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Understanding the processes underlying morphological diversification is a central goal in ecology and evolutionary 
biology and requires the integration of information about phylogenetic divergence and ecological niche diversity. In 
the present study, we use geometric morphometries and comparative methods to investigate morphological 
diversification in Neotropical spiny rats of the family Echimyidae. Morphological diversification is studied as shape 
variation in the skull, comprising a structure composed of four distinct units: vault, base, orognathofacial complex, 
and mandible. We demonstrate association among patterns of variation in shape in different cranial units, levels 
of phylogenetic divergence, and ecological niche diversification. At the lower level of phylogenetic divergence, there 
is significant and positive concordance between patterns of phylogenetic divergence and cranial shape variation in 
all cranial units. This concordance may be attributable to the phylogenetic and shape distances being calculated 
between species that occupy the same niche. At higher phylogenetic levels of divergence and with ecological niche 
diversity, there is significant concordance between shape variation in all four cranial units and the ecological 
niches. In particular, the orognathofacial complex revealed the most significant association between shape 
variation and ecological niche diversity. This association may be explained by the great functional importance of 
the orognathofacial complex. © 2009 The Linnean Society of London, Biological Journal of the Linnean Society, 
2009, 98, 646-660.
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INTRODUCTION

Understanding the origin and maintenance of diver
sity remains a central goal for ecology and evolution
ary biology (Levin, 1999; Barton etal., 2007). The 
initial condition of the process of biological diversifi
cation is a potentially uniform system: an ancestral
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lineage that branches out as evolutionary indepen
dent units (i.e. species) under the influence of endog
enous and exogenous forces (Levin, 1999; Schluter, 
2000). As observed by Levin & Pacala (1997: 271), the 
evolutionary branching process results in scale dis
placement, in that ‘each species experiences the envi
ronment at its own unique set of spatial and temporal 
scales and interfaces the biota through unique assem
blages of phenotypes’. The process of diversification is 
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therefore multiscale and takes place simultaneously 
across the dimensions of lineage multiplication, 
phenotypic differentiation, and ecological exploration 
of an array of environments (Levin, 1999; Schluter, 
2000; Barton et al., 2007). A fundamental property of 
multiscale phenomena such as the process of diversi
fication is that each relevant dimension will show 
characteristic variability (Levin, 1992). Consequently, 
complex interactions between variable rates of spe
ciation, the potential for phenotypic differentiation, 
and the capacity to respond to ecological challenges 
will determine the nature of the association between 
phylogenetic relationships, the magnitude of pheno
typic variation, and the degree of ecological diversifi
cation. As is the case with any historical, evolutionary 
process, the form of this association may take a con
tinuum of possibilities, from complete concordance to 
the lack thereof (Sober, 1988).

The investigation of the nature of this associa
tion requires information on the three relevant 
dimensions. First, phylogenetic relationships can be 
inferred from the dynamics of state changes in mol
ecules, which involve the replacement of nucleotides 
over time with rates that are variable and dependent 
over nucleotide sites (Yang, 2006), using maximum 
likelihood, Bayesian, or evolutionary distance based 
methods (Lemey, Salemi & Vandamme, 2009). 
Second, the magnitude of phenotypic differentiation 
can be measured from complex morphological struc
tures, which are generated by the processes of mor
phogenesis and pattern formation (Wolpert, 1996; 
Carroll, 2005; Murray, 2007), using the geometric 
morphometric formalism, which quantifies shape 
variation in complex morphologies (Bookstein, 1991). 
Finally, the outcome of ecological diversification is 
defined in terms of the ecological niche (Hutchinson, 
1959). This fundamental concept unifies three impor
tant aspects: the environmental conditions necessary 
for persistence of species in space and time; the func
tional roles of species in food webs and trophic 
chains; and the dynamics of interactions, which, 
together with abiotic requirements, defines the posi
tion of a species within an ecosystem (Schluter, 2000; 
Chase & Leibold, 2003). For any given lineage, the 
integration of information about phylogenetic diver
gence and phenotypic variation in complex morpho
logical structures with that of ecological diversity 
(Schluter, 2000; Butler, Sawyer & Losos, 2007; 
Clabaut et al., 2007) is necessary when assessing the 
nature of the association between the genealogic, 
phenotypic, and ecological dimensions (Sober, 1988). 
Such integration entails questions of detection and 
a description of pattern, and represents a critical 
initial step for testing hypotheses about the processes 
of biological diversification (Levin, 1992; Schluter, 
2000).

