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Abstract

The Pinocchio effect has long been discussed in the literature on geometric morphometrics. It denotes the observation that
Procrustes superimposition tends to distribute shape changes over many landmarks, even though a different superimposition
may exist for the same landmark configurations that concentrates changes in just one or a few landmarks. This is widely seen
as a flaw of Procrustes methods. Visualizations illustrating the Pinocchio effect use a comparison of the same pair of shapes
superimposed in two different ways: in a resistant-fit superimposition that concentrates the shape difference in just one or a
few landmarks, and in Procrustes superimposition, which distributes differences over most or all landmarks. Because these
superimpositions differ only in the non-shape aspects of size, position and orientation, they are equivalent from the perspec-
tive of shape analysis. Simulation studies of the Pinocchio effect usually generate data, either single pairs or larger samples
of landmark configurations, in a particular superimposition so that differences occur mostly or exclusively at just one or a
few landmarks, but no steps are taken to remove variation from size, position and orientation. When these configurations are
then compared with Procrustes-superimposed data, differences appear and are attributed to the Pinocchio effect. Overall, it
is ironic that all manifestations of the Pinocchio effect in one way or another rely on differences in the non-shape properties
of position and orientation. Rigorous thinking about shape variation and careful choice of visualization methods can prevent

confusion over this issue.
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Introduction

Superimposition methods have an important role in geomet-
ric morphometrics for quantifying the differences between
pairs of shapes or for aligning landmark configurations to
the respective shape (tangent) spaces (Klingenberg 2020).
Because shape is defined as all the geometric features in
a configuration of landmarks except for its size, position,
and orientation, superimposition methods are used to find a
standardization of size, position, and orientation that mini-
mizes some criterion quantifying the differences in the posi-
tions of landmarks relative to each other. Discrepancies in
the positions of landmarks that remain after this standardiza-
tion step can be ascribed to shape differences between the
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respective landmark configurations. The most widely used
method is Procrustes superimposition, where the criterion
being minimized is the sum of squared distances between all
the landmarks of the configuration (Boas 1905; Sneath 1967,
Rohlf and Slice 1990; Goodall 1991; Dryden and Mardia
2016). This approach is at the core of geometric morpho-
metrics and defines Procrustes distance, the metric used for
quantifying differences between shapes, and also determines
Kendall’s shape space, which forms the theoretical founda-
tion for much of statistical shape analysis (Kendall 1984;
Bookstein 1996; Kendall et al. 1999; Dryden and Mardia
2016; Klingenberg 2016, 2020).

A topic that periodically has surfaced in the literature
on geometric morphometrics is a critique of the Procrustes
superimposition based on a widespread perception that it
tends to distribute shape changes erroneously over many or
all landmarks (Siegel and Benson 1982; Chapman 1990;
Rohlf and Slice 1990; Klingenberg and Mclntyre 1998;
Walker 2000; von Cramon-Taubadel et al. 2007; Zelditch
et al. 2012; Hallgrimsson et al. 2015; Tatsuta et al. 2018;
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Palci and Lee 2019; Thulman 2019; Courtenay et al. 2020;
Fox et al. 2020). Because this is often illustrated with the
example of Pinocchio’s nose growing longer after he told a
lie, this critique has often been discussed under the heading
of the “Pinocchio effect” (Chapman 1990; Klingenberg and
Mclntyre 1998; Walker 2000; Slice 2005; Gill et al. 2007;
von Cramon-Taubadel et al. 2007; Zelditch et al. 2012; Hall-
grimsson et al. 2015; Fruciano 2016; Tatsuta et al. 2018;
Palci and Lee 2019; Thulman 2019; Courtenay et al. 2020;
Fox et al. 2020).

This paper investigates the logic that underlies the think-
ing about the Pinocchio effect and some consequences of
that logic. As it turns out, such examination of common
ways of thinking, both about shape analysis and about
Pinocchio’s nose, can yield some rather intriguing insights.
When it comes to understanding geometric morphometrics,
the role of the Procrustes superimposition, as well as the
Pinocchio effect, the key question is how shape changes do
or do not relate to specific landmarks. A point of particu-
lar importance is the visualization of shape changes, which
profoundly influences how morphometricians think about
shape variation (Klingenberg 2013b). Thought experiments
and back-of-the-envelope simulations can easily produce
misconceptions if they are based on misguided visualiza-
tions. Likewise, numerical simulation studies can provide
misleading results, depending on how models are set up and
results are interpreted.

Shape, Icons, and Shape Variation

Shape is defined as all the geometric features of an object
except for its size, position, and orientation (Goodall 1991;
Dryden and Mardia 2016). Formally, shape can be repre-
sented by an equivalence class: the set of objects that dif-
fer only in their sizes, positions and orientations (Goodall
1991; Dryden and Mardia 2016). Shape encompasses all
those geometric properties shared by all the members of
that set. For objects represented as configurations of land-
marks, these properties include, for example, the proportions
among distances between pairs of landmarks, angles formed
by lines drawn between landmarks, and the relative arrange-
ments of portions of the landmark configuration represent-
ing different parts of the biological structure under study.
Shape is inherently an abstract property, as we can only see
the object or its representation as a particular instance from
the equivalence class with a particular size and in a par-
ticular location and orientation. These can be the physical
size, location and orientation of the actual object itself or
those of a representation on a computer screen, on paper,
or as a 3D model or hologram—each of those representa-
tions has its own specific size, position and orientation. Such
an instance of a shape, with a particular size, position and
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orientation, can be denoted by the term “icon” (Dryden and
Mardia 2016). For example, a particular fly wing and its
image on a computer screen are two different icons for the
shape of that fly wing.

Much of our thinking about shape and shape variation
actually involves icons rather than shapes, and even statisti-
cal analyses of shape variation use particular icons to rep-
resent shapes. The key point, then, is to make sure that the
conclusions drawn from those analyses do not depend on the
inherently arbitrary choice of particular icons.

