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Abstract
The development of techniques for the acquisition of high-resolution 3D images, such as computed tomography and mag-
netic resonance imaging, has opened new avenues to the study of complex morphologies. Detailed descriptions of internal 
and external traits can be now obtained, allowing the intensive sampling of surface points. In this paper, we introduce a 
morphometric and statistical framework, grounded on Procrustes and Procrustes-like techniques as well as standard spatial 
statistics, to explicitly describe and incorporate the spatial pattern of these surface points into the analyses. We exemplified 
this approach by analyzing ontogenetic changes in a sample of human brain endocasts and inter-specific differences between 
primate skulls. An intensive sampling of points on 3D surfaces was performed by automatic techniques and the morphometric 
variation among specimens was measured by the residuals obtained after the alignment of points. Our results showed that 
shape changes in both examples are spatially structured. Different results were attained by using methods that incorporate 
or not the spatial structure in the evaluation of the effect of specific biological factors on shape variation. Particularly, these 
analyses indicated that the effect of biological factors acting at local scales can be confounded with more systemic factors 
(by example, the effect of the diet on the facial skeleton) if the spatial structure is not taken into account. Overall, our results 
suggest that the intensive description of shape differences among structures using densely sampled points on 3D surfaces 
combined with spatial statistical methods can be used to explore problems not widely addressed in morphological studies.
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The development of techniques for the acquisition of high-
resolution 3D images, such as CT scans and MRI, has 
opened new avenues to the study of complex morpholo-
gies. Detailed descriptions of internal and external traits 
can be now obtained and visualized. However, the analytic 
tools for comparing and assessing morphological variation 
within a geometric morphometric framework have lagged 
behind, being mainly based on the description of discrete 

morphological traits by using a reduced number of ana-
tomical points (landmarks; Klingenberg 2011; Adams et al. 
2013). More recently, different methods have been developed 
for obtaining a better coverage of the structures by means 
of the semi-automatic or automatic placement of points on 
surfaces and curves, called semilandmarks and pseudolan-
dmarks (Gunz et al. 2005; Gunz and Mitteroecker 2013; 
Boyer et al. 2015; Pomidor et al. 2016; Gao et al. 2018). 
These new methods allow the collection of an unprecedented 
volume of morphometric data, which constitute a promis-
ing alternative to assess the patterns of shape variation and 
covariation in evolutionary and developmental studies.

The intensive sampling of points not only provides a 
better description of morphological structures (Adams 
et al. 2013; Gunz and Mitteroecker 2013) but also allows 
the exploration of novel problems that cannot be ade-
quately addressed by using sparsely distributed points. 
In this sense, the new methods for obtaining surface and 
curve points are suitable for studying patterns of variation 

 * Paula N. Gonzalez 
 pgonzalez@fcnym.unlp.edu.ar; paulan.gonza@gmail.com

1 Facultad de Ciencias Naturales y Museo, Universidad 
Nacional de La Plata, La Plata, Argentina

2 CONICET, Consejo Nacional de Investigaciones Científicas 
y Tecnológicas, Buenos Aires, Argentina

3 ENyS, Estudios en Neurociencias y Sistemas Complejos, 
CONICET, Hospital El Cruce Dr, “Néstor C. Kirchner”, 
Universidad Arturo Jauretche, Av. Calchaquí 5401, 
CP1882 Buenos Aires, Argentina

http://orcid.org/0000-0001-6335-7363
http://crossmark.crossref.org/dialog/?doi=10.1007/s11692-019-09479-5&domain=pdf