Although ecomorphological studies have suggested 
that morphological variation is correlated with eco
logical variation (Losos etal., 1998; Schluter, 2000; 
Harmon etal., 2005), several studies have demon
strated a concordance between phylogenetic relation
ships and morphology as well (Polly, 2001; Lockwood, 
Kimbel & Lynch, 2004). Morphological diversification 
has been widely investigated across several primate 
families (Lockwood et al., 2004; Cardini & Elton, 
2008), but relatively little work has been performed 
for other mammalian taxonomic groups, such as 
rodents. South American spiny rats of the family 
Echimyidae represent an excellent reference system 
for investigating morphological diversification in rela
tion to ecological and phylogenetic factors. This family 
represents a major radiation within the suborder 
Caviomorpha encompassing 18 genera and approxi
mately 80 species. Starting from a putative forest 
ground-dwelling ancestor, rapid evolutionary diver
sification in the Middle Miocene, approximately 
13 Mya, produced a striking ecological diversity, with 
echimyids occupying semi-fossorial, terrestrial, semi- 
aquatic, and arboreal niches (Emmons & Feer, 1997; 
Eisenberg & Redford, 1999; Galewski etal., 2005). 
The phylogeny of the Echimyidae was recently esti
mated by Galewski et al. (2005) using nuclear and 
extranuclear nucleotide sequences, and demonstrated 
strong support for the monophyly of this lineage 
(Galewski etal., 2005; Fig. 1).

In the present study, morphological variation is 
studied as shape variation in the skull, comprising 
a complex functional and morphological structure 
composed of four developmentally distinct units: 
vault, base, orognathofacial complex, and mandible 
(Sperber, 2001; Willmore etal., 2006; Hallgrfmsson 
etal., 2007). These units are defined in terms of the 
origin of the developmental tissue, mode of ossifica
tion, growth rate, spatial position, and function (Lie
berman, Pearson & Mowbray, 2000; Sperber, 2001; 
Opperman, Gakunga & Carlson, 2005; Hallgrfmsson 
etal., 2007). We predict that species that have inde
pendently come to occupy the same ecological niche 
share a similar cranial shape independent of phylo
genetic relationships as a result of ecological factors 
acting on morphological diversification (Losos et al., 
1998; Schluter, 2000; Harmon et al., 2005). The alter
native hypothesis is that cranial shape variation is 
associated only with phylogenetic relationships. 
However, the four skull units are also relatively inde
pendent during ontogeny and are expected to respond 
differently to ecological and evolutionary factors 
(Cheverud, 1995; Lieberman etal., 2000; Hallgrfms- 
son etal., 2007). Therefore, we also expect that 
variation in the shape of the base, which is the 
most conserved region of the skull (Sperber, 2001), 
will be most closely associated with phylogenetic
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Figure 1. Phylogenetic tree for the Echimyidae combining von Willebrand factor, cytochrome b, 12 S, and 16 S rRNAs 
sequences. Tree defined by Galewski et al. (2005).

relationships (Lockwood et al., 2004). On the other 
hand, the orognathofacial complex and mandible, 
which is more related to ecological factors (Cheverud, 
1995; Sperber, 2001; Collard & Wood, 2007), will show 
greater association with the ecological niche.

MATERIAL AND METHODS
Samples

The 11 genera (and 15 species) examined were chosen 
primarily for two reasons. First, because they are a 
representative sample of the ecological and morpho
logical diversity known to exist in the Echimyidae 
(Woods et al., 1992; Emmons & Feer, 1997). Second, 
because they are represented in the molecular phy
logeny of Galewski et al. (2005). Five ecological niches 
as defined in Galewski et al. (2005) are represented: 
(1) semi-fossorial niche: Clyomys laticeps {N = 6) and 
Euiyzygomatomys spinosus (N = 4); (2) ground
dwelling, terrestrial niche: Trinomys sp., Proechimys 
sp. {N = 4), and Thrichomys apareoides {N = 8); (3) 
semi-aquatic niche: Myocastor coypus (N = 5); (4) 
arboreal niche: Phylomys blainvilii {N = 6), Makalata 
didelphoides {N = 4), and Mesomys hispidus (N = 3); 
(5) arboreal-bamboo niche: Dactylomys sp. (A = 4) and 
Kannabateomys amblyonyx (N = 7). Within the genus 
Trinomys, we examined the species: Trinomys dimid- 
iatus {N = 5), Trinotnys eliasi (N = 4), Trinomys iher- 
ingi (N = 5), Trinotnys paratus {N = 4), and Ti'inomys 
setosus {N = 5). The specimens included in the study 
were adults defined by the presence of a developed 
third molar with formed occlusal surfaces. Males and 
females were pooled in the analyses because second

ary sexual dimorphism was negligible in these taxa 
compared to the shape variation among genera.

