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Abstract Among closely related species, larger mam-

mals tend to have a longer face and proportionally smaller

braincase. This putative ‘rule’ in mammalian macroevo-

lution has been proposed for the first time in 2013 based on

3D geometric morphometrics of antelopes, fruit bats, tree

squirrels and mongooses. To firmly demonstrate that this

trend holds as a ‘rule’ requires expanding the analysis in

more lineages and other mammalian orders: if supported in

most groups, it may indeed become a new evolutionary

‘rule’ besides famous ones such as Bergmann’s and Al-

len’s. In this study, using statistical shape analysis and both

standard and comparative methods on a sample of kanga-

roos, wallabies and other macropodine marsupials, we

show that the ‘big size-long face’ pattern is indeed found

also outside the placentals. This provides support to the

hypothesis of an important role of size-related shape

changes (i.e., allometry) in the origin of the exceptional

disparity of mammals, that, only in terms of size, span

more orders of magnitude than any other animal: from 3 to

4 g of a tiny bat to more than 100 tons in blue whales.

Keywords Comparative methods � Geometric

morphometrics � Macroevolution � Macropodines �
Marsupials � 3D landmarks

Introduction

The search for common trends in morphological evolution has

a long history in biology (Raerinne 2011). The focus has often

been on traits that are easily measured, such as body mass and

the relative proportions of limbs or other anatomical struc-

tures. Examples of trends that have been postulated to operate

within species, as well as among closely related ones, include

the tendency for body mass to increase with latitude (Berg-

mann’s rule); decrease in the relative length of appendages in

colder climates (Allen’s rule); stronger sexual dimorphism in

larger members of a lineage (Rensch’s rule of sexual dimor-

phism); reduction in size of large species on islands, and vice

versa increase in small ones (island rule); and increase in body

mass over evolutionary time (Cope’s rule). While the evi-

dence for and generalizability of these ‘rules’ is not always as

obvious as the term ‘rule’ implies, the study of macro-evo-

lutionary trends in morphological evolution is vigorous. Since

2000, more than 1000 papers may have been published on

Bergmann’s rule in mammals alone (GoogleScholar July

2014). New methods and increased availability of data are, in

fact, facilitating robust and accurate tests of the ‘rules’, and

may lead to the discovery of other broad macro-evolutionary

trends which, as evidence is gathered, might or might not

come to be recognized as evolutionary ‘rules’.

The propensity for small species to be short faced and large

species to be long faced—craniofacial evolutionary allometry
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(CREA)—is a ‘rule’ in a loose sense in that it represents a

shared, measurable pattern of morphological variation that has

been reported in most mammal orders in which it has been

studied. CREA has been found in closely related species of

placental mammals, including antelopes, fruit-bats, mon-

gooses and tree squirrels (Cardini and Polly 2013), and per-

haps also in deer (Merino et al. 2005) and monkeys (Singleton

2005; Cardini and Elton 2008). However, because detailed

data are for many groups are lacking, it cannot yet be con-

sidered a ‘rule’ in a strict sense. The five boreoeutherian orders

in which CREA was identified have deeply divergent evolu-

tionary histories and distinctive ecologies, which led Cardini

and Polly (2013) to suggest that this interspecific size-rela-

tionship (i.e., evolutionary allometric) between the propor-

tions of the face and braincase probably applies to all

placentals. However, the pattern has never been investigated

in marsupials, the sister group of the placentals.

Marsupials shared their last common ancestor with

placentals in the Mesozoic. Among their distinguishing

features is their reproductive biology, in which neonates

are comparatively underdeveloped and finish the placental

equivalent of embryonic development in the marsupium.

About two-thirds of living marsupials live in Australia or

New Guinea. Among these, the best known and most

widespread are the Macropodinae (Wilson and Reeder

2005), consisting of Macropus (kangaroos and wallabies)

and a number of other genera including: Petrogale (rock

wallabies), Setonix (quokkas), Dendrolagus (tree kanga-

roos) and others. Macropodines are united by relatively

large hindlimbs, long feet and diminutive forelimbs, and

are either grazers or browse on soft leaves of small herbs.

Macropodines are an ideal group to test whether marsu-

pials share the CREA pattern because they are diverse in

terms of size, but retain the same general bauplan and

ecology. They originated about 13–16 MY (Meredith et al.

