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Abstract The mammalian cranium is a complex structure

composed by three partially independent modules: face,

cranial base and cranial vault. At the same time, it interacts

with themandible by sharing themasticatory function. Since

these units develop and work together, their function and

evolution may occur through correlated changes. Here, we

assessed the patterns of evolutionary shape variation

and covariation (i.e. integration) of cranial modules and

mandible among the highly ecomorphologically diverse

caviomorph rodents, and the potential evolutionary conse-

quences on themorphological evolution of this clade. Three-

dimensional geometric morphometrics was used to describe

cranio-mandibular shape. The phylogenetic signal and evo-

lutionary allometric component of morphometric variables

were analyzed; in addition, evolutionary covariation among

cranial modules and mandible was assessed using phyloge-

netic comparative methods. Significant phylogenetic signal

and evolutionary allometry were detected. Large covariance

values, involving coordinated breadth increase as the main

shape change, were recorded between cranial vault and base,

followed by cranial vault and face, and face and mandible.

Since the basicraniummay be themain cranial integrator, the

overall widening of the cranial base, derived from the en-

largement of the auditory bullae, could be influencing the

integrated evolution of skull. In caviomorphs, the cranio-

mandibular morphological evolution would be the outcome

of a tight covariation among themodular units, and this could

be driven by several factors such as allometry and special-

izations to environmental niches.

Keywords Caviomorph rodents � Evolutionary
allometry � Geometric morphometrics � Morphological

integration

Introduction

The mammalian cranium is one of the most studied bio-

logical structures in the context of analyses of morpho-

logical integration (e.g. Marroig and Cheverud 2001;

Ackermann and Cheverud 2004; Goswami 2006; Cardini

and Elton 2008; Mitteroecker and Bookstein 2008; Porto

et al. 2009; Goswami and Polly 2010; Koyabu et al. 2014).

It is a complex structure which bears numerous capsules

that surround and protect the brain and sense organs

(Lieberman 2011), and it is part of the masticatory complex

(Emerson and Bramble 1993). The phenotypic inter-de-

pendence of the components of the cranium that arises

from the conjoint development and function is referred as

morphological integration (Willmore et al. 2007). It has

been suggested that the integration of the cranium is not

pervasive, and those components are structured into
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partially independent modules: the face, the cranial base

and the cranial vault (Moss and Young 1960; Cheverud

1982; Lieberman et al. 2000; Hallgrı́msson et al. 2007a;

Klingenberg 2013). At the same time, the cranium interacts

with the mandible by sharing the masticatory function. The

need for an adequate performance of the masticatory ap-

paratus demands coordinated changes of the cranium and

the mandible as they vary through development, growing,

and evolution. The study of the relationships of the long-

time among cranial modules and the effects of the shape

changes occurred in one module on another one are of main

interest in a macroevolutionary context because of the deep

influence of modularity and integration on morphological

evolution. At this level, evolutionary integration takes

place when morphological features evolve coordinately

(Cheverud 1996; Willmore et al. 2007).

According to previous studies on integration of mam-

malian skull, the most common pattern of variation ob-

served among modules involves a high covariation

between those units that are linked by genetic, develop-

mental, and/or functional factors (e.g. Moss and Young

1960; Cheverud 1982; Lieberman et al. 2000; Hallgrı́msson

et al. 2007a, b; Mitteroecker and Bookstein 2007). Among

cranial modules, the basicranium has been stated as a po-

tential skull integrator (Lieberman et al. 2000; Hall-

grı́msson and Lieberman 2008; Lieberman 2011; Neaux

et al. 2013), probably acting as a constraint or a driver at

the evolutionary scale. Among the reasons, it is located in

the center of the head, between the brain and the face, and

serves as the platform on which rest the brain and neuro-

cranium; second, it is developmentally distinctive since it

ossifies endochondrally (unlike others parts of cranium that

develops intramembranously) and reaches the adult size

first (Lieberman et al. 2000; Lieberman 2011). Another

potential integrating key factor involves allometry, which

has large-scale effects on morphological variation through

size variation and may affect all parts of the skull (Rosas

and Bastir 2004; Klingenberg 2009, 2013). Because of this,

the identification of modules should become clearer after

removing the allometric size effects and thus narrowing the

covariances between modules (Mitteroecker and Bookstein

2007; Klingenberg 2009).

Integration and modularity at evolutionary scale have

been studied in several mammalian clades (e.g. primates,

carnivorans, marsupials, soricids; Ackermann and Che-

verud 2004; Goswami 2006; Marroig et al. 2009; Porto

et al. 2009; Goswami and Polly 2010; Goswami et al. 2012;

Cornette et al. 2013; Koyabu et al. 2014). These com-

parative studies support the conservation of patterns of

cranial integration during mammalian evolution, which is

in agreement with the detected common developmental

patterns in the skull of mammals (Porto et al. 2009; Gos-

wami et al. 2014). However, patterns of integration remain

scarcely explored among South American caviomorph ro-

dents (see Monteiro et al. 2005; Koyabu et al. 2014).