Cranial regions, landmarks, 
AND SEMILANDMARKS

The four cranial units defined in this work are: 
cranial vault (i.e. formed by the frontal and parietal 
bones); cranial base (i.e. composed of the auditory 
bulla, basisphenoid, the condylar portion of occipital, 
and basioccipital bones); orognathofacial complex [i.e. 
composed of the premaxilla, maxilla, jugal, squamosal 
and temporal bones, including zygomatic, temporal 
(regions most directly affected by the masseter and 
temporal muscles), alveolar, olfactory, and respiratory 
regions]; mandible (i.e. consisting of condylar, coro
noid, angular, masseter, anterior and posterior 
alveolar components) (Ackermann & Cheverud, 2004; 
Hallgrimsson et al., 2007; Fig. 2).

For each specimen, we used an Olympus SP-350 
digital camera to obtain images of the skulls. Images 
were standardized for skull position, camera lens 
plane, and camera lens-skull distance. The standard
ized images were used to capture two-dimensional 
coordinates in dorsal (vault), lateral (orognathofacial 
complex), and ventral (base) views. Mandible images 
were captured as two-dimensional coordinates in the 
lateral view (Fig. 2). We recorded coordinates for eight 
landmarks and 12 semilandmarks describing vault 
bones in the dorsal view (Fig. 2A), 13 landmarks and 
ten semilandmarks describing the base bones in the 
ventral view (Fig. 2B), 21 landmarks and 27 semilan
dmarks describing orognathofacial complex bones in
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Figure 2. Dorsal (A), ventral (B), lateral (C), and man
dible (D) views of the skull of Trinomys. Dots represent 
landmarks and crosses represent semilandmarks.

the lateral view (Fig. 2C), and 17 landmarks and 17 
semilandmarks describing the mandible in the lateral 
mandible view (Fig. 2D). Coordinates of landmarks 
and semilandmarks were recorded using the tpsDIG, 
version 2.10 (Rohlf, 2007). In the present study, 
we chose to describe the four cranial units based 
on configurations of landmarks and semilandmarks 
obtained from two-dimensional images, following 
Cardini & Thorington’s (2006) demonstration of sta
tistically significant correlations between measure
ments of size and shape using two-dimensional 
(dorsal, lateral, and ventral sides) and three- 
dimensional landmarks of the skull of Marmota. 
Cardini & Thorington (2006) concluded that, given a 

careful choice of landmarks, two-dimensional land
marks are fairly accurate descriptors of size and 
shape variation of inherently three-dimensional 
structures such as the mammalian skull.

Statistical analysis

The correspondence between cranial shape variation, 
phylogenetic relationships, and ecological niches was 
investigated by approaches using Mantel tests, ordi
nation, and regression.

The landmark and semilandmark data sets for each 
cranial unit were used to calculate Procrustes dis
tances between species. The effects of differences in 
location, scaling, and orientation over landmark and 
semilandmark configurations were removed with a 
generalized Procrustes analysis (Rohlf & Slice, 1990; 
Bookstein, 1991). The skull semilandmarks were 
aligned by means of the sliding semilandmark 
method sensu Bookstein (1997); see also Perez, Bernal 
& Gonzalez (2006). We used tpsRelw, version 1.44 
(Rohlf, 2007) to slide the semilandmarks along their 
respective curves, aiming to minimize the Procrustes 
distance between the subject and a reference 
(Bookstein etal., 2002; Perez et al., 2006). Using the 
aligned coordinates, the Procrustes shape distances 
were calculated between the consensus configurations 
of landmarks and semilandmarks for each species 
(Polly, 2001; Smith, Terhune & Lockwood, 2007; 
Cardini & Elton, 2008) using tpsSmall, version 1.19 
(Rohlf, 2007). Procrustes distance matrices describe 
the total pattern of variation in cranial shape among 
species. Although previous studies have used both 
Mahalanobis and Procrustes distances (Polly, 2001; 
Smith etal., 2007; Cardini & Elton, 2008), we only 
used Procrustes distances. Procrustes distances 
measure the amount of morphological differences 
between mean shapes, whereas Mahalanobis dis
tances measure the statistical distinctness of two 
groups using shape means and pooled within-group 
covariance matrices (Ackermann, 2005; Klingenberg 
& Monteiro, 2005). This assumes that all groups have 
similar covariance structures and such an assumption 
could be not valid for our shape data (Steppan, Houle 
& Phillips, 2002). For Procrustes distance estima
tions, the differences in samples sizes (particularly 
small sample sizes) and covariance structures 
between species have little influence (Polly, 2003).

