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Studies of morphological integration provide valuable information on the correlated evolution of traits and its relationship to
long-term patterns of morphological evolution. Thus far, studies of morphological integration in mammals have focused on
placentals and have demonstrated that similarity in integration is broadly correlated with phylogenetic distance and dietary
similarity. Detailed studies have also demonstrated a significant correlation between developmental relationships among
structures and adult morphological integration. However, these studies have not yet been applied to marsupial taxa, which
differ greatly from placentals in reproductive strategy and cranial development and could provide the diversity necessary to
assess the relationships among phylogeny, ecology, development, and cranial integration. This study presents analyses of
morphological integration in 20 species of australodelphian marsupials, and shows that phylogeny is significantly correlated
with similarity of morphological integration in most clades. Size-related correlations have a significant affect on results,
particularly in Peramelia, which shows a striking decrease in similarity of integration among species when size is removed. Diet
is not significantly correlated with similarity of integration in any marsupial clade. These results show that marsupials differ
markedly from placental mammals in the relationships of cranial integration, phylogeny, and diet, which may be related to the
accelerated development of the masticatory apparatus in marsupials.
Citation: Goswami A (2007) Phylogeny, Diet, and Cranial Integration in Australodelphian Marsupials. PLoS ONE 2(10): e995. doi:10.1371/
journal.pone.0000995

A plausible null hypothesis is that evolutionary history
(phylogeny) is correlated with similarity in patterns of morphological integration. Of the placental clades studied, however, only
a few support this hypothesis [11,12]. Other clades display only
a weak correlation between phylogeny and cranial integration
[15,16,30], while some clades show stronger correlations between
diet and morphological integration [11,16]. Diet strongly influences tooth size and shape and jaw musculature, and thus overall
skull morphology. Skulls must accommodate the functional
demands of juvenile and adult food processing, and, if masticatory
traits are functionally integrated, then similarities in diet may be
reflected in similarity in morphological integration.
These results from previous studies demonstrate that a complex
relationship exists between phylogenetic relatedness, integration,
and ecology across placental mammals. In addition, as suggested

INTRODUCTION
The correlated evolution of traits is a fundamental issue in
evolutionary biology, with great importance for understanding
morphological evolution and the generation of morphological
diversity [1–3]. Morphological integration is the study of trait
associations, measured through statistical analysis of patterns of
trait covariation or correlation. Integration of functionally or
developmentally-related traits can influence morphological evolution in many ways, from constraining the variability of individual
traits to facilitating transformations of functional sets [1–10]. Yet,
despite this importance to morphological evolution, trait integration has been overlooked in most morphological analyses.
Most studies of morphological integration focus on microevolutionary hypotheses , documenting the relationships among
development, genetics and phenotypic integration, usually in
single species [for recent reviews see 2,3,10,11]. The few
comparative studies conducted have focused on placental
mammals [11–17]. A single study has included marsupials and
monotremes, as well as placentals, and has shown a high degree of
conservation of cranial integration across therian mammals [10].
However, differences in patterns of trait integration do exist
among therian taxa, and these differences may be ascribed to
several factors. Phylogeny and ecology are of particular interest, as
they have been correlated with similarity of cranial integration in
the placental clades Primates [13,15,16] and Carnivora [11].
Because placentals and marsupials differ greatly in the timing of
cranial bone ossification [18–22], and because developmental
timing has often been considered to be a major influence on
integration [14,23–29], examination of integration in marsupials
will provide an important comparison to the extensive studies of
placental mammals. In this paper, I assess the relationship between
evolutionary history, ecology, and cranial integration in australodelphian marsupials. Specifically, I test the hypothesis that
similarity in cranial integration in marsupials is correlated with
phylogeny relationship and dietary similarity.
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by Steppan [31], disparate microevolutionary and macroevolutionary processes may manipulate morphological integration.
While it is clear that evolutionary history is related to
morphological integration to some extent, it is not understood
how general this relationship is, nor how significant patterns of
integration are in morphological evolution.
As noted above, examination of morphological integration in
marsupials is particularly important, because of the striking
differences in the timing of cranial bone development between
marsupials and placentals. Ossification of the anterior masticatory
apparatus (premaxilla, maxilla, and dentary) is accelerated in
marsupials relative to placentals. This heterochronic shift is related
to the unique marsupial reproductive pattern in which neonates
are birthed after a short gestation period and complete their early
development attached to the teat [22]. If this early ossification and
use of the masticatory apparatus influences the developmental
integration of those bones, it may also affect potential functional
integration related to adult diet. Therefore, this study of
morphological integration in marsupials will provide the data to
assess, in comparison with placental mammals, how heterochrony
may be influencing morphological integration. Comparisons
among marsupial and placental mammalian clades thus provides
an opportunity to isolate three of the factors (phylogeny, ecology,
and development) that have often been invoked as influences on
morphological integration and morphological evolution.