Visualizations of shape changes usually involve a pair
of icons, one each from the equivalence classes of the
starting and the target shape. How the two icons of the pair
relate to each other, apart from the shape change, is com-
pletely open, and can affect the intuitive appearance of the
visualization substantially (Klingenberg 2013b). The two
icons may be shown on top of each other in the superimpo-
sition resulting from a Procrustes fit, in which the effects
of the shape change tend to be distributed across most or
all of the landmarks (Fig. 1b). An alternative is to show
the two icons in an alignment that concentrates the effects
of the shape change into as few landmarks as possible,

a

Fig.1 Three visualizations of the same shape change. (modified
from Klingenberg 2013b). All three involve the same shape change,
but differ in how the two icons of the respective pair (grey and black
lines) relate to each other. a The two icons are in the arrangement that
concentrates all the differences in a single landmark. b The two icons
are in the superimposition from a Procrustes fit, which distributes the
differences over all the landmarks. ¢ The two icons are shown side by
side, without any overlap
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according to some principle of parsimony (Fig. la). Or
quite simply, the two icons may be shown side by side, so
that they do not overlap (Fig. 1c). This latter option has
the psychological advantage that it reduces the temptation
for viewers to ascribe shape changes to individual land-
marks (Klingenberg 2013b). Note, however, that there is
no inherent reason whatsoever to prefer any one of those
options over the others, or over the limitless other pos-
sibilities of displaying the pair of icons in different rela-
tionships to one another. From the standpoint of shape
analysis, they are all equivalent because they involve the
same pair of shapes.

Most morphometric analyses are based on shape data rep-
resented as particular icons, with some particular scaling,
position and orientation chosen to be convenient for the anal-
yses and visualization of results. In itself, this is not prob-
lematic. The key point is to keep in mind that those choices
should not affect the results. Some outputs from statistical
analyses of morphometric data can be interpreted as shape
changes, and visualizing them again makes use of icons,
whose sizes, positions and orientations can be chosen freely.

Collecting morphometric data means recording the
coordinates of landmarks for the icons corresponding to the
specimens under study. Some aspects of the information
contained in each configuration of landmarks are relevant
for morphometric studies, whereas others are not. The posi-
tion and orientation of each configuration are clearly irrel-
evant from a biological perspective because the position just
indicates where the specimen was relative to the camera or
digitizing equipment and the orientation just says which way
it was pointing during the data collection. Size, by contrast,
is biologically relevant because it is an important organis-
mal feature (Schmidt-Nielsen 1984) and may be of use in
further analyses, for instance, to study allometry (Klingen-
berg 2016). An important task in morphometric studies is
to separate the irrelevant aspects of variation from those
that have biological importance and need to be retained for
further analyses.

This task is usually achieved by using Procrustes super-
imposition (Boas 1905; Sneath 1967; Rohlf and Slice 1990;
Goodall 1991; Dryden and Mardia 2016; Klingenberg 2020).
It works by finding an alignment so that a landmark configu-
ration fits as closely as possible to a target configuration.
In this process, the first configuration is scaled, translated
and rotated so that a measure of difference between the two
configurations is minimized. The measure of difference is
usually the sum of squared distances between correspond-
ing landmarks. The differences remaining between land-
mark positions in the two configurations, which cannot be
removed by changing scale position and orientation, can
then be interpreted as manifestations of shape differences.
An alternative explanation of Procrustes superimposition is
that it is a procedure to quantify the shape distance between

a pair of landmark configurations or to fit a set of landmark
configurations to Kendall’s shape space (Klingenberg 2020).

Fitting landmark data to the shape space, or in practice
the shape tangent space, imposes a number of constraints on
the variation of landmark coordinates (Klingenberg 2020).
These constraints have consequences for how shape changes
appear in visualizations or in numerical representations of
vectors in the shape tangent space. The constraints for trans-
lation always involve all landmarks simultaneously, because
translation inevitably affects all landmarks simultaneously
and equally. Usually, the constraints for scaling and rota-
tion also affect all landmarks jointly. The only exception are
landmarks that, for the shape at the tangent point, coincide
precisely with the centroid of the landmark configuration,
because that point is the center of rotation. These statements
of constraints encapsulate, in a geometrically more rigorous
form, the insight that displacements of landmarks are always
relative to all the other landmarks in the configuration (Klin-
genberg 2013b).

The Pinocchio Effect: How It is Explained

The Pinocchio effect has been explained most concisely by
Walker (2000) as the situation “when all of the shape varia-
tion occurs at a single landmark™ (p. 686 f.), but it is usually
presented visually using some hypothetical example involv-
ing a highly localized shape change. Chapman’s (1990)
original example compares two sea stars, one with all five
arms intact and another one with one arm that was lost and
has just begun to regenerate, and therefore is much shorter
than the other four arms (the arms of both sea stars are in the
same relative orientations). Walker (2000) used the ontoge-
netic shape change in the bird wrasse (Gomphosus varius)
as an example, which is dominated by a disproportionate
elongation of the snout. The prime example, of course, is
Pinocchio’s nose, which elongates drastically when he tells
a lie. In this case, the comparison is between landmark con-
figurations of Pinocchio’s head when he is truthful and when
he is lying. Other examples (Siegel and Benson 1982; Rohlf
and Slice 1990; Palci and Lee 2019) use pairs of abstract
configurations of landmarks with differences concentrated
in one particular part, such as the simple example in Fig. 1.
For any of those pairs of shapes, two visualizations of the
respective shape difference are presented: one according to
the Procrustes superimposition of one landmark configura-
tion onto the other, and a second one where the majority of
landmarks of the two configurations coincide and the shape
change is concentrated in just one or a few landmarks (e.g.
Figure 1a, b).