2009), about the same times as the placental groups studied

by Cardini and Polly (2013). Here we test whether this group

also shows a trend towards longer faces in larger species

using a sample of adult macropodines from 12 different

species, ranging in body mass from 3 (S. brachyurus) to

80 kg (M. rufus). We applied 3D geometric morphometrics

to assess: first, whether they show any significant inter-

specific size-related craniofacial variation; and second,

whether their allometric trend is similar to that observed in

placentals, with brachycephaly/orthognathism in smaller

species and dolicocephaly/prognathism in larger ones.

Materials and Methods

The mean size and shape was computed for each species

from cranial data obtained by two of us (NM, RD), part of

which was used in a previous study of cranial form and

function in Macropus (Milne and O’Higgins 2002;

Table 1). We used the same 3D landmark configuration.

All individuals were adults and, although sex differences

were known to be negligible in all species compared to

interspecific variation (Milne and O’Higgins 2002), we

preliminarily tested them in the largest samples using the

protocol described by Cardini (2013). Also, we assessed

whether, despite the small differences between sexes,

sexual dimorphism might have influenced the outcome of

the main regression analyses (below) by repeating them

using separate means for females and males.

Analyses were performed in a Procrustean framework,

which for each specimen provides accurate estimates of its

size (centroid size) and shape (shape coordinates; Rohlf

and Slice 1990; Adams et al. 2013). Analyses were con-

ducted in Morphologika (O’Higgins and Jones 2006) and

MorphoJ (Klingenberg 2011) on the symmetric component

of shape variation. The symmetric component is a type of

average of differences (asymmetries) between the left and

right side of the cranium, which in our dataset accounted

for a negligible proportion 3.4 % of total variance.

Following Cardini and Polly (2013), allometry was

tested using three types of multivariate regressions of shape

onto centroid size:

1. A standard multivariate regression of shape onto

centroid size. This was performed first in MorphoJ

using all shape coordinates and a test with 10,000

permutations for the proportion of shape variance

explained by centroid size. The test of significance was

repeated in NTSYSpc (Rohlf 2009) using the first nine

principal components (PCs) of shape and a parametric

test (Wilks’ Lambda). The first nine PCs of shape

cumulatively accounted for 98.5 % of total variance, a

very small dimensionality reduction required by the

parametric test.

Table 1 Study samples

Species Females Males Totala

Dendrolagus sp. 2 2 7

Macropus agilis 2 1 3

Macropus antilopinus 3 1 4

Macropus fuliginosus 7 6 17

Macropus giganteus 3 8 11

Macropus irma 1 4 5

Macropus parryi 1 1 3

Macropus robustus 7 14 29

Macropus rufus 10 7 18

Petrogale xanthropus – – 1

Setonix brachyurus 3 3 6

Wallabia bicolor – – 1

a Includes specimens of unknown sex
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2. A regression of the phylogenetic independent contrasts

(PIC) of shape onto size PICs (Klingenberg and

Marugán-Lobón 2013). This approach takes into

account the non-independence of species due to the

phylogenetic hierarchy (Rohlf 2006). PICs were com-

puted in MorphoJ using the nuclear DNA time-tree of

Meredith et al. (2009) either including branch lengths

or setting them to unit. The first option models

morphological change, as if it was proportional to

evolutionary time. The second one considers an equal

amount of change in each branch regardless of

evolutionary age. Significance was tested using the

permutation test as in 1).

3. A phylogenetic regression using phylogenetic gener-

alized least squares (PGLS) in NTSYSpc. This

approach achieves the same aim as PIC by modelling

the error term in the regression model using the

phylogenetic variance covariance matrix (Rohlf 2006;

Monteiro 2013). Significance was tested using Wilks’

Lambda and the first nine PCs of shape. The phylo-

genetic variance covariance matrix was estimated from

the molecular tree of Meredith et al. (2009) using the

same branch lengths options as in 2).

Analyses were performed twice: first, including all 12

species; secondarily, using only the nine species of the

Macropus/Wallabia (MW) group. This was done to check

the sensitivity of results to the inclusion of Dendrolagus,

Petrogale and Setonix, more distantly related and generally

smaller than species in the MW group. As the total number

of species was reduced to only nine, statistical power was

also less in MW. Also, parametric tests (standard regres-

sion and PGLS) on MW were performed using the first six

PCs of shape, which together explain 96.4 % of total

variance.

