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The pace of morphological change: historical

transformation of skull shape in St Bernard dogs
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Owing to the great morphological diversity of domestic dogs (Canis familiaris), the study of historical shape
change in dog skulls provides an excellent opportunity for investigating the dynamics of morphological
evolution. Breed standards make known which features were selected by breeders. Here we use the
methods of geometric morphometrics to study change of skull shape in a series of purebred St Bernard
dogs spanning nearly 120 years. A regression of shape on time was highly significant and revealed a
consistent trend of shape change that corresponded to the features deemed desirable by the breed
standard. Historical shape change in St Bernards involves a broadening of the skull and a tilting of the
palate and upper jaw relative to the rest of the skull. This trend appears to be linear throughout the entire
period and appears to be continuing. Allometry was ruled out as a contributing factor to this change
because there was no consistent trend of historical change in skull size and because neither the patterns of
static nor ontogenetic allometry corresponded to the historical shape change. The dramatic modification of
the St Bernard skull demonstrates that selection can achieve sustained and substantial change and can
completely overcome constraints such as allometry.
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1. INTRODUCTION
Quantification of the magnitude and types of morpho-
logical variation produced under strong selection can
inform our understanding of phylogenetic patterns. In
addition, the rate at which populations of organisms
diversify can give us insight into speciation processes.
Rapid or contemporary evolutionary change has been
documented in a variety of organisms, demonstrating that
diversification can occur on small time scales (Reznick
et al. 1997; Hendry & Kinnison 1999; Huey er al. 2000;
Losos er al. 2004; Phillips & Shine 2004; Carroll ez al.
2005; Hendry 2005; Reznick & Ghalambor 2005).
Whereas most of these studies consider the morphological
end products of divergence by comparing contemporary
populations that have diverged from a common ancestor,
only a few studies have analysed morphological change
over time, mostly in humans (e.g. Cole 2000; Jantz &
Meadows Jantz 2000; Wescott & Jantz 2005). In these
studies, a whole range of factors such as nutrition, health
care and population composition change in ways that are
hard to quantify, and a causal interpretation of the
observed morphological changes is therefore difficult or
impossible (Wescott & Jantz 2005). Because ecological
factors were studied simultaneously, the processes that
drive morphological change are better understood in
Darwin’s finches (Grant & Grant 2002, 2006). Never-
theless, long-term morphological time series with infor-
mation on the selective regime are exceedingly rare.
Domestic dogs (Canis familiaris) are a unique system
for the study of phenotypic evolution, because not only
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is there a considerable amount of morphological variation,
but the history of breeds and the breed standards also
provide a documented record of the selection regime that
has been applied by breeders (e.g. Fondon & Garner
2004; Kemp er al. 2005; Lindblad-Toh er al. 2005;
American Kennel Club 2006; Young & Bannasch 2006).
Dog breeds are maintained by breeders as distinct
lineages, and therefore provide a considerable control of
genetic composition (Lindblad-Toh ez al. 2005). In
particular, for the St Bernard breed, preserved skeletal
material is available from the past 120 years, which
roughly corresponds to the time period since the establish-
ment of the breed standard (Nussbaumer 2000; American
Kennel Club 2006, p. 321). A previous study of historical
change in the skull shape of St Bernards over time covered
the period of the establishment of the breed to the 1940s
(Huber 1947).

Here we use the methods of geometric morphometrics
to study shape change in the skull of St Bernard dogs in the
last 120 years. These methods permit a rigorous
quantification of shape change and the results can be
visualized and interpreted directly in their anatomical
context. Because previous studies have emphasized the
possible role of heterochrony and allometry in the
evolution of dog breeds (Wayne 1986), we also examine
the association of historical shape change with ontogenetic
and static allometry of skull shape.