MATERIALS AND METHODS
Data collection
Cranial landmarks were captured using an Immersion Microscribe
G263-D digitizer. Fifty-seven landmarks were collected across the
skull, emphasizing points of certain homology across taxa, such as
tripartite sutures. In addition, landmarks corresponding to those in
earlier studies also were used, to permit direct comparison with
previous results. Landmarks are listed in Table 1 and illustrated in
Figure 1 (symmetrical landmarks are displayed on one side only).
Twenty species of australodelphian marsupials were included in
this analysis, spanning Dasyuromorphia, Peramelia, and Diprotodontia (Appendix S1). Taxa were chosen due to their morphological convergence with placental groups in which cranial
integration has been studied (Phalangeridae on Primates; Dasyuromorphia on Carnivora), their relationship to fossil taxa, not
included in this study, that are convergent with placental taxa
(Vombatidae to Thylacoleonidae, which are convergent with
placental carnivorans), or their unique developmental patterns
(Peramelia). As this study focuses on more inclusive clades, only
a few congeneric species are included to provide a broad range of
phylogenetic relationships. Dasyuridae (native ‘cats’ and marsupial
‘mice’) is better sampled than others, due to its taxonomic and
ecological diversity and the availability of sufficient specimens in
many museum collections, and will be used to examine withinfamily patterns.
Data were collected from 13 to 16 adult specimens per species,
for a total of 327 specimens from 20 species, and male and female
specimens are as equally represented as possible (Appendix S1).
While higher specimen numbers is preferred, many of the taxa of
interest are rare, and ten of the largest international collections
were visited to attain this sample. A series of rarefaction and
bootstrap analyses were conducted to determine that matrix
correlation analysis and pairwise trait correlations were stable at
these sample sizes [11]. Furthermore, rarefaction analyses also
show that matrix correlations between two species decrease with
reduced sample size. Therefore, the effect of lower sample sizes, if
any, will be to reject real similarity in patterns of integration and to
PLoS ONE | www.plosone.org

Table 1. Cranial landmarks
......................................................................
Symbol

Landmark

PMv

Premaxilla–Maxilla ventral suture

PM

Premaxilla–Maxilla anterior suture

Nant

Nasal–anterior extreme

NP

Nasal–Premaxilla–anterior suture

Cl

Canine–lateral extreme

Cm

Canine–mesial extreme

M1

Anterior lateral M1

MRL

Posterior lateral M2

M1m

Anterior mesial M1

PalM

Palatine–Maxilla ventral suture

JMv

Jugal–Maxilla ventral suture

JMd

Jugal–Maxilla dorsal suture

NF

Nasal–Frontal suture

JML

Jugal–Maxilla–Lacrimal suture

LFM

Lacrimal–Frontal–Maxilla suture

PB

Postorbital process of the frontal

Ba

Bulla–anterior extreme

Pt

Pterygoid–posterior extreme

PFL

Palatine–Frontal–Lacrimal suture

OAF

Orbitosphenoid–Alisphenoid–Frontal suture

BP

Basisphenoid–Presphenoid suture

PP

Presphenoid–Palatine suture

JSv

Jugal–Squamosal ventral suture

JSd

Jugal–Squamosal dorsal suture

Bp

Bulla–posterior extreme

POcc

Paraoccipital process

OC

Occipital condyle–lateral extreme

BBB

Basioccipital-Basisphenoid-Bulla suture

PF

Parietal–Frontal suture

PO

Parietal–Occipital suture

PSA

Parietal–Squamosal–Alisphenoid suture

PFA

Parietal–Frontal–Alisphenoid suture

Shown in Figure 1. Midline traits are marked in bold.
doi:10.1371/journal.pone.0000995.t001

reduce the significance of results, rather than to create false
similarity and increase significances. This methodology is thus
more conservative and would impact all analyses for phylogeny
and diet equally.

