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Abstract
The domestication process is associated with substantial phenotypic changes through
time. However, although morphological integration between biological structures
is purported to have a major influence on the evolution of new morphologies, little
attention has been paid to the influence of domestication on the magnitude of integration. Here, we assessed the influence of constraints associated with captivity,
considered as one of the crucial first steps in the domestication process, on the integration of cranial and mandibular structures. We investigated the craniomandibular
integration in Western European Sus scrofa using three-dimensional (3D) landmark-
based geometric morphometrics. Our results suggest that captivity is associated with
a lower level of integration between the cranium and the mandible. Plastic responses
to captivity can thus affect the magnitude of integration of key functional structures.
These findings underline the critical need to develop integration studies in the context of animal domestication to better understand the processes accountable for the
set-up of domestic phenotypes through time.
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1982; Klingenberg, 2008; Olson & Miller, 1958). This co-inheritance
of character complexes (Cheverud, 1995) has been described as the

Domestication is the ongoing process of the intensification of interac-

consequence of shared genetic processes, developmental pathways,

tions between humans and other animals (Vigne, 2011; Zeder, 2012)

functional selective pressures and/or phylogenetic constraints

associated with substantial phenotypic changes through time (Lord

(Marcucio et al., 2011; Martínez-Abadías et al., 2016; Parsons et al.,

et al., 2020; Sánchez-Villagra et al., 2016; Zeder, 2015). Identifying

2015). Morphological integration, defined as the tendency of dif-

the mechanisms responsible for the emergence of domestication is

ferent traits to vary jointly in a coordinated manner (Klingenberg,

crucial to understand its role in the trajectories of human societies

2008), has been suggested as having a major influence on morpho-

over the last 10,000 years (Zeder, 2018) and the emergence of hu-

logical evolution (Klingenberg, 2005; Schlosser & Wagner, 2004;

mans as a new evolutionary selective force (Erlandson & Braje, 2013;

Wagner & Altenberg, 1996). Indeed, a high degree of covariation

Smith & Zeder, 2013). The initial morphological changes associated

between structures (i.e. strong level of integration) channels mor-

with the first responsive steps of animal populations to anthropo-

phological variation along specific trajectories of shape space, re-

genic environments, prior to the emergence of selected breeds, are

ducing the range of potential phenotypic diversity by constraining

largely unknown and remain unidentified. Controlling the behaviour

evolution along ‘lines of evolutionary least resistance’ (Figure 1a;

of wild animals, where they are removed from their natural habitat

Goswami & Polly, 2014; Marroig et al., 2004; Schluter, 1996; Wagner

and moved into an anthropogenic environment, is generally con-

et al., 2007). Conversely, a low covariation reduces the constraints

sidered as a first step and a catalyst of the domestication process

on morphological variation. In this case, the evolution of traits is

(Vigne, 2015; Zeder, 2015). Previous studies have shown that a life-

equally possible in all directions of the shape space as the different

time in captivity can induce changes in the functional demands of

structures can respond independently to selective forces, increasing

wild animals (e.g. locomotor, foraging or feeding behaviours), mod-

the extent of potential phenotypic diversity. A link between environ-

ifying the shape of craniomandibular (Hartstone-Rose et al., 2014;

mental factors, acting during the life of an individual, and modifica-

Neaux et al., 2020; Selvey, 2018) and postcranial bony structures

tions in the magnitude of integration has been suggested (Cheverud,

(Harbers et al., 2020; Morimoto et al., 2011; Panagiotopoulou et al.,

1995; Klingenberg, 2014). It has been hypothesised that morpholog-

2019), and that captivity can leave an anatomical print on the muscu-

ical integration is labile in response to changes in environmental con-

loskeletal system, beyond the phenotypic variation range observed

ditions and that the correlations between phenotypic traits can be

in animals in their natural habitat.

altered by the environment (Pigliucci & Schlichting, 1998). Indeed, as

For a comprehensive understanding of these processes, it is

integration results from the coordinated plastic responses of several

crucial to take into account that morphological structures, such as

traits to variation in environmental factors, it is likely that changes

the cranium and the mandible, may respond to constraints in a co-

in these factors may cause variation in the magnitude of integra-

ordinated fashion as they are morphologically integrated (Cheverud,

tion. In this sense, the need for studies disentangling the relationship

F I G U R E 1 (a) A high integration level channels morphological variation, reducing the range of potential phenotypic diversity. A low
integration level minimises constraints on morphological variation, increasing the extent of potential phenotypic diversity. (b) Modularity
exists if integration is concentrated within certain parts of a structure (the modules) but is relatively weak between these modules.
Modularity therefore means that integration in a structure is compartmentalised, with strong integration within modules and weak
integration between modules. Modified after Klingenberg (2008, 2010)
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between morphological changes, due to environmental factors, and

affect the results of integration studies (Bookstein et al., 2003; Rohlf

the level of integration has already been underlined (Klingenberg,

& Corti, 2000), we choose to use similar sample sizes for the other

2014).