From comparing these visualizations of the difference
between the pair of shapes, Chapman (1990) concluded that
“... the least-squares algorithm distributed the lack of fit
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among the landmarks, whereas the [resistant-fit algorithm]
analysis represented the fit correctly” (p. 260 f.). From this
contrast, it appears clearly that Chapman deemed it incor-
rect that the least-squares superimposition distributed differ-
ences across all landmarks. Similarly, Walker (2000) noted
that the resistant-fit method “correctly locates most of the
shape difference between a juvenile and initial phase bird
wrasse at the snout, whereas a least-squares superimposition
spreads this difference at the snout across many of the other
landmarks” (p. 687) and further mentioned that “a least-
squares superimposition can mistakenly identify the loca-
tion of shape difference between a pair of figures” (p. 688).
Likewise, as consequences of Procrustes superimpositions
of two lateral views of Pinocchio’s head with short and long
nose, Hallgrimsson et al. (2015) found “displacements of
landmarks that were not actually displaced” (p. 572), “arti-
factual shape changes” (p. 572) and “artifactual variation”
(p- 573). The choices of wording in these papers all imply
clear judgements about which changes are correct and which
ones are mistaken or artifactual (similar but less explicit
statements can be found in many other papers). These judge-
ments are presented without a detailed explanation of the
logic upon which they are based—it appears that the authors
saw the visualizations as self-evident and not needing further
justification (and it seems that, for three decades, readers of
the morphometrics literature have accepted them as such
without questioning).

What exactly is the logic underlying those judgements?
The visualizations each show a pair of shapes, represented
as icons shown in two separate superimpositions. For one
superimposition, the two icons are superimposed so that a
maximum number of landmarks (in most cases, all but one)
coincide precisely and all the change appears in the remain-
ing ones (Fig. 1a), whereas for the other, the two icons are
superimposed using least-squares Procrustes superimpo-
sition (e.g., Fig. 1b). Because both visualizations in each
comparison include icons from the same pair of shapes, both
visualizations of the shape difference in each comparison are
equivalent. The difference between the two superimpositions
therefore is only in the size, position and orientation of the
two icons relative to each other. Far from one visualization
of the shape difference being correct and the other artifac-
tual, there is actually no basis in the theory of shape analysis
for deeming either inherently better than the other.

The reason why a superimposition that concentrates the
effects of a shape change in a single or a few landmarks
(Fig. 1a) is so much more appealing for most viewers than
the visualization of the same shape change that distributes
its effects over most or all landmarks (Fig. 1b) seems to
be that most people have a strong cognitive preference for
ascribing the change to as few landmarks as possible. Such
a parsimonious account of the observed changes appears
more natural and understandable than a characterization of
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change distributed over many landmarks. This preference
for parsimonious interpretations of shape changes may also
be connected to the real difficulty of most people, including
experienced morphometricians, to fully grasp the idea that
shape changes are not inherently linked to particular land-
marks. That the allocation of shape changes to particular
landmarks is a matter of parsimony has also been noted by
Albert et al. (2003).

Palci and Lee (2019) presented a different variant of the
critique of Procrustes superimposition invoking the Pinoc-
chio effect. They present an example using two abstract con-
figurations: rectangles with “spines” on the two long sides,
constructed so that all the landmarks can coincide, except
for the tip of one of the spines, which makes that spine big-
ger or smaller. They argue that the resistant-fit superimposi-
tion, which produces a fit where all but one landmarks are
unchanged, corresponds to what most systematists would
intuitively use as an alignment to identify the variable part
of the structure and to characterize the difference between
forms. Perhaps it is important to note that, for Palci and Lee
(2019), the goal of comparing the forms is to define char-
acters that can be used in cladistic analyses (an endeavor
that has itself been questioned; Varén-Gonzélez et al. 2020).
Therefore, they can justify the preference for resistant-fit
superimposition by invoking the preference for parsimoni-
ous representations of change that is fundamental to cladistic
methods in general (e.g., Kitching et al. 1998). By contrast,
the concept of shape does not figure prominently in their rea-
soning. This makes this type of study rather different from
most morphometric studies.

How Do Shape Changes Relate
to Landmarks?

When Pinocchio is lying, his nose lengthens dramatically,
resulting in a change of the overall shape of his head and
face from when he is honest. Whereas this premise is clear,
it is much more difficult to assign this effect to specific land-
marks. There is no way to decide objectively whether the
landmark at the tip of the nose is moving forward and away
from the landmarks on other parts of the face, or whether
those landmarks together move posteriorly and thus away
from the tip of the nose. Both descriptions characterize the
shape change correctly, as each of them uses one icon for
the starting shape (honest Pinocchio, with short nose) and
one for the target shape (lying Pinocchio, with long nose).
Because this shape change happens while Pinocchio may
be moving around freely, there is no fixed coordinate sys-
tem that could serve as a reference for the choice of a pair
of icons. As a result, there are many pairs of icons that are
equivalent in showing the same shape change, but that result
in different displacements of the landmarks (e.g., Fig. 1).



Evolutionary Biology (2021) 48:115-127

19

Accordingly, there is no unique association between shape
changes and landmark displacements.

The reason for this apparent ambiguity is that shape
changes affect the arrangement of the landmarks relative
to each other. It is therefore more helpful to consider shape
changes to happen between the landmarks, rather than ar
particular landmarks. In a biological context, this means that
shape changes result from changes in the tissues between
the landmarks, not at the landmarks per se. Shape changes
originate because the tissues surrounding the landmarks
expand, contract, warp or distort so that they push or pull
the landmarks in different directions. According to this view,
the landmarks are dragged along passively by the processes
that produce change in the interjacent tissues.