Caviomorphs represent an excellent model because they

display diverse modes of life (arboreal, epigean, semi-

aquatic, fossorial, subterranean; Mares and Ojeda 1982;

Elissamburu and Vizcaı́no 2004) and inhabit a wide variety

of habitats (Nowak 1991; Eisenberg and Redford 1999;

Patton et al. 2015). Concurrently, they are morphologically

diverse, with a wide range of body size (Sánchez-Villagra

et al. 2003; Rinderknecht and Blanco 2008) and skeletal

variation (Vassallo and Verzi 2001; Weisbecker and Sch-

mid 2007; Candela and Picasso 2008; Morgan 2009;

Álvarez et al. 2011, 2013). Previous studies regarding

overall skull variation in caviomorphs (Vassallo and Verzi

2001; Monteiro et al. 2003; Perez et al. 2009; Hautier et al.

2012; Álvarez et al. 2013) coincide in detecting coordi-

nated changes among skull features, such as the decrease of

the length of the snout and tooth row, the narrowing of the

cranial base, the enlargement of the tympanic bulla, the

deepening of the mandibular horizontal ramus, more robust

and higher coronoid and condylar processes, and the

shortening of the angular process. Also, allometry was

pointed out as a key dimension (among others, such as

ecological factors and phylogeny; Hautier et al. 2012;

Álvarez et al. 2013) to explain a large proportion of the

morphological variation among caviomorphs.

Here, we assess the patterns of evolutionary shape var-

iation and integration of the modules of the cranium (face,

cranial base and vault; e.g. Bookstein et al. 2003; Hall-

grı́msson et al. 2007a) and the mandible among the highly

eco-morphologically diverse caviomorph rodents, and

discuss the effects of integration on morphological evolu-

tion. Given the seemingly widespread pattern of high co-

variation between cranial modules among mammals (e.g.

facial and basicranial modules; Goswami 2006), it could be

expected a similar pattern among caviomorph rodents. This

was assessed through partial least squares analysis carried

out among three-dimensional landmark coordinates data-

sets for each cranial module and mandible, and through the

estimation of covariation parameters. For these, high val-

ues are to be expected if there is a strong association be-

tween the shape changes of each module. Moreover, if a

particular module is investigated as a cause of integration,

such as the cranial base, then it should show the highest

values of covariation with the other modules. Finally, to

assess the extent of influence of allometry on the patterns

of integration observed, we carried out a partial least

squares analysis of the residuals of the allometric regres-

sions of modular shape datasets on size. In this context, the

evolutionary integration detected could be the outcome of

developmental constraints or drivers acting on the gen-

eration of variation or the correlated selection of different/

independent traits.
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Materials and Methods

The total sample included 200 specimens belonging to 24

genera (Table 1). Only adults, defined by the presence of a

functional third molar, were included in the analyses.

Forty-three and 16 three-dimensional landmarks were

recorded on one side of the cranium and mandible, respec-

tively (Fig. 1; Table 2) using a digitizer (Inmersion Micro-

scribe G2X; Inmersion Corp., San José, California, USA).

We considered the skull as divided in three modules which

contain anatomic and functional information (Fig. 1): the

face that includes premaxillary, maxillary, nasal, lacrimal

and jugal bones; the cranial vault, comprising frontal,

squamosal, parietal, and occipital bones; and the cranial

base that includes the basioccipital and basisphenoid bones,

and auditory bullae. For each cranial module and mandible,

separate Generalized Procrustes Analyses (GPA) were car-

ried out to obtain the consensus configuration for each genus.

Then, a second series of GPA, one for each module, was

performed on the mean shapes of the 24 genera in order to

obtain a matrix of aligned Procrustes coordinates including

all genera. These matrices were then analyzed through

Principal Component Analyses (PCA) in order to explore

shape variation of each module and mandible.

To analyze the allometric trends in modular shape var-

iation, ordinary least squares regression analyses were

conducted between shape (i.e. Procrustes coordinates) and

size (natural logarithm of centroid size; lnCS) of each

cranial module and the mandible. Phylogenetic signal of

the shape of cranial modules and the mandible was esti-

mated using the multivariate K (Kmult) statistic for the

Procrustes coordinates datasets of each cranial module and

mandible (Adams 2014). This statistics represents a mul-

tivariate generalization of the univariate K statistic pro-

posed by Blomberg et al. (2003). Kmult provides a measure

of the strength of phylogenetic signal of the data: values

near 0 indicate a lack of signal and values around 1 are

expected for a character evolving under the Brownian

motion model; further, values\1 imply that taxa resemble

each other less than expected under Brownian motion and

values[1 imply that taxa resemble each other more than

expected (Adams 2014). Significance of Kmult was

assessed by permutation tests with 999 replications. These

analyses were carried out using the package Geomorph

(Adams and Otarola-Castillo 2013) for R (ver. 3.1.1; R

Development Core Team 2014).