We tested for correspondence by calculating the 
association between shape (Procrustes distances) 
matrices for the four cranial units and phylogenetic 
distance matrix using a Mantel analysis (Mantel, 
1967). This procedure was used to compare our results 
with those from previous studies (Polly, 2001; Harvati 
& Weaver, 2006; Cardini & Elton, 2008). The matrix 
of phylogenetic distances (i.e. patristic distances)
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Table 1. Results of Mantel tests for analyses of associa
tion between Procrustes shape distances, molecular phy
logenetic distances, and ecological niches for the four 
cranial units

r Phylogeny
r Partial 
ecology

Vault 0.243* 0.586**
Base 0.237* 0.529**
Orognathofacial complex 0.449** 0.631**
Mandible 0.409** 0.381**

r Phylogeny is the correlation coefficient between Pro
crustes and phylogenetic distances, r Partial ecology is the 
partial correlation coefficient between Procrustes and the 
ecological niche matrices with phylogenetic distance held 
constant. *P = 0.05, **P < 0.01.

between the Echimyid species was calculated from the 
maximum likelihood tree generated using a gene 
supermatrix combining the von Willebrand factor, 
cytochrome b, 12 S and 16 S rRNAs markers of 
Galewski et al. (2005). In addition, to determine 
whether the degree of scatter increased with phyloge
netic distance, we performed Mantel analyses against 
two phylogenetic distance classes (Legendre & Fortin, 
1989). Permutation tests for the matrix correlation 
estimates were calculated with 9999 replications for a 
one-tailed significance test. Mantel analyses were per
formed using NTSYSpc, version 2.1. The orognathofa- 
cial complex and the mandible showed correlations of 
0.449 and 0.409, respectively, and were significant at 
the 0.01 level (Table 1). Thus, to take phylogenetic 
effects into account, we included the phylogenetic 
relationships among echimyid rodents in the remain
der of the analyses (Losos, 1999; Garland, Bennett & 
Rezende, 2005).

We tested the ecological concordance in each of 
the four cranial units. We studied the concordance 
between the shape (Procrustes distance) matrix for 
each cranial structure with ecological niche differ
ences using a partial Mantel test (Smouse, Long & 
Sokal, 1986; Legendre & Fortin, 1989). This analysis 
tests whether the cranial structures correspond to the 
five ecological niche categories. We used the partial 
Mantel test to enable our results to be compared with 
previous studies in the morphometric literature, 
although we note that the partial correlation is only a 
linear correction and does not correspond to perform
ing a phylogenetic generalized least-squares (PGLS; 
Rohlf, 2001) analysis (as explained below). We gener
ated the ecological niche differences matrix by setting 
each element equal to one if the two species being 
compared occupied different ecological niches and 
zero if they occupied the same ecological niche. 

Partial Mantel analyses were performed using 
NTSYSpc, version 2.1, using 9999 random permuta
tions for a one-tailed significance test.

The aligned coordinates were used to perform a 
Relative Warp (RW) analysis. The method of RWs 
describes the major trends in variation in cranial 
shape among species (Bookstein, 1991; Rohlf, 1993, 
1996). RWs are principal components of the total 
shape variation. This includes variation at all spatial 
scales. An important aspect of this analysis is that 
variation along the principal component axes can be 
expressed as intuitive deformation grid diagrams 
showing differences from the mean form or reference. 
In addition, RWs can be interpreted as low dimen
sional axes of Kendall tangent space, proving ex
cellent results when between-group morphological 
differences are studied (Thalib, Kitching & Bhatti, 
1999). The analyses were performed using the 
tpsRelw, version 1.44 (Rohlf, 2007).