261Evolutionary Biology (2019) 46:260–270 

1 3

and covariation at different spatial scales within anatomi-
cal structures. One of the most remarkable aspects that 
can be explored with these methods is the spatial pattern 
of morphometric data (Mitteroecker 2009; Márquez et al. 
2012). Spatially neighbor points will likely have similar 
properties than more distant ones—i.e., spatial autocor-
relation (Rohlf 1990)—as a result of the influence of 
factors with localized effects on subsets of close points, 
such as locally expressed molecules or local tissue inter-
actions (Hallgrímsson and Lieberman 2008; Mitteroecker 
and Bookstein 2008; Mitteroecker 2009). The same as in 
ecological and biogeographical studies (Legendre and 
Legendre 1998; Diniz-Filho et al. 2009), the presence of 
spatial autocorrelation in morphometric data has important 
implications in the statistical methods used to describe 
morphological variation and assess its underlying factors. 
For example, when response variables (e.g. shape data) 
are modeled as a function of explanatory or independ-
ent variables (e.g. size), the spatial structure—or other 
dependence structures—in the data perturbs significance 
tests as well as the variance of parameter estimates of the 
standard (non-spatial) statistical techniques, which can 
led to a misunderstanding of the relationship between the 
variables of interest (Legendre and Legendre 1998; Rohlf 
2006; Revell 2009). To date, however, most morphometric 
and statistical approaches do not evaluate neither take into 
account the spatial autocorrelation of the shape variables.

In this paper, we introduce a morphometric and statisti-
cal framework, grounded on Procrustes and Procrustes-like 
techniques as well as standard spatial statistics, to explicitly 
describe and incorporate the spatial pattern of morphomet-
ric data into the analyses. This approach uses densely sam-
pled points on 3D surfaces to describe the morphological 
structures of interest and estimates the variation between 
specimens using point to point residuals of the entire sur-
faces after Procrustes or Procrustes-like alignments (Gunz 
et al. 2005; Boyer et al. 2015; Pomidor et al. 2016). The 
resulting shape data (i.e. Procrustes residuals or pseudolan-
dmark residuals) are then analyzed using spatial statistical 
techniques (Legendre and Legendre 1998; Fortin and Dale 
2005). Particularly, interpolation maps and the Moran’s I 
correlogram are used to explore the spatial pattern of the 
residuals (Sokal and Oden 1978; Barbujani 2000; Diniz-
Filho et al. 2009). Then, statistical techniques that take into 
account the spatial autocorrelation in the data are applied 
to evaluate the influence of independent variables on shape 
variation. This approach allows us both to describe patterns 
of spatial structure in morphometric variables and to test 
the relationship between these variables and biological fac-
tors hypothesized to account for phenotypic variation. In the 
following sections we describe how the approach proposed 
here can be applied in the analysis of semilandmarks and 
pseudolandmarks; and then provide examples based on 3D 

coordinates from skulls of two platyrrhine species and an 
ontogenetic sample of human brain endocasts.

Spatial Analysis in Geometric Morphometric

Acquisition of Surface Points and Morphometric 
Variables

Intensive sampling of points on 3D surfaces can be obtained 
by either manual and semi-automatic (Gunz and Mitteroe-
cker 2013) or automatic techniques (Boyer et al. 2015; Pomi-
dor et al. 2016). Once these points have been collected, the 
morphometric variation among specimens can be measured 
by the residuals obtained after the alignment of points to 
remove differences in position, orientation and—if needed—
scale between configurations. These points are called pseu-
dolandmarks or semilandmarks depending on the algorithm 
of alignment used.

Computation of Residuals from Pseudolandmarks

Pseudolandmarks are coordinates of points obtained by auto-
matic procedures of sampling from 3D meshes (Boyer et al. 
2015; Pomidor et al. 2016). The 3D meshes are aligned by 
using different implementations of the iterative closest point 
(ICP; Besl and McKay 1992) family of algorithms after an 
initial alignment based on the principal axis of variation of 
the surfaces. The correspondence between points is estab-
lished by associating each point on one surface with its near-
est neighbor on another surface. The best alignment is then 
obtained by minimizing the sum of distances between near-
est neighbor points. This type of alignment has been recently 
implemented in two software applications, auto3dgm and 
GPSA (Boyer et al. 2015; Pomidor et al. 2016). Alterna-
tively, the alignment can be obtained by first minimizing 
the Procrustes distances of a subset of landmarks manually 
digitized, and then using the Procrustes parameters obtained 
for aligning the vertices of the entire surface, such as in 
the algorithms implemented in programs for 3D analyses as 
Meshlab (meshlab.sourceforge.net). Finally, after the align-
ment, the residuals are estimated as the Euclidean distance 
between each point and its nearest neighbor. The residuals 
between surface–vertices (Gunz et al. 2012) are then used to 
quantify the morphological differences between specimens.