In the context of an evolutionary approach, it is neces-

sary to take into account the expected lack of independence

among samples resulting from phylogenetic structure

(Felsenstein 1985). We estimated the phylogenetically in-

dependent contrasts (IC) of shape and size, as the differ-

ences (i.e. contrasts) between the values of both the

Procrustes coordinates and lnCS of each pair of sister

nodes of the caviomorph phylogeny considered here (the

same used by Álvarez et al. 2013). To explore evolutionary

shape changes we carried out a PCA on each IC shape

dataset. Also, we analyzed the evolutionary allometry of

each module and the mandible through multivariate re-

gressions of IC of shape on IC of size (as in Klingenberg

and Marugán-Lobon 2013).

Covariation among cranial modules and mandible was

analyzed through the two-blocks partial least squares ap-

proach (2B-PLS; Rohlf and Corti 2000). This method

assesses the covariation between two datasets, or blocks

(e.g. the Procrustes coordinates matrices for the cranial

modules and the mandible). PLS constructs linear combi-

nations between the variables of the two blocks which give

account for as much as possible of the covariation between

the two original datasets (Rohlf and Corti 2000). In the

context of modularity, covariation patterns can be inter-

preted as the presence of integration patterns among

modules; the higher the covariation between two modules,

the larger is the integration. For geometric morphometric

data, the linear combinations of shape variables produced

by the 2B-PLS analysis can be directly expressed as de-

formations by using thin-plate spline (Rohlf and Corti

2000). Prior to PLS analysis, the landmark configuration of

each module underwent separate Procrustes fits. As a first

analysis, we obtained the linear combinations between the

Procrustes coordinates matrices of the three cranial

Table 1 Studied caviomorph taxa and number of specimens exam-

ined (N)

Taxa N Taxa N

Cavioidea Octodontoidea

Caviidae Abrocomidae

Cavia aperea 9 Abrocoma cinerea complex 6

Galea leucoblephara 9 Echimyidae

Microcavia australis 11 Myocastor coypus 9

Dolichotis patagonum 12 Proechimys guyannensis 3

Pediolagus salinicola 4 Thrichomys sp. 6

Hydrochoerus hydrochaeris 9 Octodontidae

Kerodon rupestris 4 Aconaemys porteri 3

Dasyproctidae Aconaemys sagei 3

Dasyprocta sp. 16 Octodon degus 3

Cuniculidae Octodon bridgesi 5

Cuniculus paca 8 Octodontomys gliroides 11

Octomys mimax 7

Chinchilloidea Pipanacoctomys aureus 11

Chinchillidae Spalacopus cyanus 4

Chinchilla sp. 5 Tympanoctomys barrerae 12

Lagidium viscacia 10 Ctenomys australis 1

Lagostomus maximus 10 Ctenomys talarum 9

Bold indicate Superfamilies and Families included in this study
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modules and the mandible. A second set of 2B-PLS ana-

lyses was carried out on the independent contrasts of each

Procrustes coordinates matrices (IC of shape). Finally, in

order to assess the extent of the influence of allometry on

integration patterns, a third set of 2B-PLS analyses was

carried out among the independent contrasts of the resi-

duals of the ordinary least squares regressions between

cranial modules and mandible shape datasets and size. For

the three analyses, and in order to quantify the strength of

the overall association among cranial modules and the

mandible, the RV coefficient and covariation/correlation

values were estimated (Klingenberg 2009). RV parameter

takes values from 0 for complete independence to 1 for

total interdependence between datasets. Significance of

these values was assessed by permutation tests.

Morphometric (GPA, PCA, and allometric regressions)

and PLS analyses were conducted in MorphoJ software

(Klingenberg 2011).

Results

Shape Variation of Cranial Modules and Mandible

Facial Module

The first two principal components explained near 48 %

(PC1 27.37 %, PC2 20.55 %) of total shape variation. The

distribution of genera in this morphospace followed the

division into superfamilies (Fig. 2). Most members of

Octodontoidea superfamily were located at positive values

of PC1, those of Cavioidea, on negative values, and

Chinchilloidea members were situated at intermediate

values of this axis and separated toward positive values of

PC2. Shape changes toward positive values of PC1 were

linked to shallower and narrower rostrum, broader rostral

masseteric fossa, dorsoventrally expanded zygomatic arch,

lesser bizygomatic breadth, longer incisive foramina, and

upper toothrows highly convergent (Fig. 2). Shape changes

toward positive values of PC2 associated to shallower

rostrum, poorly dorsoventrally developed zygomatic arch,

nasals with wider posterior end, and convergent upper

toothrows. The cavioid Cuniculus was situated at extreme

negative values of PC2 because of the presence of a deep

rostrum, wide and short masseteric rostral fossa, the surface

of the anterior part of the zygomatic arch which is outgo-

ing, and practically parallel upper toothrows.

Cranial Vault Module

The two first axes explained 65 % (PC1 52 %, PC2

12.68 %) of total shape variation. The relative position of

major caviomorph clades was roughly similar to that ob-

served in the previous analysis (Fig. 3). Main shape changes

toward positive values of PC1 involved a reduced frontal

area that was caudally retracted, and a wider cranial vault

which presented lesser dorso-ventral expansion (Fig. 3).

Along positive values of PC2, the shape changes were re-

lated to the bending and shortening of the cranial vault.