The predictions of the macropodine evolutionary allo-

metric trajectory were estimated using the regressions and

visualized in MorphoJ with wireframes (Klingenberg

2013a) for the opposite end points (smallest and largest

species) of the trajectory.

Because samples are small, estimates of means will be

poor. Likely shape will be particularly affected by sam-

pling error (Cardini and Elton 2007; Cardini et al. 2015).

However, as the pattern examined in this study is macro-

evolutionary and concerns fairly large variation among

species and genera, this issue may be less crucial than in

taxonomic studies comparing small differences among

samples. Nevertheless, the sensitivity of results to sampling

cannot be excluded a priori and was therefore assessed

using a randomized selection experiment. To this end a

single specimen was selected within each species and the

allometric regression was repeated. As single individuals

are used instead of species means and the analyses are

performed regardless of sex, this maximizes the relative

effect of sampling error in the dataset.

The regression was repeated 29 times, which is the

sample size of the largest sample. Thus, each of its 29

individuals was randomly combined with single individuals

randomly extracted from the samples of the other 11 spe-

cies. The randomization was designed so that the number

of times specimens in smaller samples were used twice or

more in combination with different specimens of other

species samples was minimized (i.e., so that differences in

the outcome are as large as possible given those samples).

Regression results were graphically summarized using a

PCA of the predictions (Adams and Nistri 2010) of the 29

allometric regressions together with the prediction of the

original analysis based on means. The angles between the

allometric vector based on means and the 29 vectors based

on individual specimens were also computed to assess

whether the trajectories were similar (small angles) or

different (large angles and different shape patterns).

Results

We first briefly summarize results on sexual dimorphism,

which are important for evaluating our findings but which

are tangential to the main aim of the study. Sexual di-

morphism in size and shape was tested in the four

Macropus samples with a sample size of at least 10 indi-

viduals. Using 10,000 permutations within each species,

mean differences in either size or shape between females

and males were never significant (P [ 0.05) except in one

case (M. rufus, shape: P = 0.0069). Using a species by sex

parametric analysis of variance (using for shape the first 10

PCs which together explained 84.1 % of total variance),

species and sex were significant for both size and shape

(P \ 0.05), whereas the interaction term was only sig-

nificant for shape (P = 0.0303). In all four samples, spe-

cies differences were larger than sex differences, as

indicated both by species P values about one order of

magnitude smaller than those of sex and also by the clus-

tering of female and male mean shapes according to spe-

cies regardless of sex (results not shown).

A phylogenetic tree with branch lengths calibrated in

millions of years, modified from Meredith et al. (2009), is

shown in Fig. 1. The divergence times of this tree are

compatible with recent morphology-based phylogenies of

living and fossil taxa (Prideaux and Warburton 2010). Size

evolution is shown on the tree using four categorical bins

derived from mapping skull centroid size onto the tree

using squared-change parsimony in Mesquite 2.75 (Mad-

dison and Maddison 2001). CREA results based on re-

gression are shown in Table 2.
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All regressions were significant using standard 0.05 al-

pha values, and 42 % were still significant with a Bonfer-

roni correction for multiple tests. Most of the non-

significant results occurred when the sample was restricted

to Macropus and Wallabia only (MW). Allometry ex-

plained 19–34 % of total shape variance. Results remained

substantially unchanged when standard regressions were

repeated using separate samples for females and males in

the 10 species in which information on sex was available.

P was always \0.0001, variance explained was C34.0 %

and the pattern of variation was the same as in the re-

gressions based on pooled-sexes means. This was consis-

tent with small (\19�) angles (i.e., vector correlations)

between the allometric vectors of the separate sex analyses

and those obtained pooling sexes. In turn, in the analysis

with pooled-sexes, allometries estimated using non-com-

parative methods were virtually collinear to those esti-

mated with phylogenetic regressions (as indicated by very

similar shape change patterns and the small angles—

\14�—between the corresponding vectors); consequently,

we did not replicate the phylogenetic regressions using

separate sexes.