Data analysis
Analytical methods follow previous studies [10,11], and a brief
review of methodology is provided here. Only landmarks from the
midline (6) and right side of the skull (26) were used in analyses.
Specimens were aligned with Procrustes analysis, using an
algorithm written in Mathematica 5.0 (Wolfram Research Inc.,
Champaign, IL). Scaling, a common Procrustes procedure, was
not applied to specimens, to reduce the effect of inducing
covariances through Procrustes fitting. Pearson product-moment
dot covariances were calculated for individual species in
Mathematica 5.0. For some analyses, the first eigenvector, which
mainly reflects size, was removed from the covariance matrix prior
to matrix correlation analysis. Comparisons among results
2
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There is also a lack of consensus on the relationships within
Peramelia. Groves and Flannery [41] recognised two families,
Peramelidae (Perameles, Isoodon, and Macrotis) and Peroryctidae
(Peroryctes, Microperoryctes, and Echymipera). Szalay [40] placed
Macrotis as the nearest outgroup to the rest of the peramelians
included in this study, while Westerman et al. [42] also placed
Peroryctes outside the remaining peramelians in this study. Each of
these competing phylogenetic hypotheses for Marsupialia and for
Peramelia was analysed separately to test the relationship between
phylogeny and similarity of morphological integration (Fig 2).
For each topology, the patristic distance between each pair of
species was calculated. Because a similarity matrix is required for
comparison, each patristic distance was subtracted from the
maximum value among species (those related only as australodelphian marsupials)+1, such that the most distantly-related species
have a value of one and sister taxa have the maximum value.
Matrix correlation analysis was used to test the correlation of
various phylogenetic distance matrices with MSI. Mantel’s test is
used to determine the significance of the matrix correlation.
Mantel’s test randomly reorders the rows and columns of one of
the two correlation matrices being compared and recalculates the
matrix correlation between the two matrices [44]. This operation
was repeated 10,000 times, providing a random distribution of
matrix correlations with which to assess the significance of the
observed matrix correlation.
An alternative analysis of phylogenetic relationship also was
employed. Pairwise similarity of morphological-integration values
were averaged for taxa related at various taxonomic levels (single
pairs analysis [32]). For example, the matrix correlations between
all pairs of species that are related at the genus level are averaged,
versus all pairs that are related at the family level but not at the
genus level, etc. This analysis was conducted among all species and
within individual orders for four taxonomic levels of relationship:
infraclass, order, family, and genus. If phylogenetic relatedness is
correlated with similarity in morphological integration, average
pairwise MSI values should decrease from the generic to the
infraclass level. Analysis of variance (ANOVA) was conducted to
determine if there are significant differences in similarity of
morphological integration across taxonomic ranks.

Figure 1. Cranial landmarks, shown on Echymipera kalubu. Symmetrical landmarks are shown on one side only.
doi:10.1371/journal.pone.0000995.g001

including and excluding the first eigenvector allow us to estimate
the role of size in morphological integration, as analyses of these
data have shown that the first eigenvector is a proxy for body size
(although size still influences the remaining eigenvectors). Trait
variance-covariance matrices were converted to trait correlation
matrices by dividing covariances by respective variances. These
steps produce a 32632 trait correlation matrix for each species.
Matrix correlation analysis was employed to assess similarity in
patterns of morphological integration [11,12,16,30,32]. Trait
correlation matrices for each species were compared to that of
every other species, using matrix correlation analysis. The matrix
correlations between species were used to build the matrix of
similarity of integration (hereafter, MSI), which consists of pairwise
matrix correlations (Appendix S2). MSI was used to assess the
association of phylogenetic relatedness or dietary similarity with
similarity in cranial integration. Analyses were conducted at
several phylogenetic levels and were restricted to clades with more
than five species sampled (Appendix S1): Marsupialia; Dasyuromorphia; Peramelia; Diprotodontia; and Dasyuridae.

Diet
To test the correlation between MSI and similarity in diet,
a dietary similarity matrix was constructed among all taxa, based

Phylogeny
To test the relationship between MSI and phylogenetic relatedness, multiple phylogenetic similarity matrices were constructed for all of the taxa examined, using recently published
phylogenetic hypotheses [33–43]. Recent phylogenetic hypotheses
incorporating the taxa examined in this study differed in the
relative placements of the three orders examined in this study.
Some studies placed Dasyuromorphia as basal to Peramelia+Diprotodontia [35,36], some placed Peramelia as basal to Dasyuromorphia+Diprotodontia [37], and still others placed Dasyuromorphia and Peramelia as sister groups relative to Diprotodontia
[38,39].
PLoS ONE | www.plosone.org