A particularly clear illustration of this idea are studies
of leaf growth in which investigators draw or print a grid of
points on the surface of a developing leaf and repeatedly take
pictures as the leaf expands (Avery 1933; Saurer and Possin-
gham 1970; Poethig and Sussex 1985; Granier and Tardieu
1998; Wang et al. 2011). Changes in the leaf shape and size
can be analyzed based on the changes in the arrangement
of the points in the grid, which is stretched and distorted to
various degrees depending on the relative rates of growth in
different directions at every location on the leaf. In this type
of experiment, it is particularly evident that the points of
the grid are moved passively by the growth processes in the
expanding leaf, not by any active involvement of the mark-
ers themselves. Of course, the same processes that produce
relative shifts among artificial markers also can displace
landmarks that are defined anatomically. These landmarks
are recognizable without experimental intervention, but
their positions relative to each other (and in relation to the
structure on which they are located) are also determined by
variation in the tissues that surround the landmarks, not by
the landmarks themselves.

The reasoning that shape changes originate from pro-
cesses taking place in the tissues in which landmarks are
situated, and that landmarks are displaced as a result, con-
siders processes akin to morphogenetic movements, where
tissues deform or move and therefore can push and pull
around passive markers such as landmarks (Montell 2008;
Kennaway et al. 2011). This raises the questions whether dif-
ferent types of developmental processes, such as patterning
events where new boundaries or cell domains are specified
in apparently homogeneous arrays of cells, might behave
differently and constitute mechanisms for locally autono-
mous developmental processes. If so, such processes might
produce variation in the resulting structures, and thus also
landmarks, that is independent of surrounding tissues. Yet,
the available information about these patterning mechanisms
does not support this idea, because patterning inputs, such
as morphogen gradients and other intercellular signaling
processes, are themselves not acting strictly locally, but are

controlling patterning and growth throughout a region and
are thereby integrating local patterns with the surrounding
tissues (Sagner and Briscoe 2017). Also, patterning pro-
cesses and morphogenetic movements interact (Heisenberg
and Bellaiche 2013; Gilmour et al. 2017), further caus-
ing variation to have regional rather than strictly localized
effects.

These considerations lead to the conclusion that, from a
biological point of view, shape changes cannot be ascribed to
individual landmarks but are associated inextricably with the
space between them. Landmarks are not the agents of shape
change, but changes in the surrounding tissues displace the
landmarks and rearrange the configurations they form. At
most, therefore, shape changes can be localized to a region
between neighboring landmarks, but not to individual land-
marks on either side of such a region.

Visualizations of Shape Changes

As mentioned above, visualizations of shape changes usu-
ally involve two icons representing the two shapes being
compared. Even though it makes no difference for the shape
comparison per se, the choice of icons from the equivalence
classes corresponding to the two shapes can have a substan-
tial effect on how a viewer perceives the shape change. Fig-
ure 1 shows three visualizations of the same shape change:
the three black outlines represent icons from the equivalence
class of one shape and the three gray outlines are icons from
the equivalence class of another shape. Therefore, in princi-
ple, all pairwise comparisons between any of the black out-
lines and any of the gray outlines in the figure are equivalent
because they show the same shape change (and there would
be an infinity of other possible visualizations showing icons
of the two shapes in different sizes, positions, and orienta-
tions). In practice, however, the three pairwise comparisons
within the parts of the figure labeled (a), (b), and (c) are
most relevant.

Discussions of the Pinocchio effect often contrast two
visualizations: one that maximally concentrates differences
at one or a few landmarks (Fig. 1a) and one that disperses
the differences over most or all of the landmarks (Fig. 1b).
Resistant-fit superimposition (Siegel and Benson 1982;
Chapman 1990; Rohlf and Slice 1990) is a method for super-
imposing landmark configurations so that differences are
concentrated in one or a few landmarks. By contrast, least-
squares Procrustes superimposition (Goodall 1991; Dryden
and Mardia 2016) tends to distribute changes over multiple
landmarks because the least-squares criterion penalizes large
differences in individual landmarks (there is a smaller over-
all penalty for many small differences). How much the visu-
alizations obtained with different superimposition methods
differ depends on the shape difference between landmark
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configurations. Explanations of the Pinocchio effect often
use landmark configurations for which there is a pair of icons
that differ in the position of just one landmark, whereas all
others coincide perfectly. As a result, there is an extreme
difference between the visualization that concentrates the
effects of shape variation in few landmarks, a single one in
this case (Fig. 1a), and the visualization that distributes these
effects over many landmarks (Fig. 1b).

That a visualization where the effects of a shape differ-
ence are concentrated in one or a few landmarks appeals
more to viewers than one where changes are distributed over
many landmarks seems to relate to a widespread preference
for simple characterizations of shape changes. Such a pref-
erence, however, is entirely a matter of the perception of
differences between pairs of icons by the human visual and
cognitive systems, but it does not have a basis in the theory
of shape analysis, for which all visualizations of a given
shape change are equivalent.

There are visualization methods other than pairs of icons
shown in some position on top of each other or side by side
(Fig. 1). Especially transformation grids (Thompson 1961)
using the thin-plate spline (Bookstein 1989) are relevant
here, because they offer a way to avoid the visualization
using a pair of icons (Fig. 2). Transformation grids use a
different type of reasoning, because they involve an implicit
comparison between a starting shape, for which the trans-
formation grid is perfectly rectangular and all grid cells are
usually square (Fig. 2a), and a target shape for which the grid
is warped (Fig. 2b). This warping is the same, regardless

——

Fig.2 Visualizations of a shape change in Drosophila wings with
warped transformation grids and outline drawings. The shape change
is the same from a to b as from ¢ to d. By knowing that the start-
ing grid is perfectly rectangular and that all grid cells are square, the
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of the size, position, and orientation of the icons used for
the starting and target shapes, as the grids take a size, posi-
tion and orientation to match those of the corresponding
icon. The warped transformation grid shows changes in the
regions affected by shape changes, which may appear as
relative expansions or contractions, shearing, bending and
similar regional distortions. Because the interpolated grid
lines are distorted by the rearrangement of landmarks rela-
tive to one another, warped transformation grids do not dis-
play any changes directly attributable to specific landmarks.
That is true for the warped transformation grid per se (as
in Fig. 2b), but not for some widely used ways to visualize
transformation grids, with displacements of individual land-
marks added to the transformation grid. Those landmark dis-
placements, of course, do depend critically on the particular
choice of icons and on the way the landmark configurations
are superimposed on top of each other.