studied groups. In addition to the two captive groups, we also sam-

To assess the impact of a lifetime of growth in a captive ar-

pled adult free-ranging specimens (‘wild-caught’ group). This group

tificial environment on morphological integration in an ungulate,

included four individuals from the initial free-ranging herd of Urciers

we used an experimental approach focusing on the skull of wild

(i.e. the same population as the captive ones). These specimens came

boar. We collected weaned wild boar piglets from a genetically ho-

from a wild boar farm, where human interactions are intentionally

mogenous population and raised them in a captive anthropogenic

kept to a minimum in order to ensure that the behaviour of the wild

environment close to their initial habitat (100 km away). In this

boar remains as natural as possible. They are free to forage for food

experimental farm, the piglets were separated into two groups

in the woods. In addition to the specimens of the DOMEXP project,

where their natural foraging behaviour was suppressed (100-m2

the ‘wild-caught’ group also included seven free-ranging wild boar

stall with no possibility of foraging) or drastically limited (3000-m2

from the same geographic and climatic environment (i.e. temperate

pen with limited possibility of foraging due to the lack of space);

central France) as the DOMEXP specimens. Like most wild boar in

they were fed primarily on processed dry food pellets, developed

Western Europe, these free-ranging specimens had an omnivorous

for pig farming. We compared the level of morphological integra-

diet consisting mostly of vegetable foods, for example, acorns, roots

tion in the captive wild boar specimens with wild-c aught wild boar

and crops (Schley & Roper, 2003). All these specimens were wild-

populations. The captive wild boar had little possibility to forage

caught between 1 and 2 years of age. We included a fourth group of

and were fed on a diet requiring little mechanical demands. We

long-term domesticated populations of German, Polish and French

hypothesised that the constraints of captivity during their growth,

Landrace pigs (‘Landrace’ group), that is, locally adapted traditional

by reducing the range of functions performed and relaxing the

breeds (Negri et al., 2009). They were raised in stalls, with a strong

need for functional integration, may be linked to a significant re-

mobility reduction, and were between 1 and 9 years of age.

duction in the magnitude of integration.
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2.2 | Data acquisition and analyses
We used 94 homologous landmarks and 67 semilandmarks placed

2.1 | Material

on three-dimensional (3D) surfaces to describe the cranial and mandibular shape (Supporting Information Data S2). We digitised the an-

The dataset was composed of 46 adult European wild boar and

atomical landmarks and semilandmarks using IDAV Landmark v3.0

pig skulls belonging to four different groups (see Supporting

software (Wiley et al., 2005). We performed all the analyses in the

Information Data S1). We chose specimens from a limited region (i.e.

R environment (R Core Team, 2019). To remove variation related to

Western Europe) to reduce the confounding effects of geographic

their initial arbitrary position along the curves, the semilandmarks

and climate-induced morphological variation known to exist in Sus

were slid along the tangent of the curves, minimising bending en-

scrofa (Albarella et al., 2009). The first two groups consisted of wild

ergy (Gunz & Mitteroecker, 2013). These were then superimposed

boar from the DOMEXP project: a multidisciplinary experiment aim-

with the fixed landmarks using a generalised Procrustes superim-

ing to assess the effect of captivity on the musculoskeletal system

position (Rohlf & Slice, 1990), implemented in the gpagen function

(http://anr-domexp.cnrs.fr/). To test the plastic response of mobil-

of the package ‘geomorph’ (Adams et al., 2019) to obtain a new set

ity reduction on the shape of a wild ungulate skull, we relied on a

of shape variables (Procrustes coordinates) and the centroid size

control population of wild boar living in a 100,000-m2 fenced for-

(CS). The cranial and mandibular landmarks were subject to separate

est in Urciers (France). From this population, we sampled 24 piglets

Procrustes superimpositions in order to avoid the increase of covari-

that were divided into two groups of 12 specimens of equal sex

ance and spurious results (Cardini, 2018).