Figure 2. One phylogenetic hypothesis for taxa included in this study
[37,42]. Alternative phylogenies, with Peramelia basal and with different
topologies within Peramelia, were also tested.
doi:10.1371/journal.pone.0000995.g002
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Figure 3. One phylogenetic hypothesis for taxa included in this study [33,34,37,42,43] showing taxa with significant or marginally significant
correlations between similarity in morphological integration and phylogeny (P) or diet (D). Taxa labeled in gray do not have enough species
sampled in this study for statistical analysis.
doi:10.1371/journal.pone.0000995.g003

on the proportion of shared diet between species. This analysis
followed the methodology of Marroig and Cheverud [16] for
quantifying similarity in diet based on the proportion of shared
dietary types. Each species was categorised by the approximate
percentage of vertebrates, invertebrates/insects, fruits, and leaves
in its diet (Appendix S1). Dietary information was taken from
existing literature, using approximated contributions of each
category to a species’ total diet [45,46].
Dietary similarity between two species was calculated as a sum
across the four categories, where each category had a value
comprised of the square root of the product of each species’
percentage for that particular dietary type [see 11]. This process
was repeated for each pair of taxa, resulting in a matrix of dietary
similarity. The dietary similarity matrix (hereafter DSM) was then
compared to MSI using matrix correlation analysis with Mantel’s
test for significance.
Phylogenetic relatedness has the potential to complicate the
analysis of diet, due to the possibility that more closely-related taxa
are more similar in diet because of common ancestry alone. To
test for the possible influence of phylogeny, the dietary-similarity
matrix was compared to the phylogenetic-distance matrix, using
matrix correlation analysis with a Mantel’s test for significance.
The dietary-similarity matrix was significantly correlated with the
node-based phylogenetic-distance matrices using basal Peramelia
(r = 0.55, p,0.001), basal Dasyuromorphia (r = 0.56, p,0.001),
and Dasyuromorphia+Peramelia (r = 0.64, p,0.001). Because diet
is significantly correlated with phylogeny, the dietary-similarity
matrix was regressed against the phylogenetic-distance matrix to
isolate diet from phylogeny. The dietary similarity residual matrix
(hereafter DSRM) was compared to the original MSI, using matrix
correlation analysis with Mantel’s test for significance.

............................................................

significant correlation with phylogeny in all three topologies when
size was included, but in none when size was removed.
Diprotodontia, represented by Vombatidae and Phalangeridae,
did not show a significant correlation with phylogeny in the
analyses with or without size.
Single pairs analysis was also conducted for each clade (Fig. 4).
When size was included, average similarity of integration
increased significantly (ANOVA, p,0.001) from species related
only as australodelphian marsupials (0.77) to those in the same
order (0.81), same family (0.86), and same genus (0.90). There
were also significant increases in average similarity of integration
with closer phylogenetic relationship within Dasyuromorphia
(p,0.001), Peramelia (p,0.001), and Diprotodontia (p = 0.01).
When size was removed, there was no significant relationship
between taxonomic rank and similarity in integration across all
australodelphian marsupials, although average similarity of integration slightly increased from infraclass (0.53), to order (0.55) to
family (0.60), and to genus (0.61). Without size, Dasyuromorphia
exhibited a significant similarity increase with phylogenetic
relationship (p = .001), while Peramelia and Diprotodontia showed

RESULTS
Phylogeny
Across all australodelphian marsupials, there was a significant
correlation with phylogeny using all topologies (Fig. 3, Table 2).
This correlation was statistically robust to the inclusion or
exclusion of size. Across the smaller clades examined in this study,
however, only Dasyuromorphia and Dasyuridae showed a significant correlation with phylogeny. Peramelia showed a marginally
PLoS ONE | www.plosone.org
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Table 2. Phylogenetic relationship and cranial integration.
......................................................................
Group

Species

R with
size

R without
size

Marsupialia–Peramelia basal

20

.55**

.41**

Marsupialia–Dasyuromorphia basal

20

.45**

.40*

Marsupialia–Peramelia+Dasyuromorphia

20

.55**

.42**

Dasyuromorphia

8

.80**

.90**

Dasyuridae

5

.86**

.90**

Peramelia [41]

7

.73*

.43

Peramelia [40]

7

.71*

.43

Peramelia [42]

