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Abstract Australia’s native wild dog, the dingo (Canis
dingo), is threatened by hybridization with feral or
domestic dogs. In this study we provide the first comprehensive three dimensional geometric morphometric evaluation of cranial shape for dingoes, dogs and their hybrids.
We introduce a novel framework to assess whether modularity facilitates, or constrains, cranial shape change in
hybridization. Our results show that hybrid and pure dingo
morphology overlaps greatly, meaning that hybrids cannot
be reliably distinguished from dingoes on the basis of
cranial metrics. We find that dingo morphology is resistant,
with observed hybrids exhibiting morphology closer to the
dingo than to the parent group dog. We also find that that
hybridization with dog breeds does not push the dingo

cranial morphology towards the wolf phenotype. Disparity
and integration analyses on the ten recovered modules
provided empirical support for modularity facilitating
shape change over short evolutionary time scales. However, our results show that this is may not be the case in
hybridization events, which were not influenced by module
integration or disparity levels. We conclude that although
hybridization events may introduce breed dog DNA to the
dingo population, the native cranial morphology, and
therefore likely the feeding eco-niche, of the dingo population is resistant to change. Our results have implications
for conservation and management of dingoes and, more
broadly, for the influence of integration patterns over
ecological time scales in relation to selection pressure.
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Introduction
Hybridization is one of the great threats to species conservation, as introgression places unique evolutionary lineages at risk of extinction (Rhymer and Simberloff 1996).
As well as outbreeding depression (Rhymer and Simberloff
1996), and compromising the integrity of unique evolutionary lineages (Kidd et al. 2009; Oliveira et al. 2008),
hybrids may have different ecological roles and impacts to
those of their parental stock (Muñoz-Fuentes et al. 2010).
Australia’s largest land predator, the dingo Canis dingo
(Crowther et al. 2014), is an example of a controversial
taxon that is threatened by hybridization with domestic
dogs. Based on molecular (Savolainen et al. 2004) and
archaeological evidence (Gollan 1984), dingoes have been
present on the Australian continent for at least
3000–5000 years. Studies of mitochondrial DNA and
Y-chromosome markers suggest that dingoes originated
from domestic dogs from East Asia (Oskarsson et al. 2011;
Savolainen et al. 2004) and that the progenitors of dingoes
travelled through south-east Asia with the expansion of
Austronesian culture around 6000 years ago (Bellwood
1997). Since its arrival in Australia and prior to the arrival
of European colonists, the dingo was subject to at least
3000 years of isolation from other canids, and presumably
had been subject to genetic drift and natural selection,
leading to a variety of canid distinct from the dog (Crowther et al. 2014).
Dingoes are capable of hybridizing with domestic dogs
(Canis familiaris), and hybrids occur throughout the Australian mainland (Newsome and Corbett 1985; Jones 1990).
Although the dingo has been subject to various reclassifications and changes in nomenclature (Crowther et al.
2014), debate remains over which morphological characters can be used to distinguish dingoes, feral dogs and their
hybrids (Jones 2009; Radford et al. 2012). Newsome et al.
(1980) and Newsome and Corbett (1982) used morphological measurements to discriminate dingo, dog and
hybrid crania. Wilton et al. (1999) used microsatellites to
identify unique dingo genotypes, but had no pre-European
material for comparison and used captive animals from a
small population that was derived largely from south-east
Australian founders. Visual assessment of external characters, such as coat coloration, has been the most common
technique for classifying dingoes, feral dogs (known
locally in Australia as wild caught dogs) and their hybrids
(Crowther et al. 2014). Elledge et al. (2008) found some
corroboration between classifications made through genetic
and cranial analysis methods, but none between either
analytical method and visual assessment.
In the present study we apply 3D geometric morphometric techniques to assess quantitatively whether dingoes
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and dogs and dingo 9 dog hybrids can be morphologically
differentiated based on a complete appraisal of cranial
shape using landmark data collected from computed
tomography (CT) scans. Geometric morphometrics have
been widely applied in the field of mammalian evolutionary morphology (see Adams et al. 2013 for a recent
review), allowing dissection of shape differences between
individuals or groups of individuals on micro and macro
evolutionary scales, and to quantify patterns of shape
change in relation to phylogenetic and ecological
hypotheses (e.g. Goswami et al. 2011; Klingenberg 2008;
2013; Parr et al. 2011, 2012, 2014; Wilson 2013a, b; Zelditch et al. 2004). It has been hypothesized that some differences in cranial shape between dingoes and dogs reflect
differences in functional (predatory) advantage, these may
be associated with sets of traits (modules), and we conduct
tests to search for modularity in the cranium.
Modularity is considered a central aspect to the evolution of form (Hallgrı́msson et al. 2009; Klingenberg 2008,
2010; Pigliucci 2008; e.g. Wagner and Altenberg 1996;
Wagner et al. 2007), and refers to the idea that traits can be
collated into modules (e.g. Bolker 2000; Simon 1962).
Modules can be identified as semi-autonomous sets of
highly correlated, or integrated, morphological traits (Olson and Miller 1958). Change in phenotypic traits does not
happen independently over the course of evolution, but
rather these traits may be structured into modules that have
a shared developmental, functional or genetic underpinning
(Olson and Miller 1958). Many studies have used geometric morphometric methods to document inter-trait correlations in mammals (see Goswami and Polly 2010 and
references within; Klingenberg 2013). Several studies have
revealed a general stability in patterns of cranial modularity
in therein mammals, and some differences between taxa
both in patterning and magnitude of trait interconnectivity,
suggesting patterns of modularity evolve (e.g. Goswami
2006, 2007; Marroig et al. 2009; Porto et al. 2009; Shirai
and Marroig 2010). Emerging from a number of studies,
however, is that modularity may be highly variable on
short time scales in response to the selective environment
experienced by a species (e.g. Beldade et al. 2002; Young
et al. 2005; Monteiro and Nogueira 2010; Sanger et al.
2012), and that artificial selection, as in the case of dog
breeds in our sample, on individual species can rapidly
alter or decouple inter-trait connectivity patterns (Frankino
et al. 2005).
We here identify cranial morphological modules and
combine tests of connectivity within modules (= integration) with results of traits that display shape change
(= disparity) between dingoes, dogs and dingo 9 dog
hybrids. The goal of these analyses is to assess how the
presence and strength of modularity may influence, either
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by restricting (constraint) or permitting (facilitation),
variation in sets of traits. Although there has been much
discussion regarding whether modularity constrains or
facilitates morphological evolution (e.g. Budd 2006;
Kirschner and Gerhart 1998; Marroig et al. 2009; Raff
1996; Urdy et al. 2013; Wagner and Altenberg 1996;
Wilson 2013c), at present there exist few empirical studies
that have explicitly addressed this issue (Goswami and
Polly 2010), particularly with respect to hybridization
events.