ratio (six males and six females). These groups were raised from 6

Allometry is known to significantly affect the level of morpho-

to 24 months at the Zoological Reserve of La Haute Touche (France)

logical integration as size-dependent shape changes contribute to

in two different contexts of mobility reduction: an indoor stall of

produce integration between structures (Klingenberg & Marugán-

100 m2 (‘stall–captive’ group) offering no possibility of natural for-

Lobón, 2013); therefore, we performed Procrustes ANOVAs

2

aging and a 3000-m wooded pen (‘enclosure–captive’ group) with

(Klingenberg & McIntyre, 1998) with permutation procedures to

only limited natural foraging possible. We supplied both groups with

quantify the allometry, with size computed as the decimal logarithm

the same processed dry food pellets, including 15.5% of raw protein

of CS (log CS; Collyer et al., 2015). This test was performed with the

adapted for pig diets. This experiment received ethics approval from

procD.lm function of the package ‘geomorph’ (Adams et al., 2019).

the French Ministère de l'Enseignement Supérieur et de la Recherche

We also tested the difference between the allometric slopes of

(APAFIS#5353-201605111133847). The relatively small sample

the studied groups. Assuming that these differences were not sig-

sizes for the ‘stall–captive’ and the ‘enclosure–captive’ groups are

nificant, all the following analyses were computed on both the raw

inherent to the experimental nature of the study. As sample size can

shape data and on size-corrected shape data, which are the residuals

4

|

NEAUX et al.

from the global multivariate regression of the shape against log CS,
to account for the effect of allometry (Monteiro, 1999).

between the wild boar and pigs, displayed on PC1, as the two shape
changes are located on different PCs. We found significant (p < 0.05)

We performed a principal component analysis (PCA) using gm.pr-

pairwise differences of raw cranial shapes between all groups and

comp (‘geomorph’) on all groups to assess the overall morphological

the ‘Landrace’ but not between the wild boar groups (Supporting

variation and the distribution of individuals in the shape space. We

Information Data S4). We found the same results for the allometry-

evaluated the significance of shape differences among groups by

free cranial shapes. We found significant (p < 0.05) pairwise differ-

performing a Procrustes ANOVA on aligned Procrustes coordinates

ences of mandibular raw shapes between all groups except between

using procD.lm.

the ‘stall–captive’ and ‘enclosure–captive’ groups. For the allometry-

To quantify the shape covariation, partial least squares (PLS) analyses (Bookstein, 1991; Rohlf & Slice, 1990) and covariance ratios (CR;

free mandibular shapes, the difference between the ‘stall–captive’ and
the ‘wild-caught’ groups was also not significant.

Adams, 2016; Adams & Collyer, 2016) were used jointly, as recommended by Adams (2016). We quantified the covariation as a proxy
for the integration of cranium and mandible for each pair of axes by

3.2 | Between-group covariation analyses

a correlation coefficient rPLS using integration.test (‘geomorph’). This
coefficient is supported by a permutation test for the null hypothesis

The correlation coefficient of the first pair of PLS axes (PLS1) be-

that the distribution of specimens on one axis has no bearing on the

tween the cranium and the mandible for all the studied specimens

distribution of the other axis. We computed the heatmap of shape de-

is strong and significant for raw (rPLS = 0.89; p < 0.01; Table 1,

formations along the PLS axes to assess the location and the intensity

Figure 2a) and allometry-free shapes (rPLS = 0.88; p < 0.01). The

of covariations using meshDist from the ‘Morpho’ package (Schlager

PLS1 pairs of axes account, respectively, for 86.65% and 92.67% of

& Jefferis, 2020). In addition, differences in integration patterns were

the total covariation. The main deformation associated with PLS1 is

assessed by examining the general orientation of each group's distribu-

located in the anterior part of the nasal, in the nuchal crest region,

tion on the PLS scores (Mitteroecker & Bookstein, 2008; Neaux, 2017;

in the zygomatic process of the frontal and in the tip of paroccipital

Singh et al., 2012). For this purpose, we tested for differences in the

processes for the cranium (Figure 2b). For the mandible, they are vis-

regression slopes between the studied groups on the between-group

ible in the maximum of curvature between the mandibular ramus and

PLS. We assessed the overall modularity between cranium and mandi-

corpus, in the inner part of the gonial angle region, on the insertion

ble modules using the CR from modularity.test (‘geomorph’). Modularity

of the lower canines and on the ventral part of the symphysis. The

exists if integration is compartmentalised, that is, concentrated within

regression slopes between the studied groups were not different be-

certain parts of a structure (the modules) but relatively weak between

tween the studied groups for the cranium (p = 0.44) or the mandible

modules (Figure 1b; see Supporting Information Data S3). The value

(p = 0.16) between-group PLS 1. The CR values for all the studied

of CR provides a measure for characterising and evaluating the degree

specimens indicate a significant modularity between the cranium

of modularity in biological datasets (Adams, 2016; Adams & Collyer,

and mandible for raw (CR = 0.81; p < 0.01; Table 1) and allometry-

2016). Morphological integration and modularity were assessed includ-

free shapes (CR = 0.70; p < 0.01).

ing all groups (between-group covariation) and within groups (within-
group covariation).