7

.71*

.45

Diprotodontia

5

.86

.61

Results from matrix correlation analysis of phylogenetic distance matrix and
matrix of similarity in morphological integration. Asterisks indicate significance
at the p = 0.05 level (**) or the p = .1 level (*).
doi:10.1371/journal.pone.0000995.t002
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morphological integration in marsupials, the relationships among
phylogeny, diet, and similarity of integration are quite different
than those observed in placentals.
Matrix correlation analysis and single pairs analysis produced
consistent results in most analyses. Both support a significant
relationship between phylogeny and similarity of integration across
australodelphian marsupials. These three orders are quite
morphologically distinct and diverged 40–50 million years ago
[38]; therefore, this correlation between phylogenetic relationship
and similarity in morphological integration is perhaps expected.
The three orders examined, however, display three different
patterns with respect to phylogeny, size, and cranial integration.
While Dasyuromorphia and Dasyuridae show significant correlations between phylogenetic distance and similarity of integration,
both including and excluding size (Table 2), Diprotodontia only
shows a correlation between phylogeny and integration in single
pairs analysis, when size is included (Fig. 4). It should be noted
that, because only phalangerids and a single vombatid were
sampled, results for Diprotodontia may mainly reflect the lack of
a phylogenetic signal within Phalangeridae, rather than in all
diprotodontians.
Peramelia shows an intermediate pattern between Dasyuromorphia and Diprotodontia, with marginally significant correlations in matrix correlation analysis when size is included, but not
when it is removed. All three phylogenetic hypotheses for
Peramelia produced similar results. Interestingly, the differences
in correlation values between analyses with and without size are
greater in Peramelia than in other clades. Likewise, in single pairs
analysis, Peramelia shows increased similarity of integration with
phylogenetic relationship when size is included, but a negative
correlation when size is removed. This result seems to be primarily
influenced by a few taxa (e.g., Peroryctes) that show particularly low
similarity of integration with other taxa, whether including or
excluding size. However, Perameles nasuta, which shows comparatively high similarity of integration with other peramelians when
size is included, displays the lowest similarity of integration values
when size is removed, most notably with the congeneric species
Perameles gunnii (0.22). As the congeneric peramelid species reflects
only a single comparison, between Perameles nasuta and Perameles
gunnii, greater sampling of congeneric species is necessary to
determine if that low similarity of integration among species is
a general characteristic of Peramelia. However, these results
suggest that size-related correlations are a more significant factor
within Peramelia than in the other marsupial orders considered in
this study, even though they occupy a smaller range of size than
either Dasyuromorphia or Diprotodontia [46].
These differences in the relative influence of phylogeny and of
size on patterns of morphological integration are of potential
importance to understanding macroevolutionary trends in morphological integration and differences in evolutionary patterns
across large clades. These analyses demonstrate that size and
phylogeny are correlated with similarity in patterns of integration,
but with strikingly disparate influences in the examined clades. If
trait correlations significantly influence morphological variation,
then these patterns provide the diversity necessary to isolate and
test the evolutionary consequences of different patterns of
morphological integration with empirical data from real species.
In contrast to the results for phylogeny, no clade in this analysis
shows a significant correlation between similarity of integration
and diet (Table 3). Among australodelphian marsupial orders, only
Dasyuromorphia shows a marginally significant correlation
between DSM and similarity of integration, and only when size
is removed from analysis. Because this relationship is not observed
when dietary similarity is regressed against phylogeny (DSRM), it

Figure 4. Average matrix correlation between species related at
increasingly disparate taxonomic levels for all australodelphian
marsupials (&), Dasyuromorphia (m), Diprotodontia (N), and Peramelia (¤), with (closed symbols) and without size (open symbols).
doi:10.1371/journal.pone.0000995.g004

nonsignificant decreases in similarity of integration with phylogenetic relationship when size was removed.

Diet
Neither DSM nor DSRM were significantly correlated with
similarity in morphological integration in any of the clades
examined in this study (Fig. 3, Table 3). Results did not differ
significantly among the three phylogenetic hypotheses used to
calculate DSRM, and results are presented solely for the most
recent phylogeny [37]. Across Dasyuromorphia, there was
a marginally significant correlation with DSM when size was
excluded. In other analyses, size-related correlations do not
significantly affect results.

DISCUSSION

..................................................

Within placental mammals, morphological integration has been
analysed comparatively in Primates [12–17,47,48] and Carnivora
[11]. Within both of these placental clades, correlation with
phylogeny and diet varies, with some subclades showing significant
correlations with phylogeny, some with diet, and others with
neither factor. In both clades, size-related correlations significantly
affect the relationship between phylogeny and cranial integration,
but have little effect on the relationship between diet and cranial
integration. Size is a evolutionary important factor, and size is
often the dominant factor influencing trait variances and covariances [49] . While size remains an important factor influencing
Table 3. Dietary similarity and cranial integration.
......................................................................
DSM