Computation of Residuals from Semilandmarks

Semilandmarks are  points on homologous surfaces or 
curves obtained by manual or semi-automatic techniques, gen-
erally projecting surface points of a reference on a target sur-
face (Gunz and Mitteroecker 2013). A generalized Procrustes 
superimposition, usually based on the least squares criterion, 
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is applied on these points. This procedure involves centering 
the coordinates at the origin, scaling the configurations to 1 by 
dividing the coordinates by the original centroid size of each 
specimen, and rotating the configurations, usually until the 
sum of squared distances among configurations is minimized 
(Rohlf and Slice 1990). The coordinates of points on surfaces 
are further slid in order to minimize the variance tangential to 
the surfaces or the bending energy (Bookstein 1997; Gunz and 
Mitteroecker 2013). Finally, the Procrustes residuals, defined as 
the Euclidean distance between corresponding semilandmarks, 
can be obtained to describe shape differences between speci-
mens (Gower 1971; Gunz et al. 2012).

Visualization and Analysis of the Spatial Pattern 
in Shape Residuals

The residuals that measure differences between specimens have 
associated a spatial location, which is given by the x, y, z coordi-
nates of each semilandmark or pseudolandmark. Consequently, 
the spatial structure of these residuals can be easily visualized 
by means of interpolation maps using algorithms such as the 
inverse of the distance, kriging and thin-plate spline, among oth-
ers (Márquez et al. 2012; Pomidor et al. 2016). Among the avail-
able algorithms, the inverse distance weighting approach, which 
is frequently used in spatial statistics to generate interpolations 
based on the observations available from neighboring areas, 
it is especially suitable for morphological studies (Legendre 
1993; Legendre and Legendre 1998). This algorithm estimates 
the unknown values assigning the weighted mean of the known 
observations in the neighboring area; y unknown = ∑wi yi, where 
yi is a known value and weight wi is the inverse of the Euclidean 
distance between this value (e.g., semilandmark or pseudoland-
mark residuals) and the unknown observation. When the inverse 
distance weighting interpolation is applied to morphometric 
data, it is assumed that the interpolated values will be similar to 
the known values of a given anatomical region.

The spatial pattern of the differences between configu-
rations of points can be further explored measuring the 
autocorrelation in shape residuals. Particularly, the pattern 
of spatial variation in the residual values can be efficiently 
explored using spatial correlograms or alternative techniques 
such as variograms (Legendre and Legendre 1998). In spa-
tial statistics, the more frequently used technique measures 
the magnitude of spatial autocorrelation by the Moran’s I 
autocorrelation coefficient:

where n is the number of spatial locations, yi and yj are the 
values of the residual measured in the spatial locations i and 
j, y′ is the mean y, and wij is an element of a W matrix. In the 

I =

�
n

S

��∑
i
∑

j
�
yi − y�

��
yj − y�

�
wij

∑
i
�
yi − y�

�2

�

W matrix the elements are equal to 1 if the pair i, j of spatial 
locations are within the class interval of a given distance 
or equal to 0 if the pair of locations are in different interval 
class. S is the number of cells in the W matrix. For morpho-
metric data, the Moran’s I coefficients can be plotted against 
the Euclidean distances between spatial locations or points 
in one surface used as reference, generating a spatial correlo-
gram (Sokal and Oden 1978; Legendre and Legendre 1998).

An alternative to explore the spatial pattern of variation in 
the shape residuals is the use of non-parametric and iterative 
algorithms as the spatial K-means clustering, which estimates 
k different clusters that minimize the total error sum of squares 
in the residuals generating groups with the greatest distinction. 
This analysis can be run by taking into account or not the spa-
tial localization of the residuals (Rangel et al. 2010).

Spatial Statistical Methods

The relationship between the pattern of variation in the shape 
residuals and independent variables can be explored by using 
statistical methods that incorporate the spatial localization of 
the shape residuals in the model. Several methods have been 
proposed to accomplish this, such as trend surface analysis, 
spatial eigenvector mapping and autoregressive method. The 
trend surface analysis is modeled as:

where SR is the shape residual matrix; X represents a matrix 
containing one or several independent variables; B is the 
matrix of partial regression coefficients; G = LSL, with L 
being a matrix with the localization of shape residuals and 
 SL the slopes of these localizations; and e is the error term 
(Legendre and Legendre 1998; Perez et al. 2010b). By using 
this approach we can explore changes in shape residuals at 
different spatial scales, similarly to the Factor analysis over 
a bending energy-partial warps variance matrix recently pro-
posed for morphometric data (Bookstein 2017).