3

|

R E S U LT S

TA B L E 1 Values of PLS, covariance ratios and coefficients for
raw shapes and allometry-free shapes. rPLS: PLS coefficient of the
first pair of PLS axes, %EC: percentage of covariation explained by
the first pair of PLS axes, CR: Covariance Ratio

3.1 | Variation analyses

rPLS

p-value

%EC

CR

p-value

85.65

0.81

<0.01

Raw shapes

Allometry explains nearly 20% of the shape variation in the cranium

All groups

0.89

<0.01

(p < 0.01; 19.74% of the total variance) and the mandible (p < 0.01;

Stall –captive

0.82

0.51

59.33

0.71

<0.01

17.39% of the total variance). The allometric slopes did not differ be-

Enclosure –captive

0.89

0.04

76.74

0.84

<0.01

tween the studied groups for the cranium (p = 0.44) or the mandible

Wild-c aught

(p = 0.16). In addition to raw shape, we computed the size-corrected

0.97

<0.01

72.86

0.95

<0.01

Landrace

0.88

0.06

69.31

0.81

<0.01

All groups

0.88

<0.01

92.67

0.70

<0.01

Stall –captive

0.89

0.29

56.90

0.88

<0.01

Enclosure –captive

0.88

0.04

76.90

0.84

<0.01

Wild-c aught

0.97

<0.01

56.14

0.97

<0.01

Landrace

0.84

0.52

32.16

0.88

<0.01

shape variables for further analyses. On the PCA, PC1 accounted for
56.41% and 31.24% of the total variance for the cranium and mandible respectively (Supporting Information Data S4). For both structures, PC1 was driven by the strong divergence between the wild boar
phenotype towards the negative side of the axis and the Landrace
pigs towards the positive side. For the cranium, PC2 mainly separates
the wild-caught from the captive wild boar. It is noteworthy that the
plastic effect displayed on PC2 is different from the shape divergence

Allometry free-shapes

Significant values (p < 0.05) are in bold.
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F I G U R E 2 (a) First pair of partial least squares analysis axes (PLS1) between cranial and mandibular shape for all specimens. (b) Heatmap
of the intensity of shape covariation on PLS 1; blue indicates a low intensity of covariation and red indicates a high intensity of covariation

3.3 | Within-group covariation analyses

factors can affect the magnitude of integration. Previous results on
the same experimental sample (DOMEXP project) found that the

The PLS computed for each studied group showed a significant level

shape of cranium and mandible are affected by changes in the func-

of integration for the ‘enclosure–captive’ (rPLS = 0.89; p = 0.04) and

tional demands associated with captivity (Neaux et al., 2020). Indeed,

‘wild-caught’ (rPLS = 0.97; p < 0.01) groups for raw shapes (Table 1) and

modifications in foraging and feeding behaviours have been identi-

allometry-free shapes (rPLS = 0.88; p = 0.04; rPLS = 0.97; p < 0.01).

fied as potential factors able to modify skull shape. Furthermore,

The correlation coefficients of PLS1 are not significant for the ‘stall–

morphological integration between the cranium and the mandible

captive’ and ‘Landrace’ groups. The main deformation associated

is considered as a classic example of functional integration, where

with PLS1 includes important changes in the anterior extremity of

two structures interact in the same functional context (Klingenberg,

the rostrum, the occipital region, the lateral side of the ramus and

2014). Indeed, the upper and lower jaws need to be coordinated to

the symphysis region for both the ‘enclosure–captive’ (Figure 3a)

achieve proper occlusion and perform functions, such as biting and

and ‘wild-caught’ (Figure 3b) groups. Deformations include changes

chewing (Figueirido et al., 2013; Hautier et al., 2012). Therefore, our

in the ventral edge of the zygomatic arch and in the pterygoid fossa

results show that captivity, inducing changes in foraging and feed-

region for the ‘wild-caught’ group. The CR values for all the studied

ing behaviour which likely reduce the need for functional integration

groups indicate a significant modularity between the cranium and

(Neaux et al., 2020), also diminishes the magnitude of integration

the mandible (Table 1).