Cranial Base Module

The first two principal components explained 66 % (PC1

52 %, PC2 14 %) of total shape variation. Octodontids were

located through positive values of PC1, separated from the

other caviomorph genera (Fig. 4); most cavioids were located

at negative valuesofPC1,whereas chinchilloids placedwithin

the areas occupied by cavioids (Lagostomus and Lagidium) or

octodontoids (Chinchilla). Hypertrophied auditory bullae and

a narrower cranial base were the main changes expressed to-

ward positive values of PC1. Along PC2, only the cavioid

Hydrochoerus was clearly separated toward positive values,

mainly due to the development of the paroccipital processes.

Mandible

The first two principal components explained approximately

61 % of the total shape variation. A clear separation ofmajor

caviomorph clades analyzed was observed in this mor-

phospace (Fig. 5). Octodontoids were located at positive

values of PC1; most cavioids occupied negative values of

this axis; the chinchilloids Chinchilla and Lagidium were

situated at intermediate values whereas Lagostomus placed

among cavioids. Main shape changes toward positive values

of PC1 involved a deeper mandible, a shorter diastema,

higher and wider coronoid and condylar processes, and a

relatively shorter angular process with its root anteriorly and

dorsally placed. Toward positive values of PC2 the main

changes were mainly linked to a poorly laterally developed

angular process. On the basis of the inspection of the wire-

frames, an association between changes in the relative po-

sitions of the landmarks that depict the angular process in the

vertical plane with the variation on the horizontal plane is

evidenced; that is to say, a laterally expanded angular process

shows less dorsoventral development.

The ordinary least square regressions of Procrustes co-

ordinates on lnCS showed that cranial modules and

mandible display clear allometric trends which were par-

ticularly marked in the cranial base and vault (Table 3).

Conversely, the mandible and the face showed the lowest

percentage values of shape variation explained by size.

bFig. 1 Landmarks used in the present study, recorded using a

Microscribe G2X digitizer. a Facial module (landmark 5 is dorsal),

b cranial vault (landmarks 8 and 9 are ventral), c cranial base, and

d mandible
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Table 2 Description of cranial and mandibular landmarks used in this study

Landmark Definition

Cranium

1 Anterior lower end of premaxillary bone (on sagittal plane) (F)

2 Anterior upper end of premaxillary bone (on sagittal plane) (F)

3 Anterior end of suture between nasal and premaxillary bones (F)

4 Anterior end of the nasal bone (F)

5 Posterior end of nasal bones suture (F, V)

6 Meeting point of sutures among premaxillary, nasal, and frontal bones (F, V)

7 Meeting point of sutures among premaxillary, maxillary, and frontal bones (F, V)

8 Anterior end of the masseteric fossa of rostrum (F)

9 Junction between maxillar-premaxillar suture and lateral margin of incisive foramen (F)

10 Antero-ventral border of incisor alveolus (F)

11 Most anterior point of the area of origin of the masseter superficialis muscle (F)

12 and 13 Extremities of incisive foramen (anterior and posterior, respectively) (F)

14 and 15 Extremities of tooth row (anterior and posterior, respectively) (14, 15: F; 15: B)

16 Junction between maxillary and palatine bones in the sagittal plane (F, B)

17 Posterior tip of the zygomatic arch (F)

18 Postero-dorsal end of cranial glenoid fossa (F, V)

19 Ventral meeting between maxillary and jugal bones (F)

20 Dorsal meeting between jugal and squamosal bones (F)

21 Meeting between maxillary and lacrimal bones on the anterior margin of orbit (F)

22 Most anterior end of jugal bone on the lateral aspect of zygomatic arch (F)

23 Meeting between lacrimal and frontal bones on the antero-dorsal margin of orbit (F, V)

24 Meeting point of sutures among maxillary, lacrimal, and frontal bones (F, V)

25 Junction between squamosal-alisphenoid bones suture and anterior margin of glenoid fossa (B, F)

26 Anterior end of auditory bulla (B)

27 Posterior end of auditory bulla (B)

28 Most medial point of auditory bulla (B)

29 Most lateral point of auditory bulla (B)

30 Most ventral point of auditory bulla (B)

31 Tip of paroccipital process (B)

32 Most dorsal point of the external auditory meatus (B)

33 Most dorsal point of the foramen magnum (B)

34 Dorso-medial tip of occipital condyle (B)

35 Most ventral point of the foramen magnum (B)

36 Middle point of basisphenoid-presphenoid suture (B)

37 Most lateral meeting point between basisphenoid and presphenoid bones (B)

38 Meeting point of squamosal, occipital, and tympanic bones (V)

39 Meeting point of squamosal, parietal, and occipital bones (V)

40 Meeting point of squamosal, frontal, and parietal bones (V)

41 Meeting between squamosal-frontal suture and the postero-dorsal margin of orbit (V)

42 Meeting point between frontal bones suture and anterior margin of parietal bone (V)

43 Most posterior point of skull (V)

Mandible

1 Antero-dorsal border of incisor alveolus

2 Extreme of diastema invagination

3 and 15 Extremities of inferior toothrow (anterior and posterior, respectively)

4 Anterior end of base of coronoid process

5 Tip of coronoid process
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Reflecting the distribution of genera along the mor-

phospaces described in the previous section, significant

multivariate phylogenetic signal (Kmult) for cranial mod-

ules and mandible shape datasets was recovered (Table 4).

