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An R Script to Estimate Which and How Many Landmarks
Represent the Most Variable Parts of an Object
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SUMMARY: The study of the shape variation in geometric morphometrics has an important limitation known as the Pinocchio

effect. The Pinocchio effect produces artifactual variances of the landmarks and implies that it is not possible to knphdlogicea

change structure of an object, other than by dividing the landmark sets and then comparing them. This, however, involy@gomaking
assumptions about the pattern of variation of an object. In this study, we provide a code in R to iterate over a comipletErseks and

test all possible combinations of landmarks until deliver those landmarks associated with the largest to the smallestcabghlaniges.

We tested this on a sample of 28 landmarks in 143 3D models of human skulls. The results indicated that this procesa egpo@sdilt
variance of a subset of landmarks that is an order of magnitude larger than that of several other regions of the skillbd hiskas it
possible to describe the pattern of variation of any 2D or 3D object represented by fixed landmarks, to distinguishéhtusbaiest have

more morphological dispersion, and to avoid any aprioristic assumptions about how the morphological changes of an object behave
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INTRODUCTION

Geometric morphometrics have been one of the a particular morphological feature. This produces artifactual
predominant approaches in studies of shape variationsrésults of the variance and certainly represents a limitation in
recent decades. It consists of the study of the geometrytia¢ study of morphological variations in general.
an object based on Cartesian coordinates of landmarks (Slice,

2007; Toro Ibacachet al 2010) and has been used to study Although other estimates have been proposed to
the most varied objects in archaeology and bioarchaeologyercome this problem and achieve better calculations of
(among many others, lithics, bones, cut marks, and ceramiggdmark covariation, such as the maximum likelihood
(Wilczeket al, 2014; Courtenagt al, 2019; Bucchet al,  criterion (Theobald & Wuttke, 2006) or generalized resistant
2023). However, this methodology has a limitation in théit (GRF) (Rohlf & Slice, 1990; Walker, 2000), GLS
study of shape variation, known as the Pinocchio effeBrocrustes superimposition remain by far the most popular
(Chapman, 1990), which is derived from the use of the maitperimposition method.

commonly used superimposition method in geometric

morphometrics (generalized least squares -GLS- Procrustes ~ The Pinocchio effect, coupled with the fact that shape
superimposition). The least-square criterion distributes tls@anges cannot be attributed to particular landmarks, but to
displacement of a few landmarks across all the otheH tissues or the space included between landmarks
landmarks because it penalizes the landmarks with tki§lingenberg, 2013, 2020), has perhaps hinder the study of
greatest variation and distributes this variation among tilee effect of different landmark configurations on the
other landmarks (Chapman, 1990; Klingenberg, 202@ariance of an object, or in which parts of an object the most
Zelditchet al, 2004). This results in all landmark coordinatedr least variance is concentrated. However, knowing this
values after Procrustes superimposition having similayould allow us to answer questions such as which
dispersion and, consequently, variation cannot be assigriedrphological features vary more or less, how many and
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which landmarks summarize the most and least variable aMATERIAL AND METHOD

of an object, or is this pattern of variation the same between

species, populations, sexes, or any other category of interest?  The 143 3D models belong to the Subactual collection
In this study, we provided a code in R to address thé Santiago housed at the University of Chile. This collection
Pinocchio effect problem and answer these questions. FB®icomposed of people who died in the second half of the
this, we used the pattern of cranial variation calculated @dth century, came from peripheral areas of Santiago de
a sample of 143 3D models of Chilean population describé&tile, and belonged to low socioeconomic strata(Meza-
with an initial configuration of 28 landmarks. From thes&scobaret al., 2023). Adult skulls with a good state of
28 fixed landmarks (complete configuration), we iterativelpreservation and without obvious pathologies or trauma were
eliminated those that had associated anatomical regionsefected. The 3D models were constructed using
low dispersion until we knew the complete structure of thghotogrammetry as described by Buoehal (2023).
morphological changes. This method provides a sequence

of landmarks from the one describing the least to the most A configuration of 28 3D (m) landmarks (k) was
variable regions and does not require any a priodigitized in the 143 (n) individuals using the AVIZO software
assumptions about which anatomical regions have th® (Visualization Sciences Group) (Fig. 1). The coordinate
greatest shape changes. Although a similar proposal to @atues were imported into R (R Core Team, 2021), and all
have been made for Java (van der Linde & Houle, 200@glculations were performed using this software. The original
the absence of reproducible code in R, one of the makttabase (prior to the Procrustes superimposition) can be
widely used programming languages in this area, has mddend in Supplementary Material 1. Initially, the pooled
it difficult to know which landmarks should be removedrariance of the full configuration of landmarks was
from the analysis calculated. The pooled variance provides a combined value