between the cranium and the mandible, that is, the structures performing these functions. In this sense, several studies have empiri-

4
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DISCUSSION

cally shown that morphological integration can be highly variable
over short timescales in response to environmental changes acting
on shared developmental and functional processes (Beldade et al.,

Our analyses confirm that captivity imposed on wild boar during their

2002; Monteiro & Nogueira, 2010; Young & Hallgrímsson, 2005). In

growth is linked to a reduction in the magnitude of integration. The

our study, most of the wild-caught and captive wild boar groups did

results obtained from allometry-free shape data reveal similar ten-

not display significant differences in terms of shape disparity. This

dencies, indicating a relatively low impact of allometry on patterns

similarity underlines that though captivity modifies functional de-

of covariation. This result underlines that changes in environmental

mands in wild animals (Harbers et al., 2020; Hartstone-Rose et al.,

6
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F I G U R E 3 Heatmap of the shape covariation intensity of partial least squares analysis axes (PLS 1) for (a) the enclosure –captive’ group
and (b) the ‘wild-caught’ group. Blue indicates a low intensity of covariation and red indicates a high intensity of covariation

2014; Neaux et al., 2020), it does not affect their potential range of

2014). Therefore, the impossibility for both captive wild boar raised in

morphological variation.

a stall and Landrace pigs to perform such functions may also explain

Our analyses also showed that, as for the group of captive wild

the non-significant integration between the cranium and the mandible

boar raised in a stall, integration is also not significant for the group

observed in these two groups. This confirms that a reduction in the

composed of Landrace pigs. These traditional breeds of pigs share

range of functions available is linked to a significant reduction in the

several features with the captive wild boar from our experiment. They

magnitude of integration. Although we found differences in the inte-

were given daily rations, mainly composed of agricultural products and

gration level between the studied groups, we did not find differences in

food waste, allowing the relaxation of environmental constraints as-

integration patterns, suggesting that changes in constraints due to cap-

sociated with the necessity to find and process food. This relaxation

tivity affect the level of covariation between structures but not the way

in one of the main functions performed together by the cranium and

they covary. This result was expected, as previous studies have shown

mandible (i.e. mastication) may result in a weaker morphological inte-

that integration patterns are fairly conservative, even at high taxo-

gration between these structures in Landrace pigs, as well as in captive

nomic levels (Goswami, 2006; Neaux et al., 2018; Porto et al., 2009).

wild boar raised in a stall. Furthermore, these two groups share the

For both the between-g roup and within-g roup analyses, we

impossibility to perform foraging and rooting as they were both raised

also found significant modularity between the cranium and the

in stalls, that is, on artificial solid grounds. When possible, foraging and

mandible, corroborating the presence of two basic independent

rooting are activities that both wild boar (Blasetti et al., 1988) and pigs

phenotypic modules in the skull (one cranial and one mandibu-

(Buckner et al., 1998) spend a lot of time doing. Modifications in root-

lar). The modularity between the cranium and mandible is likely

ing frequency, impacting the development of the muscles in the neck

explained by their respective functional roles. Indeed, whereas

regions, may be associated with changes in cranial shape (Owen et al.,

the morphology of the mandible is closely related to feeding

|
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behaviour (Anderson et al., 2014; Daegling & McGraw, 2007;

with TC and VD. DN led the manuscript with scientific and editorial

Taylor, 2006), the shape of the cranium is also affected by a mul-

input from RS, AH, VD and TC. All authors gave final approval for

tiplicity of other functions unrelated to food consumption (e.g.

publication.

vision, respiration, mastication and brain protection; Lieberman,
2011). Our results confirm that even if the cranium and the man-

DATA AVA I L A B I L I T Y S TAT E M E N T

dible can be considered as two distinct modules (i.e. integration is

The data that support the findings of this study are available from

stronger within these structures than between them), there is still

the corresponding authors upon reasonable request.

a significant relationship between them, at least in our between-
group analysis, which can be defined as intermodule integration
(Klingenberg, 2013).
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Our results support the hypothesis that behavioural changes associated with captivity, considered a catalyst of the animal domestication process (Vigne, 2015; Zeder, 2015), do result in a
reduction of the integration between the cranium and the mandible. However, this work will need to be expanded further using a
greater dataset, as the relatively small sample size, inherent to the
experimental nature of our study, could have partly biased these
results (Thiese et al., 2016). Further studies would also help confirm our results that a weak integration could be the morphological response to anthropogenic changes in the functional demands
associated with captivity, constituting possible future new markers for the domestication process that could be explored in the
archaeological record.
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