To examine the patterns of evolutionary shape variation of

eachmodule,weperformedPCA(one for each cranialmodule

and mandible) using the independent contrasts of shape.

Shape changes were similar to that observed in the PCAof the

original shape datasets although somewhat more marked in

some traits (especially in the face and the mandible; Fig. 6).

The regressions performed between independent contrasts

of shape and size hold comparable results to those obtained

when analyzing the original data (Table 3; Fig. 7). The main

changes related to the increasing size involved the shortening

of the cranial vault, the enlargement of the paroccipital pro-

cess, the reduction of the size of the auditory bulla, the

lengthening of the cranial base, more divergent upper and

inferior toothrows, longer rostral masseteric fossa, the re-

duction of the size of the coronoid process, more procumbent

incisors, and the broadening of the angular process.

Covariation Patterns Among Cranial Modules

and Mandible

We focused on the first dimension of PLS analyses (i.e.

PLS1) since it explained a great proportion of covariance

among datasets (Table 5). Cranial vault and base modules

showed the largest covariation values, followed by the

Abrocoma
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Octodontomys

Octomys

Pipanacoctomys

Tympanoctomys

Ctenomys

Myocastor
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Thrichomys
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Cavia
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Fig. 2 Ordination of the 24 caviomorph genera in the morphospace

defined by the first two principal components (PCs) of the analysis of

shape variation of the face module. Shape changes associated with

negative (-) and positive (?) values of both axes are shown as

wireframes: black dots and lines indicate shape changes with respect

to the mean configuration (indicated with grey lines). Symbols

indicate caviomorph superfamilies: circles Octodontoidea, triangles

Cavioidea, and squares Chinchilloidea

Table 2 continued

Landmark Definition

6 Maximum curvature of incisura mandibulae

7 Anterior edge of condylar process

8 Posterior-most edge of postcondyloid process

9 Maximum curvature of curve between postcondyloid process and angular process

10 Tip of angular process

11 Dorsal-most point on ventral border of mandibular corpus

12 Posterior extremity of mandibular symphysis

13 Antero-ventral border of incisor alveolus

14 Insertion of muscle masseter medialis, infraorbital portion

16 Anterior end of mandibular pterygoid crest

The modules to which landmarks where allocated are indicated (B cranial base, F face, V cranial vault)
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covariation between cranial vault and facial modules. The

mandible also showed high covariation with the facial

module. Overall, the pattern of shape covariation was in

agreement with the shape variation detected for each cra-

nial module and the mandible.

Covariation Between Cranial Vault and Base

PLS1 accounted for 92.5 % of covariation between datasets,

linked to high RV and correlation values (0.85 and 0.95, re-

spectively; Table 5). These values were reflected in the tight

PC1
(+)(-)

PC2 (+)(-)Abrocoma

Aconaemys
Spalacopus

Octodon
Octodontomys

Octomys

Pipanacoctomys

Tympanoctomys

Ctenomys
Myocastor

Proechimys

Thrichomys

Chinchilla

Lagidium

Lagostomus

Cavia

Microcavia

Galea

Dolichotis
Pediolagus

Hydrochoerus

Kerodon

Cuniculus

Dasyprocta

-0.20

-0.10

0.00

0.10

0.20

%86.21
2

C
P

-0.20 -0.10 0.00 0.10 0.20

PC1 52.19%

Fig. 3 Ordination of the 24 caviomorph genera in the morphospace

defined by the first two principal components (PCs) of the analysis of

shape variation of the cranial vault module. Shape changes associated

with negative (-) and positive (?) values of both axes are shown as

wireframes: black dots and lines indicate shape changes with respect

to the mean configuration (indicated with grey lines). Symbols

indicate caviomorph superfamilies: circles Octodontoidea, triangles

Cavioidea, and squares Chinchilloidea

Abrocoma

Aconaemys
Spalacopus

Octodon
Octodontomys

Octomys

Pipanacoctomys

Tympanoctomys

CtenomysMyocastor

Proechimys
Thrichomys

Chinchilla

Lagidium

Lagostomus
Cavia

Microcavia

Galea
Dolichotis

Pediolagus

Hydrochoerus

Kerodon

Cuniculus
Dasyprocta

-0.35

-0.18

0.00

0.18

0.35

%59.31
2

C
P

-0.35 -0.18 0.00 0.18 0.35

PC1 52.00%

PC1
(-)

PC2(-)

(+)

(+)

Fig. 4 Ordination of the 24 caviomorph genera in the morphospace

defined by the first two principal components (PCs) of the analysis of

shape variation of the cranial base module. Shape changes associated

with negative (-) and positive (?) values of both axes are shown as

wireframes: black dots and lines indicate shape changes with respect

to the mean configuration (indicated with grey lines). Symbols

indicate caviomorph superfamilies: circles Octodontoidea, triangles

Cavioidea, and squares Chinchilloidea
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distribution of caviomorph genera along this axis (Fig. 8a).