Materials and Methods
Study Sample and Data Collection
We obtained computed tomography (CT), i.e., serial X-ray
data for 54 adult crania using a Toshiba Aquilion (120 kV,
100 mAs, 512 9 512 pixels, 0.468 mm pixel size) and a
Philips Brilliance 16 (120 kV, 512 9 512 pixels 0.234 mm
pixel size), both medical grade CT scanners (see
Figure S1).
The sample comprised four broad groups: dingo
(n = 14), dingo 9 dog hybrid (n = 14), dog (n = 22)
including wild caught dogs (n = 5), other (n = 4)
(Table 1). The specific sample composition was:
Dingo: 14 wild caught dingoes, here after referred to as
dingoes, of which 11 were defined as such by Newsome
and Corbett (1982) due to (a) the remote locations the
specimens were collected and (b) by using a discriminant functions analysis on a matrix of linear measurements taken from the cranium, 3 of the 14 dingoes were
confirmed as pure (100 % dingo) by genetic testing
(Wilton 1999).
Dingo 9 dog hybrid: 9 wild caught dingo 9 dog
hybrids (here after referred to as hybrids), with 6 being
defined as such by Newsome and Corbett (1982), due to
(a) proximity to farms with domestic dogs and (b) using
the discriminant analysis. The remaining 3 of the 9 wild
caught hybrids were confirmed as such by genetic testing
(1 65 % dingo, 2 75 % dingo; Wilton 1999). In addition
to the wild caught hybrids were 5 F1 dingo 9 dog
hybrids derived from laboratory breeding experiments
(Newsome and Corbett 1982).
Dog: 12 ‘‘pure-breed’’ dogs and 5 dog cross breed. The
Pure-breed dogs were chosen to represent the pure dog
breed in cases for which there were F1 dingo/dog 9 dog
breed hybrids (kelpie, cattle dog, german shepherd,
labrador) as well as to represent other dogs that are
known to occur in (outback) Australia (grey hounds), as
well as a wolf hound (to be compared to the wolf outgroup). Breed was confirmed either from veterinary

Table 1 Sample composition for the study: 14 dingoes (plain text),
14 dingo 9 dog hybrids (italic text), 22 dogs (17 breed dogs) (bold
text) including 5 wild caught dogs (bold italic text) and 4 other
(underlined text)
Type

Quantity

Dingo

14

F1 dingo 9 cattle dog

3

F1 dingo 9 kelpie

1

F1 dingo 9 labrador

1

Wild caught hybrid

9

Pure bred dog—collie

1

Pure bred dog—kelpie

2

Pure bred dog—cattle dog

2

Pure bred dog—wolfhound

1

Pure bred dog - greyhound

2

Pure bred dog—great dane

2

Pure bred dog—labrador

1

Pure bred dog—german shepherd

1

Dog kelpie cross
Dog collie cross

1
1

F1 kelpie 9 cattle dog

1

F1 labrador 9 kelpie

1

F1 german shepherd 9 kelpie

1

Wild caught dog

5

PNG singing dog

1

Wolf

2

Coyote

1

Total

54

records or the Commonwealth Scientific and Industrial
Research Organization (CSIRO, Australia) records (for
the F1 hybrids and some parent groups). In addition to
the breed dogs were 5 wild caught dogs, being classified
as such by Newsome and Corbett (1982) due to (a) being
collected around/on farms, (b) using the discriminant
analysis.
Other: included in the analysis were 1 New Guinea (NG)
Singing dog, 2 wolves (Canis lupus; 1 European, 1 North
American), and 1 North American coyote (Canis
latrans) (Table 1). The New Guinea Singing dog was
chosen as it has been suggested to be closely related to
the dingo (Koler-Matznick et al. 2003). Wolves (1
European and 1 North American) and a North American
coyote were selected as an out-group to the rest of the
sample.
The raw CT data were reconstructed using Materialise
Mimics software (version 16, Figure S1), and the 3D
models were imported into the software Landmark (IDAV,
version 3.7). We applied 582 landmarks and slid semilandmarks to morphologically homologous regions of each
cranium using the software Landmark (IDAV) (see Fig. 1,
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Table S1 for complete description of landmarks, and
Harcourt-Smith et al. (2008), and Parr et al. (2012, 2014)
for description of how the landmarks are placed) (S1 and
see Figure S2). Briefly, a template of type 1 (true) landmarks was applied to each specimen. The auto-apply
function was then used to apply the curves and patches to
the specimen. The auto application of the curves and patches ensures that; all specimens have the same number of
slid semilandmarks (i.e. same number of curves and patches), the curves and patches are placed in the same order
so that the landmarks for each specimen are numbered the
same, the curves/patches are orientated in the same way
between specimens so that the semilandmarks are numbered correspondingly between specimens. The control
points for the curves and patches are all individually,
manually placed to avoid any systematic bias in landmark
placement and to truly capture the anatomical curve or
surface that they are representing. This is the first study to
generate accurate predicted hybrid morphology (see results
section and figures), for which this number of landmarks
was required.
Multivariate Shape Analyses
A Principal Components Analysis (PCA) was performed
on the procrustes superimposed landmark data (Rohlf and
Slice 1990). Further, to test whether a detailed 3D landmark characterization of the cranium could replicate
Newsome and Corbett’s (1982) classification of dingo,
wild caught dog and hybrid cranial shapes, a cross validated discriminant functions analysis was also performed
on a subset of the total sample. This subset sample was