A crucial factor for the appearance and interpretation of
transformation grids is the arrangement of the grid in the
starting form, namely its alignment in relation to the anatom-
ical axes (anterior—posterior, dorsal-ventral, and left-right)
of the structure under study as well as the number and spac-
ing of the grid lines. These choices affect the relations of the
grid to the landmarks, for instance, whether specific land-
mark lies in the space between grid lines or whether a grid
line passes through it. Changing the directions and spacing
of the grid lines in the starting form, or the orientation of
the grid in relation to the configuration, can therefore lead
to substantial differences in the appearance of the warped

b

=

viewer can interpret a shape change based only on the warped grid b
alone. For warped outline drawings, it is best to display graphs of the
starting (c) and target shapes (d) side by side
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transformation grid that visualizes the target shape, even
for a single, constant shape change (Klingenberg 2013b).
To some extent, these difficulties can be circumvented by
using 2D drawings (Fig. 2c, d) or 3D surfaces instead of a
rectangular grid, which provides a more intuitive anatomical
interpretation (Klingenberg 2013b).

Transformation grids or warped outline drawings or sur-
faces, with starting and target shapes presented side by side
(Fig. 2), can visualize shape changes without superimposing
two icons. As a result, these graphs do not give the appear-
ance that each landmark is shifting from one specific posi-
tion to another. Therefore, these visualizations reduce the
temptation for the viewers to ascribe shape changes to indi-
vidual landmarks. Thereby, these visualizations also avoid
some of the misconceptions related to the Pinocchio effect.

Simulation Studies and the Pinocchio Effect

Most published explanations of the Pinocchio effect use sim-
ulated data or examples in some way (Chapman 1990; Rohlf
and Slice 1990; Walker 2000; Gill et al. 2007; Hallgrimsson
et al. 2015; Tatsuta et al. 2018; Palci and Lee 2019), but they
are widely used in different contexts as well, where they
raise similar questions. Therefore, it is useful to think about
simulations and the reasoning that underlies them. Simula-
tion studies are special in science because the investigator
can freely construct the underlying theoretical model that
defines the true process generating the data. Also, the inves-
tigator has complete knowledge of the model. This is differ-
ent from empirical scientific studies, where various models
can be fit to the data, but where it is never completely known
whether a particular model is actually true.

In the context of shape analysis, simulation studies are
special in that the model also contains a specific set of icons,
and therefore implies a particular size, position and orienta-
tion for each of the landmark configurations. This is clearest
in simple simulations demonstrating the Pinocchio effect by
comparing two landmark configurations that are identical
except for a difference in the position of a single landmark
(as in Fig. 1a; Chapman 1990; Walker 2000; Gill et al. 2007,
Palci and Lee 2019) or of just a few landmarks (Siegel and
Benson 1982; Hallgrimsson et al. 2015; Tatsuta et al. 2018).
The fact that landmark configurations aligned by Procrustes
superimposition differ in the positions of many landmarks,
not just of those landmarks where the differences were in
the simulated configurations, is then interpreted as a flaw of
the Procrustes approach. The reasoning that underlies this
interpretation has not been explained in detail or analyzed
critically.

First, recall that Procrustes superimposition is a method
for extracting shape variation. Accordingly, Procrustes-
superimposed landmark configurations preserve the shapes

of the configurations in the original data, but the non-shape
components of variation are standardized as part of the pro-
cedure. It is therefore clearly reasonable to expect Procrustes
superimposition to recover shape differences between con-
figurations. It is not nearly as clear, however, whether a
method that is intended to extract only shape differences
should reasonably be expected to recover a particular pair of
icons including the possible differences in their sizes, posi-
tions or orientations. This raises the question whether the
changes simulated in demonstrations of the Pinocchio effect
are shape changes or whether they also involve changes in
size, position and orientation.

For the example of Pinocchio’s nose, it is fairly clear that
moving the landmark at the tip of the nose away from the
remaining landmarks on the face and head moves that land-
mark away from the overall centroid, and thereby in general
will increase centroid size. This association of shape and
size in the example of Pinocchio’s nose has been acknowl-
edged (Hallgrimsson et al. 2015). Similarly, for the example
of Fig. 1a, it is clear that the black figure shares borders with
the gray figure or is contained inside it, and therefore must
have a smaller centroid size (and is also smaller in terms
of its area and other size measures involving all five land-
marks). These examples show that the non-shape aspects
of a landmark configuration can be affected, but they raise
the more general question whether shifts of only one or a
few landmarks always involve the non-shape components
of size, position, and orientation, or whether there are such
changes that affect only shape. To answer this question, it
is necessary to consider whether it is possible to change
the position of one or a few landmarks in a configuration
while maintaining the various constraints on shape variation
(Klingenberg 2020).