Visualizations of cranial shape relative to centroid size

are shown in Fig. 2 based on the standard regressions. The

visual patterns were similar in both standard and com-

parative analyses and when the sample was restricted to the

MW group. The allometric trend in MW (Fig. 2b) is

similar to the one estimated using all species (Fig. 2a), with

all analyses consistently showing that small macropodids

have relatively short faces with wider orbits and ventrally

downturned snouts, while large species tend to show pro-

nounced prognathism.

The sensitivity analysis performed to assess sampling

error is summarized in Fig. 3. The pattern of allometric

shape change is consistently the same as in the original

Fig. 1 Molecular phylogeny of the species of macropodines included

in the study and estimated evolutionary age (millions of year ago—

MYA; modified from Meredith et al. 2009). Interspecific variation in

size is partitioned into four bins and visualized on the tree using

squared change parsimony

Table 2 Cranial evolutionary allometry (CREA) in macropodines

Dataset Shape Methoda % expl. Wilks’k F df1 df2 P1

All sp. All Standard 33.3 % – – – – \0.0001***

First 9 PCs Standard – 0.00173 127.946 9 2 0.0078**

All shape PIC pbl 21.6 % – – – – 0.0040***

First 9 PCs PGLS pbl – 0.00115 193.306 9 2 0.0052***

All PIC ubl 22.0 % – – – – 0.0167*

First 9 PCs PGLS ubl – 0.00102 218.457 9 2 0.0046***

MW All Standard 30.1 % – – – – \0.0001***

First 6 PCs Standard – 0.00698 47.448 6 2 0.0208*

All PIC pbl 23.2 % – – – – 0.0288*

First 6 PCs PGLS pbl – 0.00950 34.744 6 2 0.0282*

All PIC ubl 26.1 % – – – – 0.0294*

First 6 PCs PGLS ubl – 0.01198 27.486 6 2 0.0355*

Standard multivariate regression results are shown, along with phylogenetically corrected regression results (PIC and PGLS), using lengths

proportional to estimated time since divergence (pbl) and unit branch lengths (ubl)
1 P = */** \0.05/0.01, ***significant after a sequential Bonferroni correction for 12 tests
a PGLS tests using all shape variables and the permutational approach implemented in Geomorph (Adams and Otárola-Castillo 2013) were also

performed and always produced P values as significant or more significant (P B 0.002) than the corresponding parametric ones as well as those

based on PICs, which might be using a less accurate permutational model (Adams and Collyer 2015)
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regression based on species means (Fig. 2a). The amount

of variance explained in the 29 regressions based on indi-

vidual specimens is also approximately the same (ca.

20–35 %) as in the original analyses. Finally, the mean

angle formed by the mean-based vector of regression co-

efficients (slopes) and the vectors estimated in the sensi-

tivity analysis using single individuals is 22.7� (95th

percentile around the mean: 11.2�–34.8�).

Discussion

Overall, macropodines show the same pattern of evolu-

tionary allometry as placentals, even when the sexes were

analyzed separately and taking into account sensitivity

related to sampling error, suggesting that CREA is a robust

pattern. Thus, our results demonstrate for the first time that

marsupials share the same macro-evolutionary trend in

craniofacial allometry (CREA) found in placentals (Cardini

and Polly 2013). That CREA is shared between marsupials

and placentals is remarkable because the timing of skull

growth is radically different in the two groups due to their

divergent reproductive systems. In marsupials, the face

ossifies in early development, before the braincase, to fa-

cilitate secure attachment to the teat as the neonate con-

tinues to develop in the marsupium; in placentals, the face

ossifies at a comparatively late stage, potentially giving it

much longer time to grow as the animal matures (Bennett

Fig. 2 Evolutionary allometry

in macropodines. a Scatterplot

of regression scores (a

projection of the shape

coordinates in the direction of

the regression vectors—Drake

and Klingenberg 2010;

Klingenberg 2011) onto

centroid size; MW group is

emphasized using black circles,

whereas other genera are in

grey; predictions for size-related

shape variation are magnified

two times and visualized using

wireframes for the smallest

(a1—grey lines) and largest

(a2—black lines) species.