DSRM

Group
with size

without size

With size

without size
.03

Marsupialia

.25

.24

2.06

Dasyuromorphia

.61

.60*

.21

.13

Dasyuridae

.05

.12

.04

.11

Peramelia

.41

.40

.20

.25

Diprotodontia

.42

.28

.11

.09

Results of matrix correlation analysis of dietary similarity matrix (DSM), dietary
similarity residual matrix (DSRM), and matrix of similarity in morphological
integration (MSI). Asterisks indicate significance at the p = 0.05 level (**) or the
p = .1 level (*).
doi:10.1371/journal.pone.0000995.t003
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is probable that the marginally significant correlation between
DSM and similarity of integration merely reflects the strong
correlation between phylogeny and similarity of integration. While
both phylogeny and diet are strongly correlated with similarity in
integration in placental taxa, although often in different clades,
this study suggests that only phylogeny plays a significant role in
morphological integration in australodelphian marsupials.
Diet is expected to influence morphological integration by
inducing the functional integration of traits required for mastication. The marsupial species examined in this study include a broad
range of ecological and morphological diversity, including
hypercarnivorous (Thylacinus), invertivorous (Myrmecobius), and
folivorous (Trichosurus, Vombatus) taxa, to species with a variety of
mixed diets (Appendix S1). Therefore, this result does not simply
reflect a lack of dietary diversity in sampled taxa, although
marsupials are often considered to be less diverse in morphology
and ecology than placentals. This lack of diversity has often been
attributed to the observation that, in marsupials, the ossification of
bones associated with feeding (premaxilla, maxilla, dentary) has
been accelerated to accommodate the early birth and suckling of
marsupials, relative to placentals [18–20,22,50]. If developmental
timing or developmental integration is a major influence on
morphological integration, then the early ossification of these
bones that are typically associated with mastication may overshadow any diet-specific functional integration.
It is important to note that the relationship between
morphological integration and morphological evolution are poorly
understood [10]. A recent study of cranial shape in carnivorous
marsupials [51], primarily dasyuromorphians, showed a strong
correlation between diet and cranial shape. As discussed above,
Dasyuromorphia was the only clade in this study to show
a marginally significant correlation between cranial integration
and diet, perhaps suggesting some relationship between morphological integration and cranial shape. While there are many
hypotheses on the potential influence of character integration on
morphological evolution, these have yet to be explicitly tested.
Dasyuromorphia may well provide an ideal system for future
studies of morphological integration’s evolutionary significance, as
cranial shape, ecomorphology, and, with this study, cranial
integration, are all well studied for this clade.
This comparative study of morphological integration in the
australodelphian cranium demonstrates that a broad range of
patterns exist in the relationships among phylogeny and similarity
in integration, but that phylogeny is significantly correlated with

similarity in integration in most clades. In contrast, while all
examined placental orders exhibit some significant correlation
between diet and similarity in integration, australodelphian
marsupials do not show this relationship in any clade. These
results support the finding of a previous study [11] that phylogeny
is a primary factor influencing patterns of morphological integration in all large clades, while diet is a significant factor in only
some clades. This study also suggests that the early ossification of
the facial skeleton in marsupials may influence patterns of cranial
integration and the relative importance of ecology in shaping
morphological integration.

SUPPORTING INFORMATION
Appendix S1 Species list, specimen numbers. Dietary categories

used in construction of the dietary similarity matrix are invertivore
(I), frugivore (Fr), folivore (Fo), and carnivore (C). *The diet of
Vombatus is primarily grasses and roots.
Found at: doi:10.1371/journal.pone.0000995.s001 (0.06 MB
DOC)
Appendix S2 Matrix of similarity of morphological integration.

The lower triangle is the original MSI. The upper triangle is MSI
without size.
Found at: doi:10.1371/journal.pone.0000995.s002 (0.15 MB
DOC)

ACKNOWLEDGMENTS
I thank J.J. Flynn, L. Van Valen, C. Ross, N. Shubin, P.J. Wagner, and
R.D. Martin for discussion and reviews of this manuscript. J.A. Finarelli,
K.E. Sears, J. Marcot, E.G. Hunt, and K.R. Thomas provided criticisms of
the concepts in this study. K. M. Smith aided with development of
analytical tools. I thank W. Stanley (Field Museum), J. Spence (American
Museum), L. Gordon (Smithsonian), P. Jenkins (Natural History Museum,
London), K. Krohmann (Senckenberg), S. Hucknell (Queensland Museum), S. Van Dyck (Queensland Museum), H. Godthelp (Univ. New South
Wales), W. Longmore (Museum Victoria), R. O’Brien (Museum Victoria),
A. Musser (Australian Museum), S. Ingleby (Australian Museum), R. Jones
(Australian Museum), D. Stemmer (South Australian Museum), and J.
McNamara (South Australian Museum) for access to specimens.