composed of the dingo (n = 14), wild caught dog (n = 5)
and hybrid (n = 14) specimens alone (total n = 33). In a
cross validated, or ‘leave one out’, analysis the classification is derived from all cases other than one case, with this
case then being analysed and classified according to the
functions derived from all other specimens. This is repeated for all specimens in the sample, with the group
assignment, or classification, being reported.
The PCA shape space was also used to calculate the
procrustes distance between the 6 observed F1 hybrids and
their parent dog/dingo groups.
Modularity Analyses
For the modularity analyses, an exploratory approach was
taken using the ‘Modularity for Mathematica’ (MM)
package (available freely at http://mypage.iu.edu/
*pdpolly/Software.html; Polly 2014) and Wolfram
Mathematica version 8.0 (Wolfram Research Inc., Champaign, Illinois). Landmarks were not grouped into ‘a priori’
modules, that is modules whose identity is hypothesized
based on proposed developmental origins for different
regions/bones of the cranium (Cheverud 1995; Noden and
Trainor 2005).
The Modularity[] function was used to conduct a complete analysis of modularity on the dataset of cranial
landmarks (Polly 2014). Invoking this function first Procrustes superimposes the landmarks and then creates a
correlation matrix using the congruence coefficient (Burt
1948). The congruence coefficient is the sum of the
covariances between the 3D landmarks over all the specimens in the dataset, divided by the pooled variance (Abdi

Fig. 1 Landmark point distribution. A dingo crania (specimen number: X978) with the landmark single points, curves and patches as applied in
Landmark. See Table S1 for description of landmark positions
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2007; Goswami and Polly 2010). The eigenvalues of the
correlation matrix, and their sample standard deviation,
were visualized using a scree plot: the MM package calculates relative standard deviation as SD/Sqrt[N - 1],
following Pavlicev et al. (2011), where SD is sample
standard deviation of the eigenvalues and N is the number
of eigenvalues. This plot allows for modular structure in
the data to be identified, which would be the case if the first
few relative eigenvalues are high, and their relative deviation is larger than expectation for a random data set. In the
next step, the correlation matrix produced earlier is converted into a distance matrix to enable the strength of interlandmark correlations to be calculated. Ward’s cluster
analysis is used to display the strength of correlations
between landmarks: modules are expected to be displayed
as clusters in the dendrogram. To determine the number of
significant modules recovered in the dataset, a randomization test was used. This test evaluates the eigenvalue
structure of the correlation matrix. The landmarks are
randomized 100 times, new correlation matrices and their
associated eigenvalues are calculated to provide a distribution of eigenstructure for data with no modules. The
number of significant modules is estimated as the number
of eigenvalues that are higher than the maximum corresponding eigenvalue from the randomized dataset (see
Goswami and Polly 2010 for example).
Module Integration and Disparity Calculations
Integration within each module was calculated as the mean
correlation among the landmarks in each of the modules
(see Goswami 2006), and provides a measure of connectivity among the landmarks within a module. Disparity
(= variability) for each module was calculated as the
sample total Procrustes distance of the 54 specimens. This
is defined as the total of the Procrustes distances between
the mean shape landmark configuration and the landmark
configuration of each specimen for each module. Following
Goswami and Polly (2010), integration and disparity were
calculated to assess whether a module was ‘strong’ (highly
correlated, high values for integration) or ‘weak’ (weakly
correlated, low values for integration). Disparity was calculated to assess whether the landmarks in a module were
highly variable between specimens (high values of disparity) or showed little variation between specimens (low
values of disparity).
To assess how the magnitude of trait integration influences disparity of individual modules (Goswami and Polly
2010), the relationship between the above described disparity and integration values was quantified. Although
patterns of modularity have been quantified across a broad
range of taxa, few studies have attempted to assess how the
presence of these patterns may influence morphological