A Kernel cluster analysis (Browman & Foster, 1963; 
Baxter, Beardah & Wright, 1997) was used to visual
ize the distribution of shape variation in the reduced 
space of the first and second RWs. Between 73% and 
92% of total variation in shape was accounted for by 
just two dimensions. This was demonstrated by a 
Procrustes analysis (Peres-Neto & Jackson, 2001) 
between the first two RWs and all RWs for the vault, 
base, orognathofacial complex, and mandible, which 
yielded significant associations of 0.810, 0.914, 0.729, 
and 0.840, respectively (P < 0.001). These clusters 
were then inspected for concordance with phylo
genetic clades and ecological niches (Fig. 1). Kernel 
analysis was performed using the KernSmooth, 
version 2.22 , for R 2.5.0 (R-Development Core Team, 
2008).

Finally, as an alternative test for ecological niche 
correspondence, we employed a regression approach 
using the phylogenetic generalized least-squares 
analysis to take into account the expected lack of 
independence in observations as a result of phylogeny 
(Martins & Hansen, 1997; Rohlf, 2001). We fitted the 
ecological niche variation (dummy variables defining 
niche memberships) to the RW scores describing 
shape variation using the following regression model: 
S = XB + £, where S is the RW scores matrix describ
ing shape variation, X is the matrix of independent 
variables, B is the matrix of regression coefficients, 
and £ is the error term. To account for phylogenetic 
non-independence, PGLS assumes that £ has a cova
riance matrix derived from the phylogenetic tree 
(Martins & Hansen, 1997; Rohlf, 2001). In a conven
tional regression analysis, £ is assumed to be inde
pendent. We used a phylogenetic covariance matrix 
based on the Ornstein-Uhlenbeck model (Diaz- 
Uriarte & Garland, 1996; Martins & Hansen, 1997). 
When a phylogenetic covariance matrix based on the 
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assumption that evolution is a continuous Brownian 
motion type of random walk was used (Rohlf, 2001), 
the results did not change the interpretation. Because 
of the large number of semilandmarks employed to 
describe the specimens, we used a matrix of the first 
two RW scores (RW1 + 2) to test the effects of ecologi
cal niche on shape (Sheets et al., 2006). The signifi
cance of the regression model was assessed by the 
F-statistic. PGLS analyses were performed using 
NTSYSpc, version 2.1.

RESULTS

Mantel analyses showed small but significant corre
lations between molecular phylogenetic distances and 
Procrustes shape distances derived from the orogna- 
thofacial complex and mandible. The correlations 
between phylogenetic distances and shape distances 
for the cranial vault and base were even smaller, but 
still statistically significant (Table 1). The correspon
dence between Procrustes shape and phylogenetic 
distances was significant for all cranial units at low 
phylogenetic scales (less than 0.20 units of expected 
nucleotide substitutions; Table 2). Conversely, the cor
respondence was small for all cranial units at high 
phylogenetic scales (more than 0.20 units of expected 
nucleotide substitutions; Table 2), showing a charac
teristic fan distribution (Fig. 3). The partial Mantel 
analysis demonstrated that the Procrustes shape 
distances for the four cranial units show signifi
cant concordance with the ecological niche matrix 
(Table 1). The orognathofacial complex, in particular, 
showed the greatest concordance between Procrustes 
shape distances and ecological niche (Table 1).

The two-dimensional ordination of the 15 echimyid 
species based on shape variation for the cranial vault 
is shown in Figures 4A and 5A, where each species is 
represented by its mean value on the first and second 
RWs. The Kernel analysis showed three clusters on 
the two-dimensional ordination generated from the 
RW analysis, which corresponds to: the semi-fossorial 
niche and clade D; the terrestrial and arboreal niches

Table 2. Mantel analyses against two phylogenetic dis
tance classes (lags) for the four cranial units

r Phylogeny

Orognathofacial
Lag Vault Base complex Mandible

0.074 0.447* 0.334* 0.419* 0.283*
0.222 -0.382* -0.259 -0.197 -0.049

r, correlation coefficient. *P < 0.025 (Bonferroni correction 
for a 0.05/2).