2. HISTORY OF THE ST BERNARD BREED

The origins of the St Bernard date back to the mid-1600s
when dogs were first kept at the monastery at Great Saint
Bernard Pass in the Swiss Alps (Nussbaumer 2000;
American Kennel Club 2006). It is thought that the
dogs originated from the large ‘cow-herding’ dogs found

This journal is © 2007 The Royal Society


http://dx.doi.org/10.1098/rspb.2007.1169
http://dx.doi.org/10.1098/rspb.2007.1169
http://www.journals.royalsoc.ac.uk

72 A. G. Drake & C. P. Klingenberg Historical change in dog skulls

throughout the countryside on farms. Originally guardians
and companion animals, the dogs were extensively used to
accompany the monks on their patrols for travellers in
need of assistance (Nussbaumer 2000).

Systematic breeding of St Bernards with pedigree
records began in the late 1850s with stock from the
hospice of St Bernard pass. Some breeders aimed to
maintain the type of dog found at the hospice while others
favoured bulkier animals with larger heads and more
pronounced ‘stops’ (the angle between the forehead and
the muzzle; Dalziel 1888; Huber 1947; Nussbaumer
2000). The Swiss St Bernard Club was established in
1884, and in 1887 the Swiss Standard for St Bernards was
adopted as the international breed standard (Siber 1884;
Nussbaumer 2000; American Kennel Club 2006). These
events marked a drastic change in the selective regime
shaping the morphology and behaviour of the St Bernard.
Because they were bred as pets and show dogs, breeders
no longer selected for function but rather for form; the
breed standard describes the perfect St Bernard in terms
of its appearance, but not its behaviour (American Kennel
Club 2006).

The breed standard specifies the shape of the head in
considerable detail. In addition to many specifications
concerning the skin and other soft parts, the breed
standard also contains many details relevant to skull
morphology. The desired headshape is imposing, massive
and wide, with cheek bones (zygomatic arches) that are
strongly developed and high. The ridges over the orbits
are supposed to be prominent and to form nearly a right
angle with the long axis of the head. The transition from
the muzzle to the skull vault is to be abrupt and rather
steep. The muzzle must be relatively short, wide and
high, with a straight upper profile. These stipulations
have remained similar from the first published breed
standard to the current version (Siber 1884; American
Kennel Club 2006).

3. MATERIAL AND METHODS

This study is based primarily on a historical series of 47 adult
St Bernard dogs dating from 1885 to 2001. In addition, a
series of nine juveniles was combined with the skulls of adults
from 1980 to present to form a full ontogenetic series. All
specimens are from the Albert Heim collection at the Natural
History Museum in Berne, Switzerland. These skulls are
from purebred St Bernards with known pedigree information,
and therefore are representative of the historical change of
the breed.

Three-dimensional coordinates was captured for 64
cranial landmarks (figure 1) with a Microscribe digitizer in
dorsal and ventral views of the skulls. Twelve landmarks are in
the median plane and the remaining landmarks form 26
bilateral pairs. Centroid size was used as a measure of cranial
size and the information about variation of shape was
extracted using generalized least-squares Procrustes super-
imposition separately for the historical and ontogenetic series
(Dryden & Mardia 1998). For the comparison between the
two datasets, the two coordinate systems were aligned so that
the average shapes shared the same median plane and the
same orientation of the anterior—posterior axis of the skull
(landmarks 1 and 23). Because the skull is a bilaterally
symmetric structure (object symmetry; e.g. Klingenberg ez al.
2002), the total shape variation contains a component of
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asymmetry, differences between the left and right sides, as
well as a component of symmetric variation corresponding to
the average of the left and right sides. Because asymmetry is
not of interest in this study, we consider only the symmetric
component of variation (for details see Klingenberg er al.
2002). All analyses were carried out with a pre-release version
of the MorPHO] software package (C.P. Klingenberg 2007,
unpublished).