evolution. The presence of modularity has been linked to
the capacity of a system to evolve (evolvability), potential pathways that modularity may impact on evolvability
include through (1) facilitation (allowing change or
increasing flexibility of evolution) and (2) constraint
(restricting change, limiting the course or outcome of
evolution). Following the rationale of Goswami and Polly
(2010), we considered these two hypotheses by using
calculations of module disparity and module integration,
that is disparity and integration were calculated across
specimens for each module separately. In the facilitation
hypothesis, the presence of modules is hypothesized to
facilitate shape change. Hence we would predict that
highly integrated modules would have high disparities,
and weakly integrated modules would have low values
for disparity. In the constraint hypothesis, modular
organization is hypothesized to restrict shape change in
specific directions. If landmarks within a module are
highly correlated (integrated) then under a constraint
hypothesis, we would predict that these highly integrated
modules would have low disparities, and in reverse that
modules with low integration values would have high
disparity values.
It should be noted that these hypotheses should not be
considered as representing the totality of interaction terms,
but rather reflect two extremes that are tractable to quantification. For example, there may be a mixture of intermediate terms reflecting the presence of facilitation and
constraint modules within a structure (here, the cranium)
and some modules may exert a relatively larger influence
on morphological evolution regardless of their correlation
values. There exist a considerable number of options under
these scenarios, and testing would require further
assumptions about complex interactions to be considered.
Further, although tested as two separate hypotheses, facilitation and constraint may occur together such that the
presence of modules may facilitate change in certain
directions while constraining it in others.
Modularity and Hybridization
We test the modularity of hybridization by calculating the
theoretical dingo 9 dog hybrid shape from the Procrustes
superimposed landmarks (Figure S2), comparing the
landmark positions to those observed in the F1 dingo 9
dog hybrid and calculating which of the identified modules
exhibit the greatest differences in observed against expected landmark positions. The sample contained three cattle
dog 9 dingo hybrids, a kelpie 9 dingo hybrid, a labrador 9 dingo hybrid, a kelpie 9 cattle dog hybrid, a
labrador 9 german shepherd hybrid and a labrador 9 kelpie hybrid, (Table 1). For each of these crosses,
an expected hybrid shape was calculated by first
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calculating the mean landmark configuration for dingo and
dog breed (when there were more than two of the dog
parent in our sample), and then calculating the mean of
these resulting average dingo and dog breed shapes. The
morphology of the offspring of a F1 dog 9 dingo hybrid is
assumed under an additive genetic model to be an exact
hybrid (50/50) of the two parent groups. Such a model can
be used to test whether modularity influences the shape of
offspring crania during hybridization by comparing which
landmarks on the actual hybrid cranium deviate most from
those of the calculated mean dog-dingo/breed A-breed B
intermediate. If modularity does influence the morphology
of hybrid offspring, then it would be expected that the
major areas of deviation in shape between calculated and
actual hybrid crania are grouped into highly integrated
modules.
For the six F1 hybrids included in the present study, we
performed two analyses of observed versus expected F1
hybrid morphology: (1) a calculation of the percentage of
total number of landmarks that were closer to each of the
parent dog morphology when compared to the expected
50–50 parent group-parent group landmark distribution, (2)
the modular allocation of the 58 (mean number of landmarks expected for 10 modules for 582 landmarks) landmarks that had the greatest discrepancy between expected
and observed positions.
Matrix Stability
Sample size can affect the stability of estimates for
covariance and correlation matrices, which here form the
basis for tertiary analyses. Hence, a subsampling procedure
was performed to evaluate the effects of sample size on the
elements of the matrices constructed from landmark data.
Following the subsampling approach of Goswami and
Polly (2010), we re-calculated matrices after sequentially
removing specimens from the original 54 specimen dataset.
Successively, between 1 and 51 specimens were removed,
and 5 repetitions were conducted at each step, resulting in a
total of 255 runs.

Results
Subsampling
The correlation coefficient of the subsampled versus original matrix was plotted for successively smaller portions of
the original sample (N = 54) (Fig. 2). The results indicate
that the estimate of the covariance matrix from the original
data is stable, as removal of up to 35 specimens resulted in
a correlation coefficient of [0.9.
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Morphospace for Dingoes, Dogs and Hybrids
Principal Component Analysis (PCA) of all specimens
resulted in two Principal Component (PC) axes describing
significant portions of the sample variance, totaling 53.8 %
(Fig. 3). A ‘broken stick’ (Jackson 1993) analysis determined that 8 of the PCs were significant. PC axes 3–8
represented small proportions of the variance; describing
7.1 % (PC3), 5.5 % (PC4), 4.6 % (PC5), 2.8 % (PC6),
2.2 % (PC7), 2.1 % (PC8), with PCs 1–8 accounting for
78.0 % of the shape variance in the sample. PC1 describes
33.1 % of the variance in shape and reflects shape differences in the length of the rostrum, flaring of the zygomatic
arches, the definition of the sagittal crest and the dorsal
bossing of the anterior olfactory region of the cranium
(Figs. 3, 4). Specimens with positive PC1 scores have
comparatively longer and narrower crania (e.g., the wolf
hound with a PC1 score of 0.00328), than those with
negative PC1 scores. PC1 reflects the major axis of variation in the dog sample, which eclipses that displayed by the
dingoes and hybrids (Fig. 3). PC2 describes an additional
20.7 % of variance in shape, with specimens scoring positively having a lower, less dorsally pronounced posterior
part of the olfactory region, a more dorsally angled rostrum, a more posteriorly pronounced sagittal crest and
more posteriorly positioned occipital condyle and temporal
mandibular joint (TMJ), see Figs. 3 and 4. Specimens with
highly positive PC2 scores are the North American gray
wolf (PC2 score = 0.00163) and the coyote (PC2
score = 0.00164) (Fig. 3). Representatives from each of
the three groups (dingoes, dogs, hybrids) overlap completely along PC2, as their mean shape scores are in each
case close to 0 on this axis. Post-hoc Bonferroni tests on
the ANOVA for the dingo (n = 14), (all) dogs (n = 22),
hybrids (n = 14), as well as the wild caught dog (subgroup
of dogs, n = 5) showed no significant difference at a 0.05
level between these groups for PC1 scores. Similar Posthoc Bonferroni tests on the same groups for the remaining
significant PCs (2–8) showed no significant differences
between any of the groups for PCs 5–8, with differences at
a 0.05 level between the (all) dog and dingo groups for PC
3 and 4 scores and between the (all) dog and hybrid groups
for PC 2 scores. None of the Post-hoc Bonferroni tests on
the ANOVAs of PC 1–8 scores identified significant differences between the dingo, wild caught dog and hybrid
groups.
To test for a possible relationship between PCs and size,
linear regression analyses were performed on each of the
PC scores for PCs 1–8 against log centroid size (CS) (as
calculated during the procrustes superimposition of the
landmark points) as well as a general linear model multivariate regression being performed on PCs 1–8 and log CS
(with log CS as the independent variable). The R2 values
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Fig. 2 Plot of subsampling analysis results showing the correlation
coefficient between the subsampled and original matrix following
sequential removal of specimens. Up to 35 (dotted vertical line)

specimens can be removed without the correlation coefficient
between subsample data set and original data set dropping below
0.9 (red solid horizontal line) (Color figure online)

for the regressions of individual PCs against log CS were
low (max 0.07 for PC5 scores, min 0.0005 for PC 1 scores),
with the residuals for PCs 1–7 not being normally distributed. None of the PCs 1–8 were found to be significant
(P 0.05 level) in the multivariate regression with CS.
The cross validated (or ‘leave one out’) discriminant
functions analysis on the dingo (n = 14), wild caught dog
(n = 5) and hybrid (n = 14) specimens alone (total
n = 33) showed only 30 % of cases could be correctly
assigned to their respective groups. For all three groups
(dingo, wild caught dog and hybrid) more specimens were
incorrectly assigned to alternate groups than correctly
assigned (Table 2).

german shepherd. For the labrador 9 kelpie cross the F1
hybrid was again closer to the kelpie than labrador. Both of
these crosses showed that the F1 hybrids were closer in
shape to the younger (kelpie) breed than either the labrador
or german shepherd breed. For the for the cattle dog 9 kelpie cross the F1 hybrid was closer to the cattle dog than
the kelpie parent group shape.