and clades A, B, and C; and the arboreal-bamboo and 
semi-aquatic niches and clades A and B (Fig. 4A). The 
deformation grid showed shape variation in both the 
parietal and frontal bones of the cranial vault, with 
deformations being global in the former and localized 
in the latter (Fig. 5B). Of the six kernel clusters 
generated for the cranial base, only two corresponded 
uniquely with ecological niches, namely the semi- 
aquatic and arboreal-bamboo niches (Figs 4B, 6A). 
The observed clusters did not correspond to the phy
logenetic clades (Fig. 4B). Deformation grids indi
cated that shape variation is primarily localized in 
the bulla region of the base (Fig. 6B). The five kernel 
clusters obtained for the orognathofacial complex 
(Figs 4C, 7A) showed a one-to-one correspondence 
with the ecological niches (Fig. 4C). Of these five 
clusters, only one was uniquely associated with phy
logenetic clade D (Fig. 4C). Shape variation was local
ized mainly in the zygomatic and premaxilla bones 
(Fig. 7B). Of the four kernel clusters computed for the 
mandible, only the semi-fossorial and semi-aquatic 
were uniquely associated with ecological niches 
(Figs 4D, 8A). Only one cluster was uniquely associ
ated with phylogenetic clade D (Fig. 4D). Shape varia
tion was localized mainly in the angular and coronid 
regions of the mandible (Fig. 8B).

PGLS analyses demonstrated that the ecological 
niche has a significant effect on patterns of shape 
variation calculated with the first two RWs (RW 1 + 2) 
for all cranial regions (Table 3). However, this test is 
not very powerful because there are only 15 species, 
and the phylogeny in Figure 1 shows a number of 
correspondences with ecology, which means that 
ecology and phylogeny are not truly independent. The 
F-statistics and associated P-values were larger for 
the orognathofacial complex, in agreement with the 
Kernel analysis based on the projection of the first 
two relative warps (Fig. 4C).

Table 3. Multivariate multiple regression of the ecological 
niche on shape variation for the four cranial units with the 
lack of independence due to phylogeny taken into account

RW 1 + 2

F P

Vault 34.094 3.566E-008
Base 15.854 1.O11E-005
Orognathofacial complex 74.346 6.O95E-011
Mandible 12.777 4.223E~005

Shape is described using the first two relative warps 
scores (RW 1 + 2). The Ornstein-Uhlenbeck model was 
used to calculate the phylogenetic covariance matrix.
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Figure 3. Scatter plot of Procrustes shape distances versus molecular phylogenetic distances among 15 echimyid species 
for the four cranial units.

DISCUSSION

The results obtained in the present study demon
strate a complex association among patterns of 
cranial variation in shape, levels of phylogenetic 
divergence, and ecological niche diversification in 
spiny rats of the family Echimyidae. At the lower 
level of phylogenetic divergence (Fig. 3), there is 
small but statistically significant and positive concor
dance between patterns of phylogenetic and cranial 
shape variation in all cranial units: base, vault, orog- 
nathofacial complex, and mandible (Fig. 3; Table 2). 
This concordance may be attributable to the phyloge
netic and shape distances being calculated between 

species sampled from the same niche such as within 
ground-dwelling species of Trinomys, within semi- 
fossorial Clyomys and Euiyzygomatomys, and within 
arboreal-bamboo rats, Dactylomys and Kannaba- 
teomys (Fig. 1). Similar associations between patterns 
of phylogenetic and morphological variation under 
conditions of ecological niche homogeneity have been 
reported at lower levels of phylogenetic divergence. At 
the population level, craniometric variation and evo
lutionary relationships (i.e. molecular variation at 
microsatellite loci) are concordant among human 
populations only when they occupy relatively homo
geneous ecological niches (Roseman, 2004; Harvati & 
Weaver, 2006). At the species level, Polly (2001)
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B

Figure 4. Kernel density contours defining clusters in the 
two-dimensional space of the first two relative warps. 
Ecological niches and phylogenetic clades A-D are indi
cated (ecological niches and phylogenetic clades are 
defined in Fig. 1). A, Kernel analysis of the cranial vault. 
B, Kernel analysis of the cranial base. C, Kernel analysis 
of the orognathofacial complex. D, Kernel analysis of the 
mandible.
◄-------------------------------------------------------------------------------

demonstrated a significant association between molar 
shape distance and phylogenetic divergence as esti
mated from cytochrome b sequences among seven 
closely-related shrews, which occupy a homogeneous 
trophic niche. Even at higher levels of phylogenetic 
divergence, the concordance between phylogenetic 
relationships and morphological variation may 
depend on the homogeneity of the ecological niche; in 
this case, the trophic niche, as recently demonstrated 
for murine rodents (Renaud, Chevret & Michaux, 
2007).