For the analysis of shape change over time and of
allometry, we used multivariate regression of the Procrustes
coordinates on the respective variables (e.g. Loy ez al. 1998;
Monteiro 1999). The amount of variation for which the
regression model accounted was quantified as a percentage of
the total shape variation, computed using the Procrustes
metric (Goodall 1991; Klingenberg & Mclntyre 1998). The
statistical significance of the regressions was tested with
permutation tests against the null hypothesis of independence
(Good 2000). The vectors of regression coefficients from these
analyses can be visualized as shape changes per unit of time or
per unit of size increase, which allows a direct interpretation in
their anatomical context. To illustrate the form of inter-
dependence, we defined a shape score by projecting the shape
data onto a line in the direction of the regression vector for
each independent variable. If the regression model is written
as y=Bx+e¢ (where y is the row vector of shape variables; 3 is
the regression vector; x is the independent variable; and ¢ is
the row vector of error terms), the shape score s can be
computed as s=y8' (368"~ °°. This score is the shape variable
associated with the shape changes predicted by the regression
model, but also includes the residual variation in that direction
of shape space. This score therefore provides a graphical
means to examine the strength of association and possible
evidence of a nonlinear dependence (e.g. whether change over
time is constant or slowing down).

For comparisons between historical change and allome-
tries, we computed the angles between the corresponding
regression vectors. These angles were computed as the
arccosines of the signed inner products between the
regression vectors (after standardization of both vectors to
unit length). The resulting angles were compared to the
distribution of angles from a Monte Carlo simulation of
100 000 pairs of random vectors in 98-dimensional space (the
dimensionality of the symmetric component of shape
variation; Klingenberg er al. 2002).

4. RESULTS

(a) Historical change

The St Bernard skull has changed shape considerably
since systematic breeding and selection began in the late
1800s (figure 2). The multivariate regression of shape on
time and centroid size was highly significant statistically
(p<0.0001), and accounted for 22.1% of the total
amount of shape variation. Similarly, the multivariate
regression on time alone was statistically significant
(<0.0001) and accounted for 18.8% of the variation of
shape. In contrast, the regression of shape on centroid size
alone was not statistically significant (p=0.11) and
accounted for only 3.4% of the shape variation. The
differences between the results (significance test, amounts
of shape variation explained and regression vectors) of
regression analyses of shape on time with and without
centroid size as an additional independent variable were
negligible.
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Figure 1. Landmarks used in the morphometric analyses.

The shape features associated with the historical
change are primarily an upward and posterior shift of
the landmarks of the nose, a tilting of the palate and
maxillae that increases their inclination relative to the long
axis of the skull, and an upward shift of the landmarks at
the anterior margin of the frontal bone and on the occipital
crest (figure 2a). Moreover, a broadening of the skull,
especially of the snout, is clearly apparent (figure 25).

This change in shape over time appears linear and
continues through the entire period for which data are
available (figure 2¢). In other words, there is no evidence
for variation in the rate of change; in particular, the trend
does not appear to slow down. The magnitude of the
change can be expressed as the length of the regression
vector (the square root of the sum of squared regression
coefficients of the shape coordinates on time). This results
in an estimated rate of 0.000697 units of Procrustes
distance per year.

In contrast, there appears to be no change in cranial size
through the study period (figure 3). The linear regression
of centroid size on time accounts for only 0.12% of the
variance of centroid size, and the permutation test indicates
that this is not statistically significant (p=0.59). The
constancy of the size of the skull demonstrates that
historical change of St Bernard skull shape cannot be
ascribed simply to allometry.

(b) Allometry

Although the regression of shape on centroid size of adult
dogs accounted for only 3.4% of the shape variation and
was not statistically significant at the conventional 5% level,
the p-value of 0.11 still suggests that there is some weak
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evidence against the null hypothesis of independence. Given
the small sample size (#=47) and the high dimensiona-
lity of the data (98 dimensions for the symmetric
component of variation; Klingenberg ez al. 2002), it is
also to be expected that the power of the test is low. We
therefore present the results of the regression, but we urge
readers to interpret them with caution.

The regression of skull shape on centroid size, which
represents the pattern of static allometry (e.g. Klingenberg
1996), shows a lengthening and narrowing of the skull that
particularly affects the posterior part of the maxillae and
portions of the braincase (figure 4a,b). There is a
considerable amount of scatter about the relationship
between this shape change and centroid size (figure 4c),
which indicates that static allometry is fairly weak. The angle
between this regression vector for static allometry and the
regression vector for historical change was 105.2°. Although
the Monte Carlo simulation suggested that the deviation
from a right angle, as expected under the null hypothesis of
independence, was significant (p=0.008), the problems of
the regression for static allometry (see above) raise doubts
whether this relatively small deviation can be interpreted.