For shifts in a single landmark, it is possible to draw some
clear and general conclusions by considering what type
of small shifts in single landmarks can maintain specific
aspects of the configuration. To maintain the same centroid
size for the whole configuration, a landmark can only move
on a circle around the centroid of the configuration, but it
cannot shift in a radial direction toward or away from the
centroid (Fig. 3a). To maintain the same overall orientation
for the configuration, a landmark can move on a straight line
toward or away from the centroid (Fig. 3b). Combining these
two constraints means that there is no way for a single land-
mark to change its position that simultaneously maintains a
constant centroid size and constant orientation for the overall
configuration. Any shift in a single landmark also inevitably
alters the position of the centroid of the configuration, which
implies a shift in the overall position of the configuration.
To compensate for this, a change of every other landmark in
the opposite direction would be required (Fig. 3c). Overall,
therefore, it is clear that there cannot be a change in the
position of a single landmark in a configuration that yields
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Fig.3 Changes to single landmarks in a configuration. Each graph
shows a configuration of six landmarks (black dots) and their centroid
(+). All landmark shifts are exaggerated for better visibility. a To pre-
serve a constant centroid size of the configuration, a landmark can
move on a circle around the centroid. b To maintain the orientation of
the configuration, a landmark can move along a straight line from the
centroid. ¢ To maintain a constant position for the configuration, any
shift of a landmark requires a smaller shift of all the remaining land-
marks in the opposite direction

only a change of shape, but leaves size, position and orien-
tation unaltered. Simulations of the Pinocchio effect based
on shifts of single landmarks therefore inevitably entail
changes in the size, position or orientation of the landmark
configuration.

It is more difficult to gauge the consequences of shifts in
two or more landmarks because the effects of changes in one
landmark potentially can be balanced by changes in other
landmarks. Nevertheless, it is difficult to think of combina-
tions of changes in just two landmarks so that all the shape
constraints are met for the whole landmark configuration.
Also, based on the nature of those constraints (Klingenberg
2020), it is likely that most or all the landmarks, rather than
just a small number, are involved in most shape changes.
The requirement can also be expressed algebraically: the
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vector of the shape change must be orthogonal to all the four
(for 2D data) or seven (for 3D data) vectors characterizing
the shape constraints, which in part depend on the starting
shape (Klingenberg 2020). This condition is challenging to
meet. Changes that are concentrated in just a few landmarks
are very likely to include components of change in the non-
shape features of size, position, and orientation. Therefore,
it generally cannot be expected that methods that focus of
shape variation, such as Procrustes superimposition, can
recover the changes in simulated examples of changes in
one or only a few landmarks.

A different type of simulation generates samples of land-
mark configurations by using a specific configuration as
the mean and adding variation as random displacements
of landmarks drawn from some specified distribution. This
approach has been used widely in the development of sta-
tistical shape analysis and is often called offset or pertur-
bation model (Goodall 1991; Rohlf 2000, 2003; Lele and
Richtsmeier 2001; Dryden and Mardia 2016). Some of these
simulation studies have used isotropic normal displacements
(Rohlf 2000, 2003; Cardini 2019), where deviations for all
landmark coordinates are drawn independently from normal
distributions with zero means and the same variance, distri-
butions with various degrees of covariation between land-
marks (Goswami et al. 2019), or a distribution so that some
landmarks are more variable than others (Walker 2000). The
simulated data then undergo a Procrustes superimposition
and usually some further analyses. Often the results of these
analyses are compared to the original simulated data, or at
least the results are interpreted in relation to how the data
were simulated (Walker 2000; Cardini 2019; Goswami et al.
2019). For instance, Walker (2000) found that the covariance
matrix of Procrustes-superimposed landmark configurations
differed from the covariance matrix of the original simulated
configurations, more so than the covariance matrix derived
from configurations superimposed by generalized resistant
fit (Rohlf and Slice 1990). Cardini (2019) observed that,
after Procrustes superimposition, there was covariation
among landmarks and that this covariation was structured
to suggest modularity, even though the data were simu-
lated from isotropic distributions and independently among
landmarks. Similarly, Goswami et al. (2019) ran simula-
tions using covariance structures with various patterns of
modularity and found that most but not all of them could
be recovered from Procrustes-superimposed landmark coor-
dinates. All these studies discussed the results as changes
or distortions of the covariance structure induced by Pro-
crustes superimposition. None of these studies, however,
paid explicit attention to the fact that the difference between
covariance structures of simulated data before and after Pro-
crustes superimposition also involves the difference that the
original simulated data include variation in both shape and
the non-shape components of size, position and orientation,
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whereas Procrustes-superimposed data contain exclusively
shape variation.

Some of the observed effects in these studies result
from the difference between the unconstrained variation of
landmarks in the simulated data and the Procrustes-super-
imposed data that must obey the shape constraints (Klin-
genberg 2020). One of the main results of Walker’s (2000)
study is that the discrepancies between methods were larg-
est for small numbers of landmarks, and decreased as more
landmarks were included. To understand this effect, it is
helpful to consider the dimensionality of the data. For 2D
data with k landmarks, there are 2k landmark coordinates
and four shape constraints, resulting in 2k — 4 shape dimen-
sions that are retained in the Procrustes-superimposed data.
With an isotropic distribution of landmark displacements,
every dimension of the original variation contains the same
amount of variation: if there are 2k units of variation overall,
of which 2k — 4 units are shape variation. It follows that the
proportion of the non-shape variation that is removed by the
Procrustes fit is 4/2k. This proportion is quite large if few
landmarks are considered (e.g., it is 2/3 for triangles), but it
diminishes with increasing numbers of landmarks. Because
Walker’s (2000) simulations did not use isotropic varia-
tion, these calculations don’t apply directly to his study, but
the same effects still are bound to produce some reduction
from the unconstrained variation in the simulated landmark
deviations to exclusively shape variation in the Procrustes-
superimposed configurations, and the calculation for the
isotropic data explains the finding that the relative discrep-
ancies diminish with increasing numbers of landmarks.

The changes in the covariance patterns before and after
Procrustes superimposition that were observed in some
simulation studies (Cardini 2019; Goswami et al. 2019) can
also be understood as consequences of the shape constraints
(Klingenberg 2020). Because these constraints almost
always involve all landmarks, applying them to simulated
data may change covariation among landmarks. Translations
always affect all landmarks equally, and corresponding con-
straints may therefore also have joint effects on landmarks.
The vectors for scaling and rotation are functions of the ref-
erence shape (Klingenberg 2020), which is best chosen in
the present as the landmark configuration used to simulate
data. Accordingly, these constraints may affect the land-
marks differentially, but they are also likely to affect all or
most landmarks somehow. It is therefore not surprising that
the covariance structure changes when the shape constraints
are applied.

