or between

vertebral elements (i.e., vertebrae and sacrum) was highest in

Macaca and lowest in Pan (Fig. 2; Table 2). In the axial skeleton,

Alouatta, Hylobates, Gorilla, Pan, and Homo showed generally lower

CR than other taxa in the axial skeletal elements (Fig. 2; Table 2;

SOM Table S8). Of the hominoid taxa, Pongo had the highest CR

among hominoids for both the axial skeleton and vertebral ele-

ments. In the vertebral elements, Alouatta, Hylobates, Gorilla, and

Pan showed generally lower CR than other taxa (Fig. 2; Table 2;

SOM Table S9).

In Homo, the mean CR between skull elements (i.e., cranium and

mandible) and vertebral elements (i.e., vertebrae and sacrum) was

significantly lower than other hominoids (Fig. 3; SOM Table S10). It

is worth noting that the use of a highly conservative alpha-level

applied during Bonferroni correction of the ManneWhitney U

tests may increase the likelihood of Type-II errors (i.e., false nega-

tives), and as such the ManneWhitney U test results should be

assessed with some caution. Nevertheless, the overall patterns of

modularity among taxa remain the same regardless of the precise

statistical cut-off points suggested by the results of the Man-

neWhitney U test results.

Looking at the heatmap results, it seems that Homo showed

more evenly patterned CR in the vertebral elements and stronger

modularity between the skull and vertebral column compared to

other hominoids (Fig. 3). In addition, the CR was relatively high in

the cervical region for Alouatta, Colobus, andMacaca, in the thoracic

region for Chlorocebus, Hylobates, Pan, and Homo, and in the lumbar

region for Sapajus, Cercopithecus, Lophocebus, Pongo, and Gorilla

(Fig. 3; SOM Tables S11eS22). Moreover, the patterns of CR dis-

played by the heatmaps were also not consistent even in taxa with

high CR in similar vertebral region. Thus, there was no detectable

pattern suggesting whether there is a consistently more modular

vertebral region across anthropoids in general.

In the 2DMDS plots of the taxon pairwise distances between CR

heatmaps (Figs. 4 and 5), hominoids were generally separated from

other catarrhines (i.e., cercopithecoids) along the first axis,

reflecting the systematic differences in their levels of axial skeletal

modularity seen in the results of mean and pairwise CR values

(Figs. 2 and 3; Table 2). However, it should be noted that, with

respect to all axial skeletal elements, Pongo represents an exception

to this general pattern in not being clustered with other hominoids

(Fig. 4). However, in the case of vertebral elements, Pongo was

clustered with other hominoid taxa. In the case of the more

distantly related platyrrhine taxa, Alouatta was situated closer to

hominoids, reflecting their relatively lower CR values, whereas

Sapajus was closer to cercopithecoids in the 2D MDS plots,

consistent with their elevated CR values (i.e., weaker modularity).

4. Discussion

4.1. Comparison between hominoids and other anthropoids

The results partially supported the first hypothesis of the pre-

sent study. Hominoids showed generally stronger degrees of

modularity (i.e., lower CR) between axial skeletal elements and/or

between vertebral elements than other anthropoid taxa, although

there were some exceptions (Fig. 2; Table 2; SOM Tables S8 and S9).

Pongo had overall higher CR than most other hominoid taxa for the

whole axial skeleton, although this was not the case for the

vertebral elements, whereas Alouatta had lower CR than other

nonhominoid taxa and displayed CR levels in the hominoid range.

Moreover, it should be noted that Pongo was not clustered with

other hominoidswhen considering all axial skeletal elements in the

2D MDS plot (Fig. 4), which may be due to its small sample size.

However, Lophocebus and Colobus were clustered with other cer-

copithecoids although they also had the same small sample size as

Pongo. More importantly, the CR is generally considered insensitive

to sample size (Adams, 2016). Thus, there is currently no clear

explanation for the separation of Pongo from other suspensory

hominoids in terms of CR for the whole axial skeleton.

Young et al. (2010) also reported that hominoids have relatively

stronger degrees of modularity between limb elements than other

Figure 2. Covariance ratio coefficient (CR) in the axial skeletal elements and vertebral elements. Horizontal lines inside violin plot present 25%, 50%, and 75% quartiles based on the

density estimate.
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anthropoids, which is assumed to reflect the more limited effects of

mutation or selection on certain skeletal elements (Klingenberg,

2014). Thus, the results suggest that hominoids have weaker ge-

netic constraints among traits or lower evolutionary constraints on

morphological diversification in the axial skeleton, similar to what

was observed among limb elements (Young et al., 2010), as a result

of this overall lower between-module covariation (Klingenberg,

2014). As limb elements and vertebrae share similar Hox gene

expression domains (Wellik, 2007; Rolian, 2014), dissociation

among vertebral elements and among limb segments may be

related to analogous developmental mechanisms and resultant

reduction of constraint on morphological evolution in hominoids.