Hybrids in the Morphospace
Procrustes distance between observed F1 hybrids and their
respective parent dog/dingo groups were calculated
(Table 3). All three dingo 9 dog F1 (observed) hybrids
(dingo 9 kelpie, dingo 9 cattle dog, dingo 9 labrador)
were closer to the dingo mean shape than their dog parent
(mean) shape. These results mirrored those presented in the
‘Percentage allocation to each parent of differences
between observed and expected in landmark positions’
section below in that, without exception, the observed F1
hybrids were closer to the dingo than dog parent group (see
Table 3). Similarly, for the german shepherd 9 kelpie
cross the F1 hybrid was closer to the kelpie than the

Modularity Analyses
Modularity analyses based on the congruence coefficient
method recovered ten modules with significant structure
(Fig. 5). Significant modules were identified by the number
of eigenvalues that are greater than those that would be
generated for completely random data with no real modularity (Fig. 5) (Goswami and Polly 2010). The spatial
distribution of landmarks belonging to each of these ten
modules is illustrated in Fig. 6, and described in Table 4.
Magnitude of integration (connectivity) and a measure of
disparity (variability) was calculated for each of the ten
significant modules (Figs. 6, 7). The most tightly integrated
module was the right temporal mandibular joint (TMJ)
cranial condyle (module 9, Figs. 3, 7). This was also the
module with the highest disparity. Across all modules
(Figure S3), a significant (P = 0.006) relationship between
the magnitude of integration and disparity was recovered
with an R2 value of 0.632. Therefore, there was significant
support for modularity facilitating shape change in our
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Fig. 3 Plot of Principal Component (PC) axes 1 and 2, together
representing 54.7 % of the sample variance. Text abbreviations:
PNGsd = Papua New Guinea singing dog, Wolf = grey wolf (North
American and European), latrans = Canis latrans, (North American
coyote), DnXKelLmrk = dingo 9 kelpie predicted hybrid shape,
DnXCtlLmrk = dingo 9 cattle dog predicted hybrid shape,
KelXCtlLmrk = kelpie 9 cattle dog predicted hybrid shape,
GerXKelLmrk = german shepherd 9 kelpie predicted hybrid shape,
LabXKelLmrk = labrador 9 kelpie
predicted
hybrid
shape,

DnXLabLmrk = dingo 9 labrador predicted hybrid shape. The
shape differences captured by the PC1 and PC2 axes are shown for
the positive and negative extreme shapes. These shapes are
hypothetical (these are not specimens from the sample, but statistical
PC extreme shapes). The landmarks are shown on the cranial surface
and are coloured according to modules (see Figs. 6, 7). See
supplementary videos for animated gifs of the shape change captured
by PC axes 1 and 2 (Color figure online)

sample. Generally, the most highly integrated modules
(modules 9, 7, 4, followed by modules 8, 3, 1) displayed
high disparities, but there is much variability for these
values (Fig. 7; Table 4). Across all modules, variability in
the magnitude of integration was greater than was variability in disparity. Compared to all other modules, the
values for both integration and disparity were considerably
lower for modules 2 and 6, which both comprised spatially
non-contiguous landmarks (Table 4; Figs. 3, 6, 7) and must
therefore be considered with caution.
The major axis of shape variation in the sample (PC1)
relates to lengthening of the rostrum and development of
the olfactory system, which are reflected in modules 7 and
4 respectively, flaring of the zygomatics, reflected in
modules 9, 10 (RHS) and 8 (LHS) and the definition of the
sagittal crest, module 3, (Figs. 3, 6, 7). PC2 shape variation

relates to dorso-ventral angle of the distal rostrum (module
7), dorsal projection of the olfactory region of the calvaria
(module 4), relative posterior development of the sagittal
crest (module 3) and more anterior-posterior positioning of
the TMJs and occipital condyles (modules 8, 9 and 1
respectively, see Figs. 3, 6, 7). The order of module disparity values (highest first) was: 9, 3, 4, 8, 7, 5, 10, 1, 6, 2.
If modularity is hypothesized to facilitate shape change
then the modules 9, 3, 4, 8, 7, 10 involved in the major axis
of shape variation would be expected to have the highest
disparity values, which is consistent with the results for
modules 9, 3, 4, 8, 7, but not for module 10, which has a
lower disparity value than module 5 (Fig. 7). It is noteworthy that of the modules demonstrating the highest disparity, module 10 is the only module that is discontiguous
and has a lower integration value than the other modules
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Fig. 4 Illustration of shape variation in PC1 (a–d) and PC2 (e–h).
The cranial mean shape for our sample (PC 1 and PC 2 score 0, 0 in
Fig. 3) was created. The positive PC extreme shape is shown by the
blue points, with the red points showing the negative PC extreme
shape for PC 1 (a–d) and PC 2 (e–h). The vectors joining the blue and
red points are colour coded according to their modularity (see Figs. 6,

Table 2 Classification results
from the cross validated
discriminant functions analysis
of the dingo (n = 14), wild
caught dog (n = 5) and hybrid
(n = 14) groups

Group

7). The higher magnitude (longer) coloured vectors shows in which
modul es the majority of shape difference is occuring between PC
positive and negative extreme shapes. See text and Figs. 3, 6 and 7 for
further description of shape characters captured by PCs 1 and 2 and
supplementary videos 1 and 2 for animations (Color figure online)