Cavioidsplaced at lower valuesofPLS1, octodontoids located

at positive values (except Myocastor that situated near the

negative values), and chinchilloids distributed along the

PLS1.Shapechanges along this axis, fromnegative topositive

values, involved a flatter and wider cranial vault, and an an-

teriorly tilted occipital plate, covarying with a larger auditory

bulla, shorter paroccipital process, and narrower cranial base.

Covariation Between Cranial Vault and Face

PLS1 accounted for 81 % of covariation between datasets,

linked to high RV and correlation values (0.73 and 0.96,

respectively; Table 5). Cavioids placed at lower values of

PLS1 and octodontoids located at positive values (except

Myocastor); chinchilloids splited into two groups, with

Lagidium and Lagostomus situated among cavioids and

Chinchilla among octodontoids. Shape changes along PLS1,

from negative to positive values, involved a flatter and wider

cranial vault, and an anteriorly tilted occipital plate, covarying

with a wider rostrum, a more anterior antorbital bar, a shorter

rostral masseteric fossa, and more parallel toothrows

(Fig. 8b).

Covariation Between Cranial Base and Face

PLS1 accounted for 76 % of covariation between datasets,

linked to high correlation value but one of the lowest

values of RV (0.90 and 0.65, respectively; Table 5). This

could be associated to the more scattered distribution of

genera along the PLS1 plot. Anyways, cavioids located at

negative values of PLS1, octodontoids placed at positive

values (except Myocastor) and chinchilloids distributed

along the axis. Shape changes along PLS1, from negative

PC1
(+)(-)

PC2 (+)(-)

-0.20

-0.10

0.00

0.10

0.20

%31.41
2

C
P

-0.20 -0.10 0.00 0.10 0.20

PC1 46.84%

Abrocoma

Aconaemys

Spalacopus

Octodon
Octodontomys

Octomys

Pipanacoctomys

Tympanoctomys

Ctenomys

Myocastor

Proechimys

Thrichomys

Lagidium

Lagostomus

Cavia

Microcavia
Galea

Dolichotis

Hydrochoerus

Kerodon

Cuniculus
Dasyprocta

Chinchilla

Pediolagus

Fig. 5 Ordination of 24 caviomorph genera analyzed in the mor-

phospace defined by the first two principal components (PCs) of the

analysis of mandible shape variation. Shape changes associated with

negative (-) and positive (?) values of both axes are shown as

wireframes: black dots and lines indicate shape changes with respect

to the mean configuration (indicated with grey lines). Symbols

indicate caviomorph superfamilies: circles Octodontoidea, triangles

Cavioidea, and squares Chinchilloidea

Table 3 Ordinary least squares

regressions of shape datasets

(i.e. Procrustes coordinates) on

size (natural logarithm of

centroid size) for the three

cranial modules (face, cranial

vault and base) and the

mandible

Shape versus size P IC shape versus IC size P

% predicted % predicted

Face 21.07 \0.0001 13.62 0.0002

Cranial vault 40.02 \0.0001 21.66 0.0001

Cranial base 43.61 \0.0001 36.89 \0.0001

Mandible 23.61 0.0002 9.50 0.0136

IC, ordinary least squares regressions on phylogenetic independent contrasts of both shape and size

Table 4 Multivariate

K statistic (Kmult) values

estimated on the shape datasets

(i.e. Procrustes coordinates) of

the three cranial modules (face,

cranial vault and base) and the

mandible

Shape datasets Kmult P

Face 0.5206 0.003

Cranial vault 0.5644 0.002

Cranial base 0.5383 0.004

Mandible 0.4806 0.014

P significance values
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to positive values, involved a larger auditory bulla, a

shorter paroccipital process, and a narrower cranial base,

covarying with a wider rostrum, a more anterior antorbital

bar, a shorter rostral masseteric fossa, and more parallel

toothrows (Fig. 8c).

Covariation Between Mandible and Cranial Modules

Mandible shape showed high covariation (Table 5) with

cranial modules although showed the lowest values for RV,

especially for the covariation with cranial base and vault.

In the three plots, as occurred with cranial modules,

cavioids located at negative values and most octodontoids

placed at positive values, while chinchilloids distributed

along the axis. Shape changes in the mandible involved a

laterally expanded and shorter angular process with its root

dorsally placed, and a higher coronoid process (Fig. 8d–f).

Cranial modular shape changes involved a wider rostrum, a

more anterior antorbital bar, a shorter rostral masseteric

fossa, and more parallel toothrows, in the facial module; a

larger auditory bulla and a shorter paroccipital process, for

the basicranial module; and an anteriorly tilted occipital

plate and a flattened and wider cranial vault (Fig. 8d–f).

The analysis of covariation using the independent con-

trasts of shape indicated that the patterns observed in the

PLS analyses of the original shape datasets were main-

tained when the phylogenetic structure (PLS on IC of

shape) and the effect of size (PLS on the residuals of the

regression of IC of shape on IC of size) were considered.