These considerations have major implications for how the
results of simulation studies should be interpreted. In par-
ticular, they call into question the implicit assumption that
the covariance structure of Procrustes-superimposed land-
mark configurations should match the covariance structure
of the same configurations as they were generated in the

simulations. The data simulated by random displacements of
landmarks around a given starting configuration contain var-
iation in shape as well as variation in the non-shape features
of size, position and orientation. By contrast, Procrustes-
superimposed landmark configurations contain only shape
variation. A discrepancy between the covariance structures
of the original and Procrustes-superimposed landmark con-
figurations is not an indication of a poor performance of the
Procrustes method, but simply a consequence of whether
or not the non-shape components of variation are included
or not. If the goal is to find a method that represents the
covariance structure of the original data, Procrustes super-
imposition is inherently a poor choice of method because it
focuses on shape only and omits all non-shape components
of variation. If the goal of the simulation is to extract shape
variation, discrepancies between the simulated data and the
Procrustes-superimposed configurations are not a problem.
Instead, the investigator might want to consider using a dif-
ferent approach for the simulation, which provides pure
shape variation without an additional non-shape component.

Natural Space and Natural Superimposition:
How Natural are They?

The ideas implied in the visualizations of superimposed
shapes and in simulations of landmark variation using off-
set models have been formalized in the closely related con-
cepts of the “natural space” (Richtsmeier et al. 2005) and
the “natural superimposition” (Goswami et al. 2019). Both
of these embody a notion that the non-shape parameters of
the models, namely the position, orientation and possibly
size of landmark configurations included in comparisons or
produced in simulations, are in some way natural in relation
to the scientific context of morphometric studies. The moti-
vation clearly comes from the offset shape models, within
which the underlying space is indeed natural in relation to
the generating process, but there is a perception that these
concepts also apply beyond these models.

The concept of the natural space was proposed with little
explanation except that this is the coordinate system where
within-sample variation arises (Richtsmeier et al. 2005),
whereas Goswami et al. (2019, p. 679) stated explicitly
that the concept of the natural superimposition “is a bio-
logically vague idea”. To understand some of the reason-
ing underlying these concepts in more detail, it is helpful to
consider the fictitious examples offered by Richtsmeier and
colleagues (Lele and Richtsmeier 2001; Richtsmeier et al.
2002) to explain similar ideas before they coined the concept
of the natural space (Richtsmeier et al. 2005). One example
involves a landmark configuration that is drawn with red
marker pen on a transparency (Lele and Richtsmeier 2001).
Additional transparencies are then laid on top of it (without
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any effort to align the margins of the transparencies) and
the original landmarks are copied onto these, with a small
amount of variability, with a black pen. After this, someone
drops the pile of transparencies on the floor, and the trans-
parency with the red marks is lost altogether. As a result,
the landmark configurations are no longer in the original
alignment to each other. Reconstructing precisely the same
alignment and starting configuration would require know-
ing the exact displacements of the transparencies. Alterna-
tively, one might try to superimpose the transparencies in
a way so that the alignment of the landmark configurations
is optimal in some sense, and to find a consensus to recon-
struct the starting configuration. The second example is a
machine that produces wax figurines of galagos using a mold
(Richtsmeier et al. 2002). After the wax galagos are taken
from the mold, various anatomical details are subtly modi-
fied by hand and the figures are placed on a shelf in haphaz-
ard location and orientation. For some reason, the mold in
the machine is lost, and the operator wants to reconstruct a
mold from the wax figures that were previously produced.
This would require superimposing multiple wax galagos
to produce some consensus from which the mold could be
reconstructed. The original alignment of transparencies and
the mold stand for the idea of a true position and orientation
that the later publication (Richtsmeier et al. 2005) called the
natural space.

To evaluate how robust the conclusions from these exam-
ples are for application to real biological data, we can try
to modify the examples slightly and see whether they still
give rise to the idea of a natural space. Instead of tracing the
landmark configuration from the first transparency directly
to the others, let’s imagine that we project the original trans-
parency onto the screen in a classroom, hand out blank trans-
parencies and black pens to the students, and ask them to
copy the projected landmark configuration onto their trans-
parencies. We can then collect all transparencies together
and overlay them to find a consensus and to characterize
the variation among the students’ versions. For the second
example, let’s assume that, instead of producing wax galagos
in a machine using a mold, there is an artist who models
or carves each figurine separately as copies of an original
galago sculpture. These modifications of the two scenarios
differ in some respects from the original examples. First,
variation in size is an obvious additional factor that comes
into play and can enter the analyses. Second, the processes
that produce the landmark configurations or galago figurines
involve no alignment that is original or special in any sense.
Each new copy of the landmark configuration or each new
galago figure has its own location and coordinate system,
and there is no position or coordinate system that is privi-
leged by comparison to others.