Predicted group membership

Total

Dingo

wild caught dog

Hybrid

3
2

5
1

6
2

Count

Dingo
Wild caught dog

14
5

Hybrid

3

5

6

14

Percentage

Dingo

21.4

35.7

42.9

100.0

Wild caught dog

40.0

20.0

40.0

100.0

Hybrid

21.4

35.7

42.9

100.0

30.3 % of cross validated grouped cases were correctly classified. In cross validation, each case is classified
by the functions derived from all cases other than that case
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Table 3 Procrustes distances from observed F1 hybrids to parent groups
Hybrid specimen

Parent group 1

Procrustes distance to parent group 1

Parent group 2

Procrustes distance to parent group 2

dingo 9 kelpie

dingo

0.0313

kelpie

0.0398

dingo 9 cattle dog

dingo

0.0526

cattle dog

0.0870

dingo 9 labrador

dingo

0.0459

labrador

0.0830

kelpie 9 german shepherd

kelpie

0.0520

german shepherd

0.0648

kelpie 9 labrador

kelpie

0.0444

labrador

0.0703

kelpie 9 cattle dog

kelpie

0.0567

cattle dog

0.0512

Fig. 5 Eigenvalues of the congruence coefficient modularity analysis (bars) compared to eigenvalues expected in a random sample with no real
modularity (filled dots). Ten modules are significant, having greater eigenvalues than expected in the random sample

that the major shape differences identified by PC1 and PC2
fall into (Figs. 3, 6, 7).
Observed and Expected Hybrids
Percentage Allocation to Each Parent of Differences
Between Observed and Expected in Landmark Positions
This analysis is a measurement for mophological dominance, and potentially an underlying genetic dominance,
for each of the parent breeds/species. If neither of the
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parent groups possess a dominant morphology, according
to an additive genetic model we would expect that there
should be around a 50 % random split in the number of
landmarks that are closest to each of the parent groups. We
found that, without exception, when a dog breed is crossed
with a dingo, the F1 offspring overwhelmingly express
more dingo than dog percentage morphology (see S2 for
the percentage of landmarks allocated to each parent group
for the F1 dingo 9 dog hybrids). However, the moredingo-than-dog parent group morphology is not spread
uniformly throughout the cranium.
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modules and (c) if so, whether there was a relationship
between integration and/or disparity measures for the
modules and the distribution of differences in shape
between observed and expected. It was hypothesized that if
integration facilitates morphological evolution then we
expect that the greatest differences between observed and
expected morphology would fall into highly integrated
modules (i.e. modules 9, 7, 4, and possibly 8, 3, 1, see
Figs. 3, 6, 7, Table 4).
No clearly discernable pattern of shape difference allocation to modules was found in the analysis of the present
data. The shape differences were never only allocated to
the most integrated modules. The allocation of shape differences did not occur hierachically according to the level
of module integration. There was not a repeated pattern of
shape difference allocation to modules across the different
hybrids tested (S3).
Fig. 6 Results of the modularity analyses, showing landmark locations for each of the ten modules recovered in the analysis of the total
sample (N = 54). See Table 4 for further description of each
numbered module

Modular Allocation of 58 Greatest Landmark
Discrepancies Between Observed and Expected Hybrid
Morphology
The module allocation for the 58 landmarks that showed
the greatest difference between observed (actual) and predicted (calculated) hybrid shape were calculated to see
whether (a) the main differences between observed and
expected shapes were clustered into specific regions of the
cranium or spread randomly across it, (b) if the differences
were clustered, whether these clusters occurred in specific

Discussion
Patterns of Shape Diversification Among Dingoes,
Dogs, and Hybrids
Shape variation between dog breeds, as captured on PC1,
was higher than in the dingoes, dingo 9 dog hybrids, or
wild caught dogs. This result agrees with previous work on
cranial shape in domestic dogs breeds (e.g. Drake and
Klingenberg 2008; Morey 1992; Nussbaumer 1982; Wayne
1986) and notably with the study of Drake and Klingenberg
(2010), who recovered higher values of morphological
disparity among domestic dog breeds than across Carnivora. These latter authors concluded that with a high
selection pressure and effective low genetic diversity (i.e.

Table 4 Results of the modularity analyses, listing modules that were recovered in the data set, the number of landmarks in each module, and
the magnitude of integration (connectivity) and disparity (morphological variability) of each module
Module
#

Cranial regions in module

N landmarks in
module

Magnitude of
integration

Disparity

1

Basicranium and occipital condyles

53

0.63345

3.0462

2
3

Posterior ectocranium, anterior Zygomatic arches, proximal snout
Sagittal crest and neck muscle attachment sites

58
30

0.21529
0.64459

2.3873
4.8931

4

Olfactory region of the anterior ecotcranium

76

0.67731

4.4748

5

Anterior basicranium

40

0.57097

3.7129

6

Proximal palatine, anterior ectocranial surface (including part of the LHS
olfactory region

72

0.39393

2.9137

7

Distal snout and palatine

89

0.70688

3.9091

8

Left zygomatic arch and left TMJ cranial condyle

77

0.64833

3.9206

9

Right temporal mandibular joint (TMJ) cranial condyle

41

0.74649

5.5111

10

Right zygomatic arch

46

0.56348

3.4773

Module number refers to modules illustrated in Fig. 6
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Module
number
10