Fig. 1. Landmark configuration used in this study.
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of the variance of all anatomical landmarks in &), followed by the left masticatory region (landmarks 17 and 18),
configuration and thus allows comparison of thehe landmarks of the upper central part of the facial skeleton, and
degree of dispersion of the landmarks as a whole witiordering the neurocranium (1, 5, and 12). This is followed by
the pooled variance of other landmark sets. regions of the neurocranium and face, whereas those of lesser
dispersion are located, in general, entirely in the neurocranium.
The R script for this process is provided inLandmarks 22, 23, and 13, which describe a region located between
Supplementary Material 2. the external occipital protuberance, asterion, and the landmark located

at the zygomaticofrontal suture, showed the lowest dispersion, as
The iterative process of landmark removal is athey were the first to be removed during iteration (Table I).

follows:
1.From the number of landmarks (k), all possible

combinations of k-1 landmarks were extracted.
2.Each subset of landmarks was subject a generalize

Table I. Pooled variance associated with each subset of landmarks. In
bgld are the set of landmarks associated with the highest pooled variance.

. Tteration Subset odhdmark Landmark Pooled
Procrustes a”a'YS'S- associated with the highest removed variance
3.The pooled variance of each of the k-1 landmark variation in each ération
set combinations was calculated. 0 128 : 6.17E-05
4. The subset of k-1 landmarks that had the highesty 1:21, 23:28 22 6.52E-05
composite variance was selected and the landmarke 1:21, 24:28 23 6.92E-05
from the k-1 configuration that had not been present3 1:12, 14:21, 24:28 13 7.32E-05
in that calculation was permanently removed from 4 112, 14,16:21,24:28 15 7.76E-05
the analysis. 5 1:12, 14,17:21, 24:28 16 8.23E-05
. 6 1:12, 14,17:20, 24:28 21 8.77E-05
5. ReFurn to .pomt.l. The Ia_ndmark removal process, 112 14.17-20. 24:27 o8 9 36E-05
continued iteratively until the least number of g 1:12 14,17:20, 24, 25,27 26 0.000101
landmarks possible for a Procrustes superimpositiong 1:12, 14, 17:20, 25, 27 24 0.00011
(k=3, iteration 25) was reached. 10 1:7,9:12, 14,17:20, 25, 27 8 0.000123
11 1:7,10:12, 14, 17:20, 25, 27 9 0.000135
Therefore, we ended up a sequence ofi2 if;%ozllélly:f?o_'zgaz?z? 164 8-888%2{
landmarks that were removed with the goal of 7, 15.7,10:12,17:20, 27 25 0.000174
eliminating regions associated with low dispersion, 5 1:5.10:12, 17:20, 27 7 0000193
and the pooled variance associated with each set of g 1:5,10:12,17:19, 27 20 0.000214
landmarks at each iteration. 17 15,10:12,17:19 27 0.000248
18 25,10:12,17:19 1 0.00029
RESULTS 19 2:4,10:12,17:19 5 0.000331
20 24,10, 11,17:19 12 0.000382
21 24,10, 11,18, 19 17 0.000454
Table | shows the landmark removal process, 24 10 11 19 18 0000549
and Figure 2 shows the change in the pooled variance 3 3.4,10, 11,19 2 0.000669
at each iteration. 24 4,10, 11,19 3 0.000802
25 4,11, 19 10 0.000718
The pooled variance of the original landmark
configuration (28 landmarks) was 6.17E-05, wheres
. . Ba-04- &
the subset of landmarks with the highest poole
variance was an order of magnitude larger and w S =
composed of four landmarks (landmarks 4, 10, 11 _ .
and 19) located in the region of the lower side of th g
maxilla and the lower margin of the right zygomatic-§
(Fig. 1), with a pooled variance of 0.000802. The%;.. 04- =
removal of landmark 10 (located on the inferior margir 8 o
of the right zygomatic) from this subset of four k¢
landmarks caused a drop in the composite variance  z-c:- 00 © 2
the remaining landmarks (4, 11, and 19) (Table ). 0 ¢®

Then, in decreasing order of pooled variance

OO e
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the nasal anatomical region follows (landmarks 2 andrig. 2. Change in pooled variance between iterations 1 and 25.
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DISCUSSION how many and which landmarks of an initial configuration
represent the most and least variable morphological features.