However, the RV, covariation, and correlation values were

smaller (Table 5). The shape changes associated with the

PLS1 of both analyses resulted similar to that observed for

the covariation analysis of the original data (Figs. 9 and

10). In all cases, the shape changes were very similar to

those related to the allometry and evolutionary allometry

analyses.

PC1
(+)(-)

PC2
(+)(-)

PC1
(+)(-)

PC2
(+)(-)

PC1
(+)(-)

PC2
(+)(-)

PC1
(+)(-)

PC2
(+)(-)

BA

DC

Fig. 6 Evolutionary shape changes detected through Principal com-

ponents (PC) analyses of the phylogenetically independent contrasts

of the aligned Procrustes coordinates. Shape changes associated with

negative (-) and positive (?) values of both axes are shown as

wireframes: black dots and lines indicate shape changes with respect

to the mean configuration (indicated with grey lines)
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Discussion

The mammalian cranium is a complex structure comprised

of semi-independent modules with varied morphological

integration degrees at ontogenetic (individual) and phylo-

genetic (evolutionary) levels (e.g. Cheverud 1982; Gos-

wami 2006; Hallgrı́msson et al. 2007a). Among

caviomorph rodents, cranial modules and the mandible

showed high RV values (used as a measure of inter-

modular correlation, ranging between 0.573 and 0.846)

which would suggest relatively high levels of evolutionary

integration. Although there are no available data on inte-

gration patterns at intraspecific levels for caviomorphs,

evolutionary changes observed in this work follow similar

trends to that observed at ontogenetic levels in other ro-

dents (see Hallgrı́msson et al. 2007a; see below). This

would suggest the conservation of the mechanisms of de-

velopment (e.g. Drake and Klingenberg 2010), even across

E F G H

A B C D

Fig. 7 Allometric changes in cranial modules and mandible. (A–D)

regressions of the aligned Procrustes coordinates on lnCS; (E–H)

regressions of the phylogenetically independent contrasts of aligned

Procrustes coordinates on the phylogenetically independent contrasts

of lnCS. Shape changes associated with increasing size (per unit) are

represented by black dots and lines; grey lines represent the consensus

shape

Table 5 Results of covariation analyses among cranial modules (face, cranial vault and base) and mandible

Face Cranial vault Cranial base Mandible

PLS1 shape

Face 80.90/0.96* 75.91/0.90* 80.42/0.95*

Cranial vault 0.734* 92.50/0.95* 88.00/0.87*

Cranial base 0.645* 0.846* 88.02/0.83**

Mandible 0.708* 0.687* 0.588*

PLS1 IC shape

Face 46.02/0.88** 61.83/0.90** 41.46/0.89�

Cranial vault 0.548** 84.55/0.95* 66.40/0.91*

Cranial base 0.576* 0.801* 64.55/0.86**

Mandible 0.556** 0.595* 0.541*

PLS1 IC residuals

Face 38.88/0.90* 44.12/0.84� 30.79/0.90**

Cranial vault 0.632* 64.57/0.95* 45.62/0.91*

Cranial base 0.573* 0.784* 43.69/0.88**

Mandible 0.527** 0.530* 0.494**

Statistics for the first axis (PLS1) of the two-blocks partial least squares analysis are showed. PLS1 shape, analysis on raw shape datasets (i.e.

Procrustes coordinates); PLS1 IC shape, analysis on independent contrasts of Procrustes coordinates; PLS1 IC residuals, analysis on the

independent contrasts of the residuals of the regression of Procrustes coordinates on size

Below diagonal, RV values; above diagonal, % total covaration/correlation values for PLS1. * B 0.0001, ** B 0.001, � B 0.01
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the phylogenetic hierarchy and the ordination of the

caviomorph genera along PLS1. Values of Kmult lower

than 1 may suggest adaptive evolution as these values

would indicate that distantly related species are converging

in some traits values, which would be in our case, some

morphological traits, such an increased bullar size, as dis-

cussed below.

Accordingly to the allometric pattern already found for

the cranium in an earlier report (38 % of shape explained

by size in Álvarez et al. 2013; see also Hautier et al. 2012),
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Fig. 8 Covariation patterns of cranial modules and mandible along

the first axis (PLS1) of 2B-PLS analyses carried on the aligned

Procrustes coordinates. a Cranial vault versus base; b cranial vault

versus face; c cranial base versus face; d face versus mandible;

e cranial base versus mandible; f cranial vault versus mandible. Shape

changes toward positive scores of PLS1 are shown as wireframes.