b Surface rendering with a four

time magnification of allometric

predictions for the smallest

(b1—M. irma) and largest

species (b2—M. giganteus)

within the MW group
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and Goswami 2013; Black et al. 2010). Nevertheless, the

similarities in evolutionary allometry most likely stem

from shared post-natal growth patterns in the relative

lengths of the face and braincase: ‘‘studies have shown the

existence of some common developmental patterns across

marsupials, including a faster-growing viscerocranium than

neurocranium in early post-weaning development, negative

allometry across the entire braincase and in the height of

the occipital plate, and positive allometry in the height of

the dentary’’ (Bennett and Goswami 2013, p. 6). Cardini

and Polly (2013) discussed other possible mechanisms that

might link intraspecific ontogenetic trajectories in skull

growth with macro-evolutionary allometry that are not

expected to differ in marsupials and placentals, including

the need for a proportionally larger feeding apparatus in

larger animals to preserve function and efficiency (Emer-

son and Bramble 1993) and negative scaling between brain

and body mass, which may occur because of the scaling of

basal metabolic rate and mass (Weisbecker and Goswami

2010).

Regardless of the mechanism, the observation that mar-

supials share with placentals the pattern of cranial evolu-

tionary allometry, despite their long separate evolutionary

history and differences in developmental and reproductive

biology, lends support that this pattern might be a ‘rule’ that

faciltates rapid evolution of ecologically important differ-

ences during evolutionary radiations in mammals. It is in-

teresting to note, however, that the extinct sthenurine

macropodids (Sthenurinae), the sister subfamily to the

macropodine taxa in our study, may be exceptions to the

‘rule’. Sthenurines were extremely large (estimated as up to

or more than 230 kg—Helgen et al. 2006), heavily built,

and probably ‘‘hop-less’’ kangaroos (Long 2002; Janis et al.

2014). Unlike large Macropus, sthenurine kangaroos had a

short face and longer forelimbs. Their dentition was adapted

to tough leaves and stems and their feeding strategy prob-

ably involved reaching tree branches up to 3 m above the

ground (Prideaux and Warburton 2010; Janis et al. 2014).

We were not able to analyse cranial data from this group,

but their combination of large size and short faces are likely

to make them exceptions to the CREA pattern if compared

directly to macropodines. Nevertheless, given their

radically different ecology it would be interesting to de-

termine whether the CREA pattern holds within sthenur-

ines. Smaller members of the group were the size of smaller

wallabies, and it has been observed that there is variation in

the level of brachycephaly among them (Prideaux and

Warburton 2010). This makes the sthenurines an ideal

group in which to explore whether they follow a separate

but similar allometric trend to that seen in the macrop-

odines. If CREA really is a rule, it would be expected to

apply within sthenurines, even though they appear to be an

exception relative to macropodines.

In conclusion, we highlight open questions about the

importance and role of cranial evolutionary allometry in

mammals.

1. First, is CREA really a ‘rule’? Although we have found

parallel patterns across several orders of placentals and

a subfamily of marsupials, we do not know how

strongly it will be supported in other mammalian

lineages, including echidnas among the monotremes.

2. What are the exceptions to the ‘rule’? Finding

exceptions might allow us to verify whether lineages

that cross boundaries of adaptive zones to occupy

profoundly different niches, such as sthenurines, may

have their cranial bauplan ‘reset’ such that as a group

they are exceptions to the CREA pattern, even though

it may hold within the group. This type of departure

from ancestral patterns has been shown, for instance,

by Polly (2008) in the ankle bones of pinnipeds, with

their striking differences in relation to other carnivores,

and it has also been suggested (Cardini and Polly 2013)

in humans, with their unusually short face and

disproportionally large braincase, compared to chim-

panzees and bonobos.

3. If robustly supported by future studies, what is the

mechanism behind the ‘rule’? Evolutionary develop-

mental biology, with its constantly expanding toolkit

and an increasing focus on cranial modularity and

integration (Klingenberg 2013b) might help to find the

process behind the pattern.

Fig. 3 PCA of the predictions of the 29 allometric regressions (small

empty circles) based on random combinations of single specimens

(one representing each species) as well as the original regression

based on species means (large black circles). Percentages of variance

explained by each PC are in parentheses. Shape diagrams (wire-

frames) corresponding to the extremes (magnified twice) of the

allometric trajectories which are most divergent from (i.e., have the

largest angles to) the original mean-based trajectory are shown. Small

species have negative scores on PC1; large species have positive

scores
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