In this study, we propose an R script to estimate thehus, it avoids the limitation of the Pinocchio effect resulting

variation pattern of an object through geometriérom the use of the Procrustes superimposition in geometric

morphometrics that addresses the Pinocchio effect constramirphometrics. In addition, it describes where the major

This method allowed us to compare the morphologicahorphological changes of an object are located, with no

variation between all anatomical regions included in each pfevious assumptions about how the variation in parts of an

the possible combinations landmarks and to estimate tbbject behaves.

landmarks associated to the largest and smallest shape changes.

Itis necessary to mention that this procedure does not elimin& € KNOWLEDGEMENTS
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problem efficiently.

BUCCHI, A.; NEUMANN, A.: QUEVEDO-DIAZ, F. &
Importantly, it also avoids aprioristic assumptionsONSECA, G. M. Un script R para estimar cuéles y cuantos puntos
regarding the structure of variation of an object. This ide referencia representan las partes mas variables de un objeto.
achieved by comparing the pooled variance of all possiblet. J. Morphol., 42(2p89-293, 2024.
combinations of landmarks, which would be impractical if

performed individually. In the example of this paper this RESUMEN: El estudio de la variacion de la forma en
allowed us to observe that the greatest morphological Charﬁgrfometna geométrica tiene una limitacion importante conocida
mo efecto Pinocho. El efecto Pinocho produce variaciones

ampng individuals in the sample is in the right maStlc,atorXrtefactos de los puntos de referencia e implica que no es posible
reg!on, followed .by the nasal area, a”?' thgn the left maSt_'Cat ocer la estructura del cambio morfolégico de un objeto, salvo
region, and not in the skull base, which is usually considerggidiendo los conjuntos de puntos de referencia y luego

a region of important cranial variation in primates, includingomparandolos. Sin embargo, esto implica hacer suposiciones
humans (Bastiet al, 2010; Bennett & Goswami, 2012; Neauxprevias sobre el patrén de variacion de un objeto. En este estudio,
et al, 2019). We believe that this result makes sense becagseporcionamos un c6digo en R para iterar sobre un conjunto
the study sample came from a collection with widespread todt@mpleto de puntos de referencia y probar todas las combinaciones
loss and significant bone resorption in many individuals (UrZLE-PSibles de puntos de referencia hasta entregar aquellos puntos de

et al, 2009). These results are consistent with Eyqeteat referencia asociados con los cambios morfolégicos mas grandes a
; ) los mas pequefios. Probamos esto en una muestra de 28 puntos de

(2019), who, in a sample including the same collection StUdl? erencia en 143 modelos 3D de craneos humanos. Los resultados

here, found that masticatory force influences maxilla S|f“"1peimjicaron gue este proceso puede dar como resultado una variacién

a heterogeneous and undetermined manner. This is alghbinada de un subconjunto de puntos de referencia que es un
consistent with studies indicating that subsistence mode affegtgen de magnitud mayor que el de varias otras regiones del craneo.
craniofacial variation (MVon Cramon-Taubadel, 2011; Nobackste método permite describir el patrén de variacion de cualquier
& Harvati, 2015). Itis also interesting that the right side of thebjeto 2D o 3D representado por puntos de referencia fijos,
maxilla and zygomatic have the largest morphological changdi§tinguir las caracteristicas de forma que tienen mas dispersion
and that the pooled variance is larger here than on the left sfggrfologica y evitar suposiciones aprioristicas sobre como se
because it is described in the literature that people tend $gnPOrtan los cambios morfologicos de un objeto.

chew more with t.he r_igh_t side (Nissa‘qal., 2004; Khamnei. PALABRAS CLAVE: Morfometria geométrica:

et gl., 2019), which 'nd'c.ate_s that this m?thOd of S'[Udy'ng’ariaci()n de forma local; Efecto Pinocho; Superposiciéon de
variance manages to discriminate relatively small shapgocysto: Diferencia.

changes. We therefore believe that the major variation in cranial

shape in this sample is functionally driven.
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