Hence, stronger degrees of modularity in hominoids may be related

to the evolution of diverse torso and limbmorphologies in response

to variable locomotor repertoires found across Miocene apes

(Ward, 2015; Pilbeam and Lieberman, 2017).

No vertebral region was found to show consistently higher or

lower CR across all anthropoid taxa studied here, and the differ-

ences in patterns of modularity seen in the heatmaps (Fig. 3) did

not fall along strict phylogenetic or taxonomic lines. Arlegi et al.

(2020) reported relatively stronger covariation among modern

human thoracic vertebrae when compared with cervical and lum-

bar vertebrae, which was inferred to reflect either the notion that

the thoracic region is the first module to evolve in the mammalian

vertebral column (Jones et al., 2018) or is associated with the need

for greater stability in the thoracic region as a result of bipedalism.

Here, we also found strong covariation in the thoracic region of

humans (Fig. 3), consistent with the results of Arlegi et al. (2020).

However, most anthropoid taxa (eight out of 12 genera analyzed

here) showed relatively stronger covariation in either the cervical

or lumbar regions and not in the thoracic region (Fig. 3). Moreover,

felids did not show stronger covariation in the thoracic region

compared with the cervical and lumbar regions (Randau and

Goswami, 2017). Thus, taken together, these results suggest that

the strong covariation in the thoracic region found in modern

humans here and by Arlegi et al. (2020) is not indicative of a uni-

versal mammalian pattern due to the early evolution of the

mammalian thoracic region. Also, the results presented here do not

suggest that the relatively high modularity of the thoracic region in

humans reflects the need for greater stability during bipedal loco-

motion, as Chlorocebus, Hylobates, and Pan also showed strong

covariation in the thoracic region in this study. Thus, the patterns of

CR in the vertebral column may not be strictly related to posture or

locomotion. Still, it is possible that some other factor is contributing

toward the functional/developmental modularization of the

thoracic vertebral region. Alternatively, the results might instead

reflect random processes (e.g., drift) in major anthropoid taxa.

Further studies focused on broader taxonomic groups representing

various locomotor behaviors (e.g., bipedal marsupials) and regional

specialization in the vertebral column are required to interpret

these results.

In terms of the platyrrhine taxa considered here, Alouatta

showed stronger degrees of modularity in the axial skeleton,

similar to that found in hominoids. In comparison, Sapajus showed

similar degrees of modularity in the axial skeleton to cercopithe-

coids (Fig. 2; Table 2; SOM Tables S8 and S9). These differences

among platyrrhine taxa may be related to differences in positional

behaviors (i.e., locomotion and posture) and/or body size as atelids

are the largest platyrrhines and Alouatta engage in bridging, sus-

pensory, and climbing behaviors (Fleagle and Mittermeier, 1980;

Fleagle, 2013). In contrast, capuchins are arboreal quadrupeds with

body sizes similar to other cercopithecoids such as guenons

(Fleagle and Mittermeier, 1980; Fleagle, 2013). For example, Fleagle

and Mittermeier (1980) reported that Alouatta seniculus used sus-

pensory behavior (including climbing) for 16% of travel and 41% of

feeding behaviors. In comparison, suspensory behavior was used

for 5% of travel and 8% of feeding behaviors in Sapajus apella and for

70% of travel and 73% of feeding behaviors in Ateles paniscus

(Fleagle and Mittermeier, 1980). Johnson and Shapiro (1998) found

that atelids showed similar vertebral morphology to hominoids,

Table 2

Mean covariance coefficient ratio (CR) in axial skeletal elements and vertebral elements with standard deviation in parenthesis. The taxa are ordered from highest to lowest

mean CR in the axial skeletal elements.