For the published versions of the hypothetical examples
(Lele and Richtsmeier 2001; Richtsmeier et al. 2002), the
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location of the original transparency with the landmarks
drawn in red pen or of the mold in the galago example is spe-
cial because the new copies originate in that specific location
and orientation. For this reason, this special coordinate sys-
tem is closely related to the idea of a natural space (Richts-
meier et al. 2005). By contrast, for my modified versions
above, there is no such privileged location or coordinate
system. In that version, there is no equivalent whatsoever for
a space or superimposition that would be any more natural
than any other. From this comparison between the two ver-
sions of the examples, it becomes clear that the fundamental
insight the examples were intended to convey depends on
the details of the process used in each example: it requires
tracing the landmark configurations directly from one trans-
parency to another one laid on top of it rather than copying
by eye from a screen to a transparency on the table, or pro-
ducing galago figures by molding rather than modeling. If
a small change in the imaginary scenario makes such a big
difference for the conclusion that follows from it, this casts
doubt on whether the notion of some coordinate systems
being special or more natural than others is justified at all.
This reasoning is invalid, of course, if my modifications
of the scenarios are misrepresentations of the biological pro-
cesses responsible for the variation in morphometric data.
This raises the question whether the original scenarios or my
modified versions are a more appropriate (not to mention real-
istic) analogue of the processes by which biological structures
originate. In other words, is there some direct transfer of mor-
phological form, such as it is characteristic for direct tracing
of landmark configurations or molding of wax figurines, or are
the processes of copying or modeling in a different place per-
haps better analogues for biological processes? Developmen-
tal biology indicates that the latter is the case. Morphological
structures arise anew without direct contact with a preexisting
copy of the corresponding structure. For instance, mammalian
skulls develop in the embryo in the maternal uterus, with no
direct contact to the maternal skull. Even more generic fea-
tures such as the anatomical axes of an embryo (anterior—pos-
terior, dorsal-ventral and left-right) in many animals originate
in the egg or embryo (e.g., by gravity, via the site of sperm
entry into the egg, etc.) and are often not carried over from
the maternal body axes (Goldstein and Freeman 1997). Direct
transfer of features is rare in the development of organisms,
and even where it occurs, it is often limited to cellular compo-
nents such as cell membrane, which undergoes fundamental
changes before the adult condition is reached. Overall, there-
fore, my modified versions of the fictitious examples of the
landmarks on transparencies (Lele and Richtsmeier 2001) or
of the galago figurines (Richtsmeier et al. 2002) may actually
be rather closer to biological reality than the original versions.
As a result, those examples do nothing to justify the idea of
a true or natural alignment among landmark configurations
when it comes to morphometric analyses of biological data:
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there is nothing natural about the “natural space” or “natural
superimposition”.

There is a context, however, where the natural space and
natural superimposition are perfectly natural: simulations
using the perturbation model (Rohlf and Slice 1990; Goodall
1991; Lele and Richtsmeier 2001; Richtsmeier et al. 2005;
Goswami et al. 2019). Within this model, the original align-
ment in which a sample of landmark configurations is gen-
erated from a starting configuration is clearly natural. Each
landmark configuration generated in the sample is a particular
icon that has not only a particular shape, but also a particular
size, position, and orientation. This icon is natural because
of how it originated in the perturbation model. For empirical
landmark data, by contrast, no such original alignment of land-
mark configurations exists. All icons of the equivalence class
that corresponds to a particular shape are equivalent, and none
is any more or any less natural than any other. Richtsmeier
et al. (2002) concluded that “in practice it is unrealistic to try
to determine the true orientation of a biological form” (p. 69).
This conclusion is justified, but it is not just a practical issue
for empirical studies, but it goes deeper, because no single
true orientation exists for biological objects. The positions and
orientations of the specimens from which landmark data are
collected are irrelevant for the biological questions that mor-
phometric studies address. Investigators are free to place speci-
mens in any relation to the camera, scanner or digitizer that is
convenient for the use of that equipment. Extraction of shape
or form information from the data automatically removes the
arbitrary variation in position and orientation.

What does this mean for the Pinocchio effect? These
arguments further emphasize the importance to keep in
mind that shape variation is inherently relative in terms of
how variation can be allocated to specific landmarks by the
choice of particular icons. The Pinocchio effect is usually
invoked if a shape change can be characterized by a pair of
icons that differ only (or at least mostly) in the position of a
single landmark, whereas the remaining landmarks coincide
(e.g., Fig. 1a). As shown above, this alignment of landmark
configurations is no more natural or true than any other
alignment involving the same equivalence classes of icons
(e.g., Figs. 1b, c). And just as with the hypothetical examples
of the landmark configurations drawn on transparencies or
of the galago figurines, simulations of the Pinocchio effect
using variants of the perturbation model (Rohlf and Slice
1990; Walker 2000) do not realistically match the situation
of empirical studies of shape.

Summary and Outlook

The Pinocchio effect has a long and undistinguished history
of confusing morphometricians, including myself, who have
referred to it for explaining results of empirical analyses,

computer simulations or theoretical considerations (Chap-
man 1990; Klingenberg and McIntyre 1998; Walker 2000;
Slice 2005; Gill et al. 2007; von Cramon-Taubadel et al.
2007; Zelditch et al. 2012; Hallgrimsson et al. 2015; Fru-
ciano 2016; Tatsuta et al. 2018; Palci and Lee 2019). Given
that most morphometric studies aim to investigate variation
in shape, which is defined as all the geometric features of
an object except for its size, position and orientation, it is
ironic that the concerns about the Pinocchio effect focus
precisely on those aspects, position and orientation, that are
not aspects of shape.

The Pinocchio effect stems from the widespread prefer-
ence for superimpositions that involve change in just one
or few landmarks in a configuration over superimpositions
where many landmarks change positions (e.g., Fig. 1a—c).
Visualizations that use pairs of icons where changes are
concentrated in few landmarks tend to appear more “natu-
ral” or “correct” than those where changes are distributed
over many landmarks, even if they actually involve the same
shape difference. This is a powerful perceptual bias that has
considerably influenced the thinking about superimposition
methods and especially about the Pinocchio effect. The rea-
soning presented in this paper makes it clear that there is no
basis for any such preference in the logic that underlies the
methods of geometric morphometrics.

Perhaps the greatest inherent difficulty of morphometric
methods is the fact that it is not possible to assign shape
changes unambiguously to individual landmarks or even par-
ticular sets of landmarks. To the contrary, the relative nature
shape changes encompasses all the landmarks in the con-
figuration under study. There are far-reaching consequences
of this realization that extend beyond the Pinocchio effect,
which are especially relevant for studies of morphological
integration and modularity (Klingenberg 2013a; Cardini
2019; Goswami et al. 2019). Those consequences need to
be fully explored elsewhere.
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