At higher phylogenetic levels of divergence (Fig. 3) 
and also with ecological niche diversity (i.e. semi- 
fossorial, terrestrial, semi-aquatic, arboreal-bamboo 
and arboreal niches; Fig. 1), there is significant 
concordance between shape variation in all four 
cranial units and the ecological niches (Tables 1, 3). 
Consequently, ecological factors are important when 
accounting for cranial shape variation among 
echimyid species. The observed concordance between 
shape variation in the vault and base and ecological 
niche diversity is nevertheless unexpected based on 
developmental dynamics. The vault and particularly 
the base are expected to have little interaction with 
the environment because they attain adult size and 
shape early during ontogeny and are related to brain 
protection, and the base is the site of passage for 
several vessels and nerves (Sperber, 2001; Opperman 
et al., 2005). Variation in the base of the skull among 
echimyid species is primarily associated with differ
ences in the relative size of the auditory bulla, with 
the bulla being relatively larger in semi-fossorial 
species and followed in size by arboreal and terres
trial species (Fig. 6). It has been suggested that varia
tion in bulla size is associated with the frequency of 
acoustic signals, with larger and smaller bullae being 
associated with rodents that employ low-frequency 
and high-frequency acoustic signals, respectively 
(Francescoli, 2000). The larger bulla volume could be 
interpreted as an adaptation for vocal communication 
or for detecting predators in subterranean environ
ments (Francescoli, 2000; Schleich & Vassallo, 2003; 
Mason, 2004). Therefore, the association between 
morphological variation in the base and ecological 
niche diversity within Echimyidae appears to be 
attributable to variation in the form of the bulla as a
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Figure 5. Relative warps analysis of the cranial vault. A, ordination of the 15 echimyid species in the space of the first 
two relative warps (RW1 and RW2), calculated for the cranial vault. The dots represent the consensus individual for each 
species. B, cranial shape changes implied by variation along the first two relative warp axes are shown as deformation 
grids. Grids show shape changes for negative and positive deviations from the mean for RW1 and RW2.

result of ecological factors. It is quite conceivable that, 
in organisms that do not occupy as heterogeneous an 
array of ecological niches as the Echimyidae, varia
tion in the base does associate with phylogenetic 
patterns of divergence. Indeed, in Primates, whose 
ecological niches are far less heterogeneous than 
those of the Echimyidae, an association between 
cranial base and phylogenetic variation has been 
reported for human populations (Harvati & Weaver, 
2006), for apes and humans (Lockwood et al., 2004), 
and for species of guenons (Cardini & Elton, 2008). 
Conversely, in the case of the cranial vault, the unex
pected association between shape variation among 
echimyid species and ecological niche may be a con
sequence of an indirect response to changes in other 
units of the skull. Evidence for this conjecture is 
provided by the observation that, in semi-fossorial 
and semi-aquatic species in which the parietal bone is 

relatively small (Fig. 5), the temporal and squamosal 
bones, which are sites of insertion for muscles such as 
the masseter temporalis (Woods, 1972), are relatively 
large (Fig. 7).

The concordance between shape variation in the 
orognathofacial complex and mandible and ecological 
niche diversity at high phylogenetic scales confirms 
our original expectation (Figs 7, 8; Tables 1, 3), which 
was based on developmental dynamics. The orogna
thofacial complex and mandible attain adult size and 
shape long after the basicranium and vault, and these 
regions of the skull are related to muscle insertion for 
the oromasticatory apparatus (Woods, 1972; Woods 
& Howland, 1979), as well as for the trophic and sen
sory apparatuses (Cheverud, 1995; Sperber, 2001). 
However, the orognathofacial complex and mandible 
differ in the extent that shape variation is associated 
with ecological niche diversity because the association
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Figure 6. Relative warps analysis of the cranial base. A, ordination of the 15 echimyid species in the space of the first 
two relative warps (RW1 and RW2), calculated for the cranial base. The dots represent the consensus individual for each 
species. B, cranial shape changes implied by variation along the first two relative warp axes are shown as deformation 
grids. Grids show shape changes for negative and positive deviations from the mean for RW1 and RW2.