Author Contributions
Conceived and designed the experiments: AG. Performed the experiments:
AG. Analyzed the data: AG. Contributed reagents/materials/analysis
tools: AG. Wrote the paper: AG.

REFERENCES
1. Olson EC, Miller RL (1958) Morphological Integration. Chicago University of
Chicago Press.
2. Pigliucci M, Preston K (2004) Phenotypic Integration. Oxford: Oxford
University Press.
3. Schlosser G, Wagner GP, eds (2004) Modularity in development and evolution.
Chicago: University of Chicago Press. pp 1–600.
4. Vermeij GJ (1973) Adaptation, versatility, and evolution. Syst Zool 22: 466–477.
5. Wagner GP (1996) Homologues, natural kinds and the evolution of modularity.
Am Zool 36: 36–43.
6. Wagner GP (1995) Adaptation and the modular design of organisms. Advances
in Artificial Life 929: 317–328.
7. Wagner GP, Altenberg L (1996) Perspective: Complex adaptations and the
evolution of evolvability. Evolution 50: 967–976.
8. Emerson SB, Hastings PA (1998) Morphological correlations in evolution:
Consequences for phylogenetic analysis. The Quarterly Review of Biology 73:
141–162.
9. Bolker JA (2000) Modularity in development and why it matters to evo-devo.
Am Zool 40: 770–776.
10. Goswami A (2006) Cranial modularity shifts during mammalian evolution. Am
Nat 168: 270–280.
11. Goswami A (2006) Morphological integration in the carnivoran skull. Evolution
60: 169–183.

PLoS ONE | www.plosone.org

12. Ackermann RR, Cheverud JM (2000) Phenotypic covariance structure in
tamarins (genus Saguinus): a comparison of variation patterns using matrix
correlation and common principal components analysis. Am J Phys Anthropol
111: 489–501.
13. Ackermann RR, Cheverud JM (2004) Morphological integration in primate
evolution. In: Pigliucci M, Preston K, eds (2004) Phenotypic Integration.
Oxford: Oxford University Press. pp 302–319.
14. Cheverud JM (1996) Developmental integration and the evolution of pleiotropy.
Am Zool 36: 44–50.
15. Cheverud JM (1989) A comparative analysis of morphological variation patterns
in the Papionines. Evolution 43: 1737–1747.
16. Marroig G, Cheverud JM (2001) A comparison of phenotypic variation
and covariation patterns and the role of phylogeny, ecology, and ontogeny
during cranial evolution of New World monkeys. Evolution 55:
2576–2600.
17. Marroig G, Vivo M, Cheverud JM (2004) Cranial evolution in sakis (Pithecia,
Platyrrhini) II: evolutionary processes and morphological integration. J Evol Biol
17: 144–155.
18. Smith KK (2001) Early development of the neural plate, neural crest and facial
region of marsupials. J Anat 199: 121–131.
19. Smith KK (2001) Heterochrony revisited: the evolution of developmental
sequences. Biol J Linn Soc 73: 169–186.

6

October 2007 | Issue 10 | e995

Marsupial Cranial Integration

20. Smith KK (1997) Comparative patterns of craniofacial development in
eutherian and metatherian mammals. Evolution 51: 1663–1678.
21. Nunn CL, Smith KK (1998) Statistical analyses of developmental sequences: the
craniofacial region in marsupial and placental mammals. Am Nat 152: 82–101.
22. Smith KK (2006) Craniofacial development in marsupial mammals: developmental origins of evolutionary change. Dev Dyn 235: 1181–1193.
23. Zelditch ML, Sheets HD, Fink WL (2001) The spatial complexity and
evolutionary dynamics of growth. In: Zelditch ML, ed (2001) Beyond
heterochrony: the evolution of development. New York: Wiley-Liss, Inc. pp
145–194.
24. Zelditch ML, Moscarella RA (2004) Form, function and life history: spatial and
temporal dynamics of integration. In: Pigliucci M, Preston K, eds (2004)
Phenotypic Integration. Oxford: Oxford University Press. pp 274–301.
25. Zelditch ML, Carmichael AC (1989) Growth and intensity of integration
through postnatal growth in the skull of Sigmodon fulviventer. J Mammal 70:
477–484.
26. Zelditch ML, Carmichael AC (1989) Ontogenetic variation in patterns of
developmental and functional integration in skulls of Sigmodon fuliviventer.
Evolution 43: 814–824.
27. Zelditch ML (1988) Ontogenetic variation in patterns of phenotypic integration
in the laboratory rat. Evolution 42: 28–41.
28. Klingenberg CP, Neuenschwander BE, Flury BD (1996) Ontogeny and
individual variation: Analysis of patterned covariance matrices with common
principal components. Syst Biol 45: 135–150.
29. Klingenberg CP, Mebus K, Auffray JC (2003) Developmental integration in
a complex morphological structure: how distinct are the modules in the mouse
mandible? Evolution&Development 5: 522–531.
30. Steppan SJ (1997) Phylogenetic analysis of phenotypic covariance structure.
I.Contrasting results from matrix correlation and common principal component
analyses. Evolution 51: 571–586.
31. Steppan SJ (1997) Phylogenetic analysis of phenotypic covariance structure.
II.Reconstructing matrix evolution. Evolution 51: 587–594.
32. Steppan SJ (2004) Phylogenetic comparative analysis of multivariate data. In:
Pigliucci M, Preston K, eds (2004) Phenotypic Integration. Oxford: Oxford
University Press. pp 325–344.
33. Krajewski C, Wroe S, Westerman M (2000) Molecular evidence for the pattern
and timing of cladogenesis in dasyurid marsupials. Zool J Linn Soc 130.
34. Wroe S, Ebach M, Ahyong S, Muizon Cd, Muirhead J (2000) Cladistic analysis
of Dasyuromorphian (Marsupialia) phylogeny using cranial and dental
characters. J Mammal 81: 1008–1024.