In contrast to static allometry among adults, there is
very clear evidence for ontogenetic allometry in St
Bernards. The regression of skull shape on centroid size
in the ontogenetic series accounted for 56.3% of the
shape variation in the ontogenetic series, and the
permutation test indicated that it was statistically signi-
ficant (»p<0.0001).

The pattern of shape variation for ontogenetic
allometry, estimated from the regression of shape on
centroid size in the ontogenetic series, is a trend towards a
more slender skull shape with increasing size (figure 5a,b).
This pattern is similar to that for static allometry but
shows size-associated variation in a number of additional
landmarks at the nose and in the posterior part of the skull.
This similarity was also reflected in the angle between the
regression vectors for static and ontogenetic allometry,
which was 55.8° and thus smaller than expected for pairs
of random vectors (p<0.00001). In contrast, the angle
between the regression vectors for ontogenetic allometry
and for historical change was 87.5° and not significantly
different from the expected right angle for pairs of random
vectors (p=0.66). The scatter plot for ontogenetic
allometry clearly shows that the association of the shape
score with centroid size is quite strong in the ontogenetic
series (figure 5c¢).

5. DISCUSSION

Our results show that the skulls of St Bernard dogs have
undergone a considerable morphological transformation
in the last 120 years, a trend that may still be continuing
(figure 2¢). The shape changes associated with this trend
correspond to the features specified in the breed standard
for St Bernards (American Kennel Club 2006, p. 322 ff.).
The upper jaw and palate have tilted, raising the anterior
and lowering the posterior part, which contributes to the
shortened and relatively high muzzle. This tilting of the
upper jaw and palate, together with the upward shifts of
landmarks on the frontal bone, contribute to the
pronounced stop, the angle between the muzzle and the
forehead, which the breed standard specifies as desirable.
The shifts of the landmarks on the anterior margin of the
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Figure 2. Historical change of skull shape in St Bernard dogs.
(a,b) Regression vectors of shape on time. The grey circles
show the average shape and the change from the grey circles
to the black dots indicates the landmark shift corresponding
to the predicted shape change over 100 years. The grey and
black lines are to indicate the contours of selected anatomical
units in the same two shapes. (¢) The corresponding shape
scores for the dogs included in the study as a function of time.
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Figure 3. Trend of cranial centroid size of St Bernard dogs
through the study period.

frontal bone also reflect the pronounced supraorbital ridge
that is another desired feature for the breed. In addition,
the skull has become wider and the height of the occipital
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Figure 4. Static allometry of adult St Bernard dogs. (a,b)
Shape change associated with static allometry, estimated
from regression of shape on centroid size in the historical data
set. The grey circles show the average shape and the change
from the grey circles to the black dots indicates the predicted
landmark shift corresponding to an increase of centroid size
by 100 mm. The grey and black lines are to indicate the
contours of selected anatomical units in the same two shapes.
(¢) The corresponding shape scores for the dogs included in
the study as a function of centroid size.

crest increased. Both the width of the head and its general
‘very powerful and imposing’ appearance are emphasized
in the breed standard (American Kennel Club 2006,
p- 322). The close agreement between the observed
changes and the features described as desirable in the
breed standard, and therefore favoured by breeders,
suggests that the observed change was brought about by
selective breeding.