Integration

Disparity

0.755

0.631
1.0

9

1.0

8

0.869

0.711

7

0.947

0.709

6
5

0.528
0.765

4

0.907

3

0.863

2
1

0.674
0.812
0.888

0.288
0.849

0.529

0.433
0.553

Fig. 7 Ward’s linkage dendrogram indicating the hierarchical structure of modules within the sample and the connectivity between
landmarks comprising each module: branches that bifurcate close to
the tips indicate tight connections between landmarks within a

module (high integration). The bars indicate relative values for
module integration and disparity (with relative level of integration
and disparity displayed, 1 = maximum level of integration or
disparity). Further details of modules are provided in Table 4

humans selecting for morphological traits in breeds by
back crossing and in-breeding ‘pure’ lines of dog breeds
according to kennel club standards), a very high degree of
morphological variation is achievable on a short evolutionary time scale.
That the wild caught dog morphology overlaps and
extends the variation observed in the hybrids and dingo
groups is not altogether surprising. Using the microsatellite
markers and criteria of Wilton et al. (1999) a recent study
has demonstrated that only 5 % of the 3941 wild canids
sampled in Australia have no dingo ancestry (Stephens
2011). Wild caught dogs likely originate from
farm/working dog crosses with dingoes and then subsequent breeding of these original dog 9 dingo hybrids with
the dingo population. In this case, the wild caught dog
sample of Newsome and Corbett (1982), which exceeds the
dingo and hybrid range of scores along PC1, are likely first
generation crosses that are still exhibiting some of the
original dog breed’s morphology. Wild caught dogs closer
to the hybrid and dingo mean shapes are likely second,
third and subsequent generation crosses between the original F1 dog 9 dingo hybrid and the dingo population. In
our sample we had three genetically confirmed hybrids,
two 65 % dingo and one 75 % dingo. These lay either
within or on the border of the dingo shape range. Further,
one of the 75 % genetic dingo hybrids lay very close to two
of the confirmed 100 % dingoes. We conclude that
hybridization of dogs with dingoes, particularly repeated
hybrid 9 dingo interbreeding events, leads back to a dingo
cranial morphology.
The dingo, wild caught dog and hybrid mean shapes all
lie close to one another and close to PC1–PC2 0–0 in our
morphospace and there is considerable overlap in the
convex hulls of each group (dingo, dingo 9 dog hybrids,

dog). The Post-Hoc Bonferroni tests were not significant
for ANOVAs conducted on PC1-8 scores for these groups.
Similarly, a cross validated (or ‘leave one out’) discriminant functions analysis was only able to assign 30 % of the
specimens correctly to their respective group, with more
specimens being incorrectly assigned than correctly for all
three groups. Hence, the 3D morphometric approach,
which accurately captures the entire cranial surface, suggests that it not possible to distinguish wild caught dogs
from hybrids or dingoes. This contradicts Newsome and
Corbett’s (1982) conclusion that dingoes, dingo 9 dog
hybrids and wild caught dogs can be identified by using a
discriminant functions analysis on a matrix of linear measurements taken from the cranium.
The migration of hybrids away from extreme dog cranial
shapes towards the dingo cranial shape is not unexpected as
the dingoes represent the genetic wild type and the dogs
represent recessive types, potentially back crossed. Dingoes are numerous, widespread, free to travel and interbreed within Australia making it potentially unlikely that a
recessive genetic trait could be fixed (homozygous) in the
population. In wild type-recessive crosses it is typical to
observe the wild type morphology in the offspring (Leary
and Allendorf 1989). The dog morphological diversity is
maintained by the artificial selection pressure exerted by
human dog breeders, meaning that recessive traits have
greater potential to increase in frequency. Extreme, recessive, dog morphologies may be viable for domesticated
dogs which do not have to hunt for food to survive.
Although the recessive morphologies are not necessarily
selectively disadvantageous, Marsden et al. (2016) concluded that in the case of breed dogs, increased deleterious
genetic variation due to bottlenecks and less efficient natural selection has been a consequence of domestication and
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breed formation. Further, when refining a breed, breeders
are not necessarily aiming to fix traits that increase wild
hunting or survival success. Therefore, there may be a
more ideal cranial morphology suited to surviving and
hunting in Australia that is characterised by the dingo
cranial morphology, which the hybrid crania quickly (down
successive generations) migrate towards, making canids
with non-dingo cranial morphologies less likely to survive
and reproduce.
Also noteworthy is that hybridization with dog breeds or
the wild caught hybrids does not push the dingo cranial
morphology towards the wolf/coyote morphology in our
morphospace. Thus, the dingo is not reverting to a Canis
lupus phenotype (Crowther et al. 2014). Recent genetic
evidence suggests that dogs and dingoes are not descended
from any modern wolf lineage (Freedman et al. 2014).
Modularity, Integration and Disparity
Our exploratory modules compare broadly with the functional modules recovered by Goswami (2006), who, based
on the study of therian mammal crania, found six modules,
these were: anterior oral-nasal, molar, orbit, zygomaticpterygoid, vault, and basicranium. The study of modularity
holds potential to yield empirical data about the biological
factors influencing the ability of a species to evolve, i.e.,
‘evolvability’ (sensu Hendrikse et al. 2007; Wagner et al.
2007). It is hypothesised that evolutionary changes in traits
or trait combinations with a higher ability to evolve may be
larger and more frequent, thus elucidating the properties of
these interactions is particularly important for evolutionary
studies. Although many of studies on modularity have
amassed, those have mainly assessed competing a priori
hypotheses of modules, and few have applied exploratory
analyses. In the latter cases, results have mainly recovered
modules that to some extent corresponded with developmental or functional hypotheses (Cheverud 1982; EsteveAltava et al. 2013); but see Zelditch et al. (2008). These
modules reflect clear functional groupings: the anterior
oral-nasal and molar modules combine together to represent the masticatory apparatus, the zygomatic-sphenoid
contains attachment sites for the jaw musculature, the orbit
module houses the visual sensory organs, the cranial vault
module comprises the bones that surround and protect the
brain, and the basicranium is the region of connection
between the cranium and axial skeleton (Goswami 2006).
We recover an additional division of the zygomatics, each
being assigned to a separate module, with the right hand
side being subdivided further into the TMJ and rest of the
zygomatic region. The additional divisions are likely due to
our finer sampling of cranial morphology, by capturing 582
landmark points across the surface of the bone, compared