Taxa Axial Significantly different

taxa in axiala
Vert Significantly different

taxa in vert

Macaca 0.816 (0.093) H: none

L: all taxa except Ch

0.845 (0.084) H: none

L: all taxa except Ch

Sapajus 0.770 (0.101) H: Ma

L: Al, Go, Ho, Hy, Pa

0.786 (0.089) H: Ma

L: Al, Go, Ho, Hy, Pa

Chlorocebus 0.769 (0.112) H: none

L: Al, Go, Ho, Hy, Pa

0.813 (0.077) H: none

L: Al, Go, Ho, Hy, Pa, Po

Colobus 0.748 (0.116) H: Ma

L: Al, Go, Ho, Hy, Pa

0.769 (0.101) H: Ma

L: Al, Hy, Pa

Lophocebus 0.748 (0.113) H: Ma

L: Al, Go, Ho, Hy, Pa

0.767 (0.108) H: Ma

L: Al, Hy, Pa

Cercopithecus 0.746 (0.105) H: Ma

L: Al, Ho, Hy, Pa

0.775 (0.092) H: Ma

L: Al, Go, Hy, Pa

Pongo 0.738 (0.130) H: Ma

L: Al, Ho, Hy, Pa

0.741 (0.138) H: Ch, Ma

L: Al, Pa

Gorilla 0.684 (0.141) H: Ch, Co, Lo, Ma, Sa

L: Pa

0.689 (0.152) H: Ce, Ch, Ma, Sa

L: Pa

Alouatta 0.679 (0.119) H: Ce, Ch, Co, Lo, Ma, Po, Sa

L: Pa

0.671 (0.118) H: Ce, Ch, Co, Lo, Ma, Po, Sa

L: Pa

Hylobates 0.668 (0.140) H: Ce, Ch, Co, Lo, Ma, Po, Sa

L: Pa

0.692 (0.132) H: Ce, Ch, Co, Lo, Ma, Sa

L: Pa

Homo 0.654 (0.162) H: Ce, Ch, Co, Lo, Ma, Po, Sa

L: Pa

0.727 (0.098) H: Ch, Ma, Sa

L: Pa

Pan 0.584 (0.138) H: all taxa

L: none

0.603 (0.137) H: all taxa

L: none

Abbreviations: axial ¼ axial skeletal elements; vert ¼ vertebral elements; H ¼ taxa with significantly higher CR; L ¼ taxa with significantly lower CR; Al ¼ Alouatta;

Ce ¼ Cercopithecus; Ch ¼ Chlorocebus; Co ¼ Colobus; Go ¼ Gorilla; Ho ¼ Homo; Hy ¼ Hylobates; Lo ¼ Lophocebus; Ma ¼ Macaca; Pa ¼ Pan; Po ¼ Pongo; Sa ¼ Sapajus.
a Significant result when p < 0.00076 following Bonferroni correction.

H. Jung and N. von Cramon-Taubadel Journal of Human Evolution 172 (2022) 103256

6



Figure 3. Heatmap of covariance ratio coefficient (CR) between axial skeletal elements. Diagonal elements are not included in the heatmap. Dark and light blue color represents

relatively higher and lower CR values, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Figure 4. Bidimensional nonmetric multidimensional scaling plot of distance matrix of

degrees of modularity in the axial skeletal elements as a whole (‘stress’ value ¼ 0.1922).

Figure 5. Bidimensional nonmetric multidimensional scaling plot of distance matrix of

degrees of modularity in the vertebral elements as a whole (‘stress’ value ¼ 0.1563).
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such as more ventrodorsally elongated and craniocaudally shorter

lumbar vertebral bodies. In contrast, capuchins show similar

vertebral morphology to arboreal quadrupedal cercopithecoids,

such as craniocaudally longer lumbar vertebral bodies (Johnson and

Shapiro, 1998). Alouatta shows intermediate vertebral morphology

between Ateles and Cebus as Alouatta use more arboreal quadru-

pedal locomotion than Ateles (Johnson and Shapiro, 1998). Thus, the

results found here, whereby Alouatta is somewhat similar to

hominoids, while Sapajus is similar to cercopithecoids, are most

likely related to similarities in the biomechanical demands of po-

sitional behaviors, despite the lack of phylogenetic relatedness.

Analyses that include more suspensory platyrrhine taxa (e.g., Ateles

and Brachyteles) may allow for the effect of phylogenetic related-

ness and convergent functional pressures on patterns of morpho-

logical modularity of the vertebral column to be parsed out.

The convergence in the degree of modularity between homi-

noids and Alouatta suggests the possibility that Miocene apes with

more extant ape-like axial skeletal morphologies may have had

relatively stronger degrees of modularity related to the functional

demands of antipronograde (e.g., suspensory) positional behaviors.

