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1 Introduction
The shapes of most organisms are integrated—their parts vary in a coordinated manner, for de-
velopmental, functional and evolutionary reasons (e.g. Klingenberg, (2008)). Because variation
is the raw material for evolution by selection or random drift, understanding the patterns of in-
tegrated variation of shape is important for evolutionary studies. But variation is also of central
importance in other contexts, such as medical research. Analyses of the patterns of variation of
organsimal shapes are therefore important for biological studies.

Morphometric studies have usually considered the differences in mean shapes between some
groups and the shape variation around the respective group means as two separate questions.
This unlikely to be a biologically realistic view. The changes of the mean shapes among several
groups of organism result from changes in the developmentalsystem by which the organisms
build their shapes. As consequence of the changes in development that are responsible for evo-
lution of differences in the mean shape among groups, it is likely that the propensity to vary
about the group mean shapes has changed in concert with thosemean shapes themselves. Ac-
cordingly, morphometric studies need tools to consider changes in means and variation around
the means together.

This paper informally presents a null model, called thepliable template, which starts to
address this problem. The model views the mean shape as providing a sort of template for the
variation around it. Changes in the mean shape therefore aretransforming this template, so
that the patterns of variation around the mean are expected to undergo a corresponding change.
For instance, it is plausible that the patterns of variationfor neck vertebrae of the giraffe are
“stretched-out” versions of the patterns found in the okapi(a related species with a “normal”-
length neck), just as the average shape of a neck vertebra in the giraffe is mostly a stretched-out
version of the corresponding vertebra of the okapi. The pliable template model provides a null
expectation of how the variation around a mean might change passively as a result of changes
in the mean shape.

The pliable template model is related to D’Arcy Thompson’s classical method of transfor-
mation grids (e.g. Thompson, (1961)). As in the transformation grids, the pliable template
views the anatomical structure as being embedded in a sort ofmatrix that is deformed when the
shape of the structure changes. Accordingly, it is possibleto use the thin-plate spline (Book-
stein, (1989)) as the basis for implementing the pliable template model. The model can be
applied to both contrasts between groups (e.g. males in females in different species, patients
and controls in different populations) and patterns of variation in different samples (e.g. patterns
of morphological integration in different species). I present work in progress on this model and
its implementation.

2 Outline of the model and implementation
The main idea behind the model is that a change in the mean shape causes a change in the
patterns of variation around the mean. The mean shape acts asa sort of template for variation.
Because the mean shape itself can change, it is a template that is pliable. The motivation for
this model is biological, based on considerations of the developmental system that produces the
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structures under study and is therefore responsible for both the average shape and the variation
around that average. To make the idea amenable to morphometric analysis, the model must be
expressed in terms of the tools of statistical shape analysis.

The central idea is that the change of the mean shape affects variation in the surroundings
of the landmark positions in the mean shape. Because the thin-plate spline (Bookstein, (1989))
is provides a smooth interpolation from the changes of landmark positions to the entire plane
or three-dimensional space in which the landmark configuration is situated, it is suitable for
implementing the pliable template model. In brief, the thin-plate spline is used to “unwarp” the
mean shapes of two or more groups to a common consensus shape,such as the overall Procrustes
mean shape for all configurations. The thin-plate spline foreach group is then applied to all the
landmark configurations in that group, and the desired comparisons can be carried out on the
modified data.

This approach can be used in different contexts: to study differences between subgroups or
to analyse variation within groups by comparing their covariance matrices.

2.1 Differences between subgroups

Comparisons of differences between subgroups within groups involve questions such as whether
sex dimorphism is the same in different species or whether the differences between patients and
healthy controls are the same in different ethnic groups. Toaddress these questions in the
framework of the pliable template model, the thin-plate spline is used to provide an unwarping
from the mean shapes of the main groups (species, ethnic group etc.) to the grand mean shape.
Differences between the subgroups within each group are then computed from these unwarped
data, and the differences can be statistically evaluated bybootstrap or permutation tests (e.g.
Manly, (2007)).

2.2 Comparison of covariance matrices

The covariance matrices to be compared can can be computed from the unwarped data for each
group. For computing covariance matrices from the asymmetric component of shapes with
bilateral symmetry (Mardiaet al., (2000); Klingenberget al., (2002)), the same unwarping
procedure can be used, provided the symmetric group mean shape is added to the asymmetry
values of each specimen.

For some types of covariance matrices of great biological interest, such as genetic covariance
matrices (e.g. Lynch and Walsh (1998)), individual observations are not available. Because the
thin-plate spline is nearly linear in the close neighbourhood of the landmarks, it is possible to
use a linear approximation of the unwarping transformationin these cases (genetic covariance
matrices are computed from variation within populations, where shape variation is small, so
that the linear approximation will usually be appropriate).

The statistical comparison of the resulting covariance matrices can use principal component
analysis and models derived from it to identify and evaluateaspects of the covariance structure
that are shared or that differ between groups (Flury, (1988), Boik, (2002)). These methods have
not been applied to shape analysis so far, and considerable work may be needed to adapt them
to that context.

3 Outlook
Comparisons of covariance patterns among species have mostly been based on statistical models
such as common principal components (Flury, (1988)), whichdo not take changes in the means
into consideration when comparing covariance matrices in biological studies (e.g. Steppanet
al., (2002)). The pliable template model is a first attempt at incorporating changes in mean
shape into comparisons of morphometric variation among groups.
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It is clear that the model is not biologically realistic, andso it is desirable that other models or
entire frameworks of models are developed for more systematic comparisons of morphometric
variation. Common principal components and the models related to it (Flury, (1988); Boik,
(2002)) provide such frameworks in a general multivariate context, but not specifically for shape
analysis.

The pliable template model will be implemented in theMorphoJ software (Klingenberg,
(2011)) to make it available to a broad range of users. This model may contribute to a grow-
ing interest in approaches that combine considerations from evolutionary and developmental
biology with statistical shape analysis (e.g. Klingenberg, (2010)).
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