The more or less linear trend in the shape variable
that corresponds to historical change (figure 2¢)
indicates a sustained response of skull shape to the
selection imposed by breeding. There is no evidence for
a slowing down of the trend, as it has been found in
many artificial selection experiments (Roff 1997).
Unfortunately, the available data do not allow us to
decide whether a sufficient amount of genetic variation
still persists from the initial, heterogeneous breeding
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Figure 5. Ontogenetic allometry of St Bernard dogs. (a,b)
Shape change associated with ontogenetic allometry, esti-
mated from the regression of shape on centroid size in the
ontogenetic series. The grey circles show the average shape
and the change from the grey circles to the black dots
indicates the predicted landmark shift corresponding to an
increase of centroid size by 100 mm. The grey and black lines
are to indicate the contours of selected anatomical units in the
same two shapes. (¢) The corresponding shape scores for the
dogs included in the study as a function of centroid size.

stock (Huber 1947; Nussbaumer 2000) or whether
genetic variation is replenished continuously by new
mutation (e.g. Fondon & Garner 2004).

Interestingly, there appears to be no trend for centroid
size of the skull (figure 3), even though the breed standard
specifies that the head should be ‘massive’ (American
Kennel Club 2006, p. 322) and the size of the head is
presumably under selection. Because body size and the
sizes of structures such as the head usually are associated
with heritable variation that provides the potential for a
response to selection (e.g. Roff 1997), the apparent lack of
a response raises the question whether some constraint
may have prevented an increase of skull size in St
Bernards.

The rate at which the shape change has progressed in
the study period is difficult to compare with other
estimates of rates of shape evolution because Procrustes
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distance, the most widespread measure of shape
difference, depends on the number and arrangement of
landmarks and therefore cannot be easily be compared
between studies. Nevertheless, it is possible to make a
broad comparison of the magnitude of change. The rate of
change computed from the regression of shape on time
yields a change of approximately 0.084 units of Procrustes
distance over the 120 years of the study period. This is
comparable to the distances in average body shapes among
fish populations separated by periods up to 4000 years
(Monteiro & Gomes-Jr. 2005) or between tooth shape
divergence of mammal taxa separated by thousands to
millions of years (Polly 2001). Episodes of particularly
strong selection can achieve even faster divergence, as
suggested by selection experiments on wing shape in
Drosophila (Houle er al. 2003) or observations on bill size
and shape in Darwin’s finches (Grant & Grant 2002,
2006). The results from our study of St Bernard dogs are
remarkable in that they indicate that a sustained response
to such selection can be maintained for many generations.

Previous research has suggested that morphological
diversity in dogs may be due in large part to allometric
shape changes (Wayne 1986). Our data indicate that this
is not the case for the historical change in St Bernards. Not
only was there no consistent trend of skull size in the time
period covered by our study, but also there was a major
discrepancy between the patterns of historical shape
change (figure 2a,b) and those for size-related shape
change (figures 4 and 5). The shape changes associated
with static allometry (figure 4a,b) are similar to that for
ontogenetic allometry (figure 5a,b) in that they both show
a narrowing and lengthening of the skull, which indicates
that shape responds similarly to changes of size, regardless
of whether they are due to size differences among adults or
to growth. Moreover, this similarity of the allometric shape
change provides support for the estimate of static
allometry, even though its statistical significance is some-
what doubtful. In contrast, the trend in historical shape
change was for a wider skull with a relatively shorter and
more angled muzzle. This discrepancy between the
historical shape change and the allometry of skull shape
suggests that allometry did not act as a constraint that
would have impeded the selection of certain skull shape
features by breeders. This parallels the findings of other
studies where strong selection has overcome relative
constraints by allometry or has even changed the
allometry itself (Weber 1990; Beldade er al. 2002;
Frankino ez al. 2005).

The historical change in St Bernards shows that
selection by breeders can produce sustained change of
shape in one direction, and thus can produce morpho-
logical alterations comparable to the differences between
taxa that have been diverging for much longer times.
Morphological variation in dogs is comparable to
diversification in higher taxa (Wayne 1986; Young &
Bannasch 2006), and dogs can therefore serve as a model
system for studying the mechanisms involved in the
evolution of morphological disparity.

We wish to thank Marc Nussbaumer for the photos of the
St Bernard skull and for assistance during data collection. We
are indebted to the Albert Heim collection and the Natural
History Museum Bern for access to the collection. This work
was funded by the United States Department of Education,
the Leverhulme Trust and the Royal Society.
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