This inference is based on quantitative genetic models that predict

morphological evolution and diversification in relation to novel

functional pressures and/or function-induced increases in genetic

and developmental modularity between serially homologous

structures (Lande 1979; Cheverud 1996; Wagner and Altenberg,

1996; Hallgrímsson et al., 2002, 2009; Young and Hallgrímsson,

2005; Rolian, 2009, 2014; Young et al., 2010). As serially homolo-

gous structures, the axial skeletal elements (i.e., occipital region in

the skull and vertebral column) share developmental factors in

terms of somite differentiation and segregation from paraxial

mesoderm regulated by common genetic pathways, such as the

Hox gene family (Burke et al., 1995; Wellik, 2007). There are over-

laps and distinctions in Hox gene expression domains between

axial skeletal elements (Burke et al., 1995; Wellik, 2007), which

may result in correlated responses to selection or relative inde-

pendence between axial skeletal regions. Nevertheless, this does

not suggest any specific developmental processes for establishing

observed covariance structure, as covariances among traits cannot

be attributed to specific developmental determinants as the gen-

eration of covariance structure is dependent on developmental

processes that are superimposed during ontogeny (Hallgrímsson

et al., 2009). The strong modularity of axial skeletal elements in

hominoids and Alouatta suggest that there may have been changes

in functional demands and ensuing genetic/developmental mod-

ularization (i.e., reduced constraints) in Miocene apes with more

extant ape-like axial skeletal morphologies. Reduced develop-

mental/genetic constraint in suspensory taxa is also reflected in

variability in the number of presacral vertebrae, as there is higher

variation in numbers of presacral vertebrae in suspensory (i.e.,

antipronograde) mammals, including hominoids, except for Homo

sapiens and Gorilla beringei (Williams et al., 2019). The relative

stability in the number of presacral vertebrae in the latter two taxa

likely reflects adaptations for bipedalism or more terrestrial posi-

tional behaviors, respectively (Williams et al., 2019). It has been

suggested that antipronograde and dorsostable positional behav-

iors reduce biomechanical and developmental (and genetic) con-

straints from dorsomobile activities, such as leaping and running

(Williams et al., 2019). In other words, stabilizing selection on

presacral vertebrae number may have been reduced in anti-

pronograde and dorsostable mammals, including hominoids

(Williams et al., 2019). Furthermore, Shapiro and Kemp (2019) re-

ported that Chlorocebus generally had less variation in vertebral

dimensions than hominoids, which also suggests that stabilizing

selection may limit morphological variation in the vertebrae of

pronograde and dorsomobile Chlorocebus. Some Early and Middle

Miocene apes had more monkey-like torso and limb morphology

reflecting generalized quadrupedalism, such as Proconsul, Nacho-

lapithecus, Equatorius, and Griphopithecus (Ward, 1993, 2015;

Kikuchi et al., 2015), whereas other Early and Middle Miocene apes

such as Morotopithecus and Pierolapithecus (Sanders and

Bodenbender, 1994; Nakatsukasa, 2008, 2019; Ward, 2015) and

Late Miocene apes such as Oreopithecus, Hispanopithecus, and

Rudapithecus (Russo and Shapiro, 2013; Susanna et al., 2014; Ward,

2015; but see Ward et al., 2019) exhibited more extant ape-like

torso morphology with below-branch arboreal activities. Thus,

the modularity results presented here suggest that Miocene apes

with torso morphology more similar to extant apes had stronger

degrees of modularity than those, such as Proconsul, with a more

monkey-like torsomorphology. Jung et al. (2021) also reported that

Hylobates, Pan, and Homo generally showed weaker magnitudes of

integration within each presacral vertebra than Chlorocebus, Cer-

copithecus, andMacaca although therewere some exceptions. Thus,

the present study and Jung et al. (2021) indicate there may have

been weaker genetic constraints among traits or lower evolu-

tionary constraint in the axial skeleton of Miocene apes with extant

ape-like torso morphology in terms of morphological integration/

modularity. It is worth noting that morphological modularity has

not yet been quantified in extinct apes, and therefore, it is also

possible that Miocene apes had stronger degrees of modularity in

the axial skeleton than other anthropoids in general, despite vari-

ation in axial skeletal morphology and presumed positional be-

haviors. The only way to resolve this issue would be to directly

measure the degrees of modularity in the axial skeletons of extinct

Miocene apes in the future should a sufficient sample of fossilized

axial skeletal data become available.