Symbols indicate caviomorph superfamilies: circles Octodontoidea,

triangles Cavioidea, and squares Chinchilloidea
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a clear trend of association between the shape of skull

modules and size was observed, especially for the cranial

base and vault. Indeed, smallest caviomorph taxa, such as

the octodontids Tympanoctomys and Pipanacoctomys,

display wider and shorter rostra and cranial vault, hyper-

trophied auditory bullae, shorter paroccipital processes,

and robust mandibles with a laterally flared angular pro-

cess, and high coronoid and condylar processes. All these

features change in such a coordinated way that the largest

species, such as the cavioid Hydrochoerus, reach ‘‘oppo-

site’’ morphologies, namely, narrower and longer rostrum,

narrower cranial vault, reduced auditory bullae, longer

paroccipital process, and slender mandibles with angular

process non-laterally expanded, and shorter coronoid and

condylar processes. Overall, it is assumed that allometry

plays a key role in the integration of modules given its

global effect on shape (Hallgrı́msson et al. 2007b; Klin-

genberg 2010; Lieberman 2011). However, at least in

A B

C D

E F

Fig. 9 Covariation patterns of

cranial modules and mandible

along the first axis (PLS1) of

2B-PLS analyses carried on the

phylogenetically independent

contrasts of the aligned

Procrustes coordinates.

a Cranial vault versus base;

b cranial vault versus face;

c cranial base versus face;

d face versus mandible;

e cranial base versus mandible;

f cranial vault versus mandible.

Shape changes toward positive

scores of PLS1 are shown as

wireframes
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rodents, this notion contrasts with the relaxed integration

found by Wilson and Sánchez-Villagra (2010) in their in-

clusive allometric analysis spanning all major clades.

Likewise, the maintenance of the integration patterns in

caviomorphs after removing allometry suggests that size

would not be the only factor contributing to the integration

of the cranial units in this group.

Observed covariation among cranial modules and

mandible in caviomorphs depicted a pattern similar to that

detected for other rodents both among-individual and at

ontogenetic scale by Hallgrı́msson et al. (2007a). We found

the largest covariation between the cranial base and the

vault and between the cranial base and the face, a pattern

similar to that described by those authors. Moreover, par-

tially consistent with the findings of Hallgrı́msson et al.

(2007a), one of the main shape changes detected along our

datasets involved the coordinated breadth increase of ana-

lyzed modules. The overall increase of the cranial base

module derived from the widening of the auditory bullae

(in coordination with the narrowing of the basicranial

bones) may be thought as influencing the integrated de-

velopment of skull based on the hypothesis that the ba-

sicranium is the main integrator of this structure

(Lieberman et al. 2000; Hallgrı́msson et al. 2007a). In turn,

this change may influence the facial and mandible width in

order to align the temporomandibular joint to maintain the

correct performance of the masticatory apparatus (Hall-

grı́msson et al. 2007a). This pattern of bullar size differ-

entiation across diverse caviomorph lineages that occupy

open and arid environments depicts a clear evolutionary

trend that indicates that the development of hypertrophied

bullae could be an adaptation to the occupation of this kind

of environments (Hafner and Hafner 1988; Ojeda et al.

1999; Verzi 2001).

Alternatively, the adaptive meaning of this pattern has

been related to an increasing sensitivity to low-frequency

sounds as a strategy to detect predators in open environ-

ments (see Schleich and Vassallo 2003; Squarcia et al.

2007). Further, a clear relationship between the morpho-

logical variation of the cranial base and vault and size was

detected. Considering the direction of the described co-

variation patterns and the allometric trends, in small spe-

cies which bear hypertrophied bullae it would be

expectable reduced paroccipital processes, shorter rostra

and more robust mandible. This may be linked to an eco-

morph adapted to arid environments and with likely fos-

sorial habits (as in Tympanoctomys or Ctenomys) that in-

volve a musculoskeletal reconfiguration associated to

higher forces and strains suffered by bone during activities

such as burrowing. In contrast, larger species show longer

faces (a trend that occurs repeatedly in mammals; Radinsky

1985; Cardini and Polly 2013; Cardini et al. 2015), asso-

ciated with long paroccipital processes (linked to the de-

velopment of cervical muscles that hold the head), auditory

bullae reduced in size and relatively slender jaws. This eco-

morph could be associated to species that inhabit more

F

A B

C D

E

Fig. 10 Covariation patterns of cranial modules and mandible along the

first axis (PLS1) of 2B-PLS analyses carried on the residuals of

multivariate regressions between phylogenetically independent contrasts

of the aligned Procrustes coordinates on the phylogenetically indepen-

dent contrasts of the size (lnCS). a Cranial vault versus base; b cranial

vault versus face; c cranial base versus face; d face versus mandible;

e cranial base versus mandible; f cranial vault versus mandible. Shape

changes toward positive scores of PLS1 are shown as wireframes
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humid environments, which generally are not fossorial

(except Lagostomus), and having a relatively weak masti-

catory muscles.

The covariation structure of the parts of an adult skull

could be thought as a mix of signals left by different

sources such as developmental processes and environ-

mental factors acting during the evolution (Hallgrı́msson

et al. 2007b, 2009). In caviomorphs, the cranio-mandibular

morphology would be the outcome of a tight covariation

among the modular units of the skull, and its evolution

could be driven by several factors, such as allometry and

the specializations to environmental niches. Additional

studies of ontogenetic series and of well-preserved fossils

are required to understand whether the patterns of inte-

gration detected in this study occur in the same manner

during development and how those patterns have evolved

along the history of these rodents.
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