PLoS ONE | www.plosone.org

35. Horovitz L, Sanchez-Villagra MR (2003) A morphological analysis of marsupial
mammal higher-level phylogenetic relationships. Cladistics 19: 181–212.
36. Baker ML, Wares JP, Harrison GA, Miller RD (2004) Relationships among the
families and orders of marsupials and the major mammalian lineages based on
recombination activating gene-1. J Mamm Evol 11: 1–16.
37. Asher RJ, Horovitz I, Sanchez-Villagra MR (2004) First combined cladistic
analysis of marsupial mammal interrelationships. Mol Phylogenet Evol 33:
240–250.
38. Nilsson MA, Arnason U, Spencer PBS, Janke A (2004) Marsupial relationships
and a timeline for marsupial radiation in South Gondwana. Gene 340: 189–196.
39. Amrine-Madsen H, Scally M, Westerman M, Stanhope MJ, Krajewski C, et al.
(2003) Nuclear gene sequences provide evidence for the monophyly of
australidelphian marsupials. Mol Phylogenet Evol 28: 186–196.
40. Szalay FS (1994) Evolutionary history of the marsupials and an analysis of
osteological characters. New York: Cambridge University Press.
41. Groves CP, Flannery T (1990) Revision of the families and genera of bandicoots.
In: Seebeck JH, Brown PR, Wallis RL, Kemper CM, eds (1990) Bandicoots and
Bilbies. Chipping NortonNew South Wales: Surrey Beatty and Sons. pp 1–11.
42. Westerman M, Springer MS, Dixon J, Krajewski C (1999) Molecular
relationships of the extinct pig-footed bandicoot Chaeropus ecaudatus (Marsupialia:
Perameloidea) using 12S rRNA sequences. J Mamm Evol 6: 271–289.
43. Ruedas LA, Morales JC (2005) Evolutionary relationships among genera of
Phalangeridae ( Metatheria: Diprotodontia) interred from mitochondrial DNA.
J Mammal 86: 353–365.
44. Manly B (1997) Randomization, Bootstrap and Monte Carlo Methods in
Biology. Boca RatonFL: CRC Press. pp 488.
45. Nowak RM (1999) Walker’s Mammals of the World (6th Edition). BaltimoreMD: Johns Hopkins University Press.
46. Myers P (2000) Carnivora (On-line), Animal Diversity Web. .
47. Cheverud JM (1995) Morphological integration in the saddle-back tamarin
(Saguinus fuscicollis) cranium. Am Nat 145: 63–89.
48. Cheverud JM (1982) Phenotypic, Genetic, and Environmental Morphological
Integration in the Cranium. Evolution 36: 499–516.
49. Zelditch M, Swiderski DL, Sheets HD, Fink WL (2004) Geometric morphometrics for biologists: a primer. Boston: Elsevier Academic Press. pp 443.
50. Goswami A (2007) Cranial modularity and sequence heterochrony in mammals.
Evolution&Development 9: 290–298.
51. Wroe S, Milne N (2007) Convergence and remarkably consistent constraint in
the evolution of carnivore skull shape. Evolution 61: 1251–1260.

7

October 2007 | Issue 10 | e995