4.2. Implications for the evolution and diversification of hominin

axial skeletal morphology

As predicted by the second hypothesis, humans showed

different patterns of modularity than other hominoids (Fig. 3). In

the case of vertebral elements, Homo exhibited a relatively high

level of covariation compared with other hominoids, and was not

significantly different from Cercopithecus, Colobus, and Lophocebus

(Table 2; SOM Table S9). The heatmap showed more evenly

patterned CR in the vertebral elements of Homo (Fig. 3), whereby

sequential vertebral elements showed higher CR values than

vertebrae further away. Moreover, Homo showed distinctive pat-

terns of strongmodularity, in terms of the relationship between the

skull and the vertebral column, compared with other hominoids

(Fig. 3; Table 2; SOM Tables S8�S10). Jung et al. (2021) showed that

humans generally had weaker magnitudes of integration within

each presacral vertebra than cercopithecoids, which suggests

morphological traits within each vertebra may be more indepen-

dently evolvable (i.e., weak magnitudes of integration within each

vertebra) but morphological evolution is coordinated between

vertebrae (i.e., strong covariation between sequential vertebral el-

ements). Although not directly comparable to this study, ancestral

state reconstruction of variability in the number of presacral

vertebrae in the superfamily Hominoidea and between the Panini

and Hominini tribes were also found to be close to antipronograde

mammals (Williams et al., 2019). If we assume that the last com-

mon ancestor (LCA) of humans and chimpanzees had a more

chimp-like morphotype (Pilbeam and Lieberman, 2017), the LCA

may have had relatively stronger modularity (i.e., lower covaria-

tion) in vertebral elements as suggested by the results for Pan in

this study. Then, the degrees of modularity increased (i.e., reversed)

in certain vertebral elements but decreased between the skull and

vertebrae of Homo from the LCA state in response to the evolution

of obligate bipedal locomotion. Alternatively, it is possible that
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stronger degrees of modularity may have evolved independently in

the axial skeleton of Hylobates, Pan, and Gorilla as similar degrees of

modularity were found between Pongo and cercopithecoids in the

axial skeleton (Table 2; SOM Tables S8 and S9). In this regard, a

future modularity study using Gorilla beringei may provide inter-

esting insights as presacral vertebrae number is stable in G. beringei

like other pronograde mammals in contrast to Gorilla gorilla

(Williams et al., 2019), which was used in the present study.

Moreover, further studies using more antipronograde mammals,

including primates, need to be conducted to test whether there is

stronger modularity in axial skeletal elements and/or vertebral

elements as well as less developmental constraints on the number

of presacral vertebrae (Williams et al., 2019).

Homo showed stronger degrees of modularity between the skull

and vertebral column than other hominoids in this study (Fig. 3;

SOM Table S10). Thus, the independent evolution of the novel

characteristics of the human skull and vertebrae may have been

facilitated by a decoupling of these elements in terms of trait

covariance. If the skull and vertebral column experienced different

strengths of selection and/or evolutionary rates in hominins, this

stronger modularity may have allowed greater evolutionary inde-

pendence for the skull and vertebral column to evolve in novel

ways (see Klingenberg, 2014). Moreover, the results of this study

suggest that fossil hominins may have had a mosaic of primitive

and derived axial skeletal morphologies reflecting reduced

constraint to paths of diversification in hominoid ancestors in

terms of stronger degrees of modularity in the axial skeleton than

other anthropoids.

5. Conclusions

In conclusion, the results of this study indicate that the overall

stronger modularity of the hominoid axial skeleton may reflect less

constraint in extinct and extant hominoids on the evolution of

novel axial skeletal morphologies, as has previously been shown in

limb bones (Young et al., 2010). Moreover, humans showed stron-

ger modularity between the skull and vertebral elements than

other hominoids. Thus, the results suggest a deep divergence (e.g.,

at the level of family/superfamily) in themodularity among skeletal

elements between hominoids and other anthropoids, and between

humans and other hominoids. Moreover, the convergence between

hominoids and Alouatta suggests that stronger degrees of modu-

larity in the axial skeleton are not a unique feature of hominoids

among primates but may be shared with phylogenetically distant

taxa with similar functional demands. The results also indicate the

strong possibility that Miocene apes with extant ape-like vertebral

morphologies and positional behaviors (i.e., locomotion and

posture) may have had stronger degrees of modularity in the axial

skeleton relative to more monkey-like Miocene apes, although this

is difficult to measure directly due to small sample sizes of frag-

mentary fossil specimens. Further studies including more

comparative primate and other mammalian taxa (e.g., spider

monkeys, indri lemurs, and bipedal marsupials) will be essential to

elaborate more comprehensive relationships between evolutionary

independence (e.g., degrees of modularity), phylogenetic history,

and positional behaviors in the axial skeleton.
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