is complete in the former and partial in the latter 
(Figs 7, 8; Tables 1, 3). Shape variation in the 
orognathofacial complex is related to differences in 
squamosal, temporal, jugal and maxilla robusticity, 
premaxilla morphology, and orbit size (Fig. 7). Semi- 
fossorial species have the largest areas for muscle 
attachment, procumbent incisors and reduced orbit 
size, which are all skull features that are present in 

digging species (Stein, 2000; Verzi & Olivares, 2006). 
It is worth noting that these same features are 
present in M. coypus which, besides occupying the 
semi-aquatic niche, is also semi-fossorial (Woods 
etal., 1992). On the other hand, arboreal and 
terrestrial species have relatively smaller areas for 
muscle attachment, lesser procumbent incisors, and 
increased orbit size (Fig. 7). Shape variation in the
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Figure 7. Relative warps analysis of the orognathofacial complex. A, ordination of the 15 echimyid species in the space 
of the first two relative warps (RW1 and RW2), calculated for the orognathofacial complex. The dots represent the 
consensus individual for each species. B, cranial shape changes implied by variation along the first two relative warp axes 
are shown as deformation grids. Grids show shape changes for negative and positive deviations from the mean for RW1 
and RW2.

T

mandible separates the semi-fossorial and semi- 
aquatic species on the basis of muscle insertion and 
articulation regions such as the condylar and angular 
(i.e. features related to digging activities; Fig. 8). 
However, there is no clear differentiation between 
arboreal and terrestrial taxa. The differences in 
the degree of association between orognathofacial 
complex and mandible and ecological niche diversity 
could be related to the greater complexity of function 
related to the former, suggesting that muscle inser
tion is not the only factor involved in the orognatho
facial complex divergence. In addition, the mandible 
has a lower association with ecological niche than the 
cranial base and vault, which is unexpected based on 
developmental dynamics of these cranial regions. The 

higher association of these cranial units with ecologi
cal niche diversity within Echimyidae could be 
related to the ecological importance of the cranial 
base and the correlated response of the cranial vault, 
such as that pointed out above. It is conceivable that, 
in organisms occupying heterogenous ecological 
niches, variation in the orognathofacial complex and 
mandible does correspond with ecological diversity 
(Monteiro & Reis, 2005; Renaud etal., 2007). In 
several mammalian taxa with different degrees of 
ecological niche heterogeneity, a correspondence 
between some dimensions of niches (e.g., hardness of 
food items) and cranial morphology has been reported 
(bats: Dumont, 1999; Nogueira etal., 2005; primates: 
Dumont, 1997).
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Figure 8. Relative warps analysis of the mandible. A, ordination of the 15 echimyid species in the space of the first two 
relative warps (RW1 and RW2), based on the partial warp and uniform component variables calculated for the mandible. 
The dots represent the consensus individual for each species. B, cranial shape changes implied by variation along the first 
two relative warp axes are shown as deformation grids. Grids show shape changes for negative and positive deviations 
from the mean for RW1 and RW2.

In summary, the results obtained in the present 
study show that cranial shape variation is related to 
ecological factors acting on morphological diversifica
tion, in support of our original hypothesis. In addi
tion, these results suggest that diversification among 
echimyid species may be the outcome of a complex 
interaction between morphology and niche dimen
sions. The importance of the environment in inter
specific morphological diversification is well known 

(Losos etal., 1998; Schluter, 2000; Harmon etal., 
2005). A comparison of morphological variation, phy
logenetic relationships, and niche divergence among 
echimyid species shows how the interaction between 
these dimensions evolves during clade diversification 
(Galewski et al., 2005). Although we cannot provide 
support for the hypothesis that morphology only 
shows a significant concordance with phylogeny, 
phylogenetic relationships are very important for 
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explaining shape variation among ecologically homo
geneous species. The results also suggest that, within 
Echymidae, time of growth cessation or patterns of 
growth (Cheverud, 1995) of the cranial units do not 
appear to be important predictors of final phenotypic 
diversification, as was shown for primates (Lockwood 
et al., 2004; Cardini & Elton, 2008). The differences in 
the morphological diversification between Echymidae 
and primates could be related to the greater ecological 
diversity of Echymidae.
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