to previous studies on Carnivora that have used 55 landmarks or fewer (Goswami 2006; Porto et al. 2009).
We found a significant relationship, albeit with a relatively low R2 value of 0.63, between disparity and integration across the recovered ten modules for our sample
(Figure S3). This result differs from the findings of Goswami and Polly (2010), whose study was the first to test the
relationship between module disparity and integration
across a broad sample of Primates and Carnivora. Goswami
and Polly (2010) found little support for either the constraint or facilitation hypothesis. Nevertheless, when significant results were found, the data of Goswami and Polly
(2010) best supported the constraint hypothesis, whereby
module disparity would be low for highly integrated
modules. We conversely find that some of the most highly
integrated modules (e.g. module 9, 7 and 4) have the
highest disparity values, which would lend more support
for the proposition that modularity facilitates shape change.
From a theoretical perspective, constraint or facilitation
is equally likely, and in a broader context the emerging
empirical picture appears to suggest that patterns of integration and modularity are flexible (e.g. Beldade et al.
2002; Monteiro and Nogueira 2010; Young and Hallgrı́msson 2005; Young et al. 2010), and are capable of
change on a relatively short time frame (e.g. Jamniczky and
Hallgrı́msson 2009). Sanger et al. (2012) examined a broad
sample of Caribbean Anolis lizards, and explicitly tested
whether modularity constrained the evolution of cranial
shape. These authors found no support for a constraining
role of modularity, and suggested that natural selection has
repeatedly restructured integration patterns, likely reflecting the adaptive generation of different functional forms. In
the present study, the pattern of the major shape differences
between specimens, as identified by PC1 and PC2, were
distributed amongst the modules identified as having the
highest disparity values. This lends further support for the
hypothesis that modularity facilitates shape change.
However, in the comparisons of expected and actual F1
hybrids, the pattern of shape difference did not show that
the variation was mainly in the tightly integrated modules.
The 58 landmarks with the greatest magnitude of difference between expected and observed shapes were not
evenly distributed amongst all modules. This means that
variation between expected and observed morphology
occurred predominantly in clusters, or specific areas of the
cranium, these areas were not strictly defined by module
integration level, nor were these areas located in the same
part of the cranium for the different hybrids. Hence, our
results show that although inter breed and/or inter species
shape change may be facilitated by modularity, this is not
the case in hybridization events, which are not influenced
by module integration or disparity levels (S4).
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From the percentage allocation (to each parent group) of
differences between observed and expected in landmark
positions results (see supplementary material S5) a clear
pattern of dominance emerges, with the morphology of F1
hybrids between a dog breed and a wild type dingo
expressing more landmarks closer to the dingo parent
group morphology than to the dog parent group morphology compared to the expected (50:50) hybrid morphology.
This pattern was also apparent in the procrustes distance of
the observed hybrids from each of the parent groups, with
all dingo 9 dog hybrids being closer to the dingo parent
group. Further, the pattern of dominance is traceable
through the breeds, with younger breeds such as kelpie and
cattledog being dominant over older, more established
breeds where, presumably, more artificial selective breeding has occured to maintain the breed standard, resulting in
a narrower gene pool with increased frequency of recessive, non-wild type morphological traits (see Marsden et al.
2016). It is notable as well that through the development of
the kelpie and cattledog breeds, dingoes were at times
introduced into the breed gene pools as breeders tried to
breed specific traits or characteristics in or out. However,
whilst dingo DNA was introduced to both breeds, it was
done in different ways. The kelpie breed originates from
European collies which have had dingo DNA introduced
into the breed, where as the cattle dog breed was created by
crossing drover dogs from the north of England with dingoes (Arnstein et al. 1964; Clark 2003). The kelpie lineage
was crossed with dingoes, with subsequent offspring being
bred back with pure collies, effectively to retain many of
the collie traits. Dingoes were crossed with this line on a
number of occasions, with the offspring being bred back
with the majority collie population. This differs from the
cattle dog breed, which was intentionally created as a cross
of drover dogs with dingoes. Hence, the cattle dog breed is
a direct cross of dingoes with drovers from the outset of the
breed, not an established breed to which there was a
gradual introduction of dingo traits to (as with kelpies)
(Clark 2003). Hence, it is likely that greater proportions of
dingo (wildtype) DNA persist in the cattle dog compared to
the kelpie breed. Therefore, it is likely that the cattle dog
breed retains more wild type, dominant alleles than the
kelpie breed, which might explain why it is slightly dominant over the kelpie in the F1 cross between these two
breeds.

Conclusion
We combined a 3D landmark-based method to capture
entire cranial surface morphology and exploratory analyses for cranial modularity to quantitatively assess
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differences in shape between dingoes, dogs, and dingo 9 dog hybrids. We find that hybrids migrate away
from extreme dog cranial shapes towards the dingo cranial shape, which is also distinct from the wolf/coyote
morphology in our morphospace. We suggest that the
wild type dingo morphology is dominant compared to
breed dog morphology and that morphologically,
hybridization of dogs with dingoes leads to offspring that
quickly (through subsequent generations of cross breeding
with dingoes) revert to dingo cranial morphology. We
show that shape variation in dog breeds is higher than in
the dingo, or between dogs and wolves, supporting the
conclusion that with a high selection pressure and effective low genetic diversity, a very high degree of morphological variation is achievable on a short evolutionary
time scale.
Shape variation in the cranium is structured into ten
modules that reflect clear functional groupings, but
hybridization events are not influenced by module integration or disparity levels. The latter result in addition to
the recovery of functional modules suggests that adult
patterns of integration are the result of selection pressures
rather than historical constraints. We show that there is a
significant positive relationship between integration and
disparity values in the uncovered modules, which lends
more support for the hypothesis that modularity facilitates,
rather than constrains, morphological evolution.
If the modules relate to functionality, the results also has
implications for conservation. The overlap between dingoes and hybrid morphologies implies that they are functionally similar, in turn making it possible that they may
share the same ecological role. This is supported by
research which shows that dingoes have similar ecological
roles in southeastern Australia, where hybridization is high
(Colman et al. 2014; Stephens 2011), to arid Australia,
where hybridization is low (Letnic et al. 2009; Newsome
et al. 2013).
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