Other methods more frequently used, such as the gener-
alized least squares (Dormann et al. 2007; Diniz-Filho et al. 
2009; Perez et al. 2010a), take into account the spatial auto-
correlation in the shape residuals by modeling the error term: 

The standard regression model employed in morphometric 
studies assumes that the covariance matrix (C) for the e term 
of the shape variables or shape residuals can be well described 
by C = δ2I, where δ2 is the variance of the residuals, and I is 
the identity matrix, with 1 in the diagonal and 0 in the off-
diagonal terms:

SR = XB + G + e,

SR = XB + e.

I =
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1 0 0

0 1 0

0 0 1
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Several local factors can generate non-independent neighbor 
shape residuals, violating the assumption modeled by the I 
matrix. Generalized least squares can account for this non-
independence using a C matrix for the e term, which con-
tains the resulting values from modeling the spatial structure 
of the shape residuals in the off-diagonal terms. For exam-
ple, we can set the matrix C = δ2W, where the zero values 
in the I matrix are replaced by wij, the inverse function of 
Euclidean distances (dij) between the spatial locations of all 
pairwise shape residuals, weighted by a factor � that controls 
the decay curve:

Alternative C matrices have been proposed in spatial 
analyses to model the non-independence of the residuals, 
such as simultaneous spatial autoregressive, conditional 
spatial autoregressive or moving average (Dormann et al. 
2007; Diniz-Filho et al. 2009; Perez et al. 2010b). The sig-
nificance of the regression model can be then assessed by 
the F-statistic.

The spatial analyses performed in the following examples 
were performed in SAM v4.0 (Rangel et al. 2010). There 
are also several R packages (e.g., rspatial, gstat, spdep) that 
perform the spatial analyses shown here (R Development 
Team 2019).

Examples

Example 1

We analyzed 3D meshes of the skull of two species of pri-
mates, one specimen of Alouatta and one specimen of Saim-
iri, as an example of the spatial pattern of shape variation 
at an inter-specific level. These 3D meshes were generated 
from CT-scans using Slicer 4 (www.slice r.org), saved in PLY 
file format and edited in MeshLab (meshlab.sourceforge.
net), where the vertices were subsampled in a uniform way 
to ca. 30,000 points using the Mesh Element Subsampling 
filter. The CT-scans were obtained from the Digital Mor-
phology Museum (DMM, KUPRI, Primate Research Insti-
tute, Kyoto University, Japan) repository.

The 3D surfaces extracted from the CT-scans were 
aligned using an approach based on reference landmarks 
implemented in MeshLab. The following landmarks were 
used with this aim: nasion, sub-spinale, prostion, bregma, 

wij =
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lambda, opistion, basion, basioccipital, palatino, ectocon-
chion left and right, zigomaxillare left and right, asterion left 
and right, and porion left and right. The square difference 
between these landmarks was minimized and the Saimiri 
mesh was aligned to the Alouatta one. After the alignment of 
the surfaces, the shape variation between the two specimens 
was estimated by the residuals of the pseudolandmarks or 
homologized points, i.e. the 30,000 vertices. We calculated 
these residuals as the Euclidean distances between homolo-
gized points after the alignment procedure. These residuals 
represent the distance between vertices in one mesh to the 
closest points in the second mesh and were obtained by the 
Hausdorff distance implemented in MeshLab (Cignoni et al. 
1998). In sum, by using this procedure we obtained the 3D 
coordinates of points used to describe the primate skulls and 
the Euclidean distances among the closest points between 
the meshes that represent the shape differences between 
specimens (i.e., shape residuals).

The spatial pattern of the residuals was depicted by 
color-maps interpolating the values of the residuals on one 
of the meshes. In this example, the interpolation map was 
displayed on the surface of the Alouatta skull (Fig. 1). As is 
shown in the colormap, the vault, anterior maxillary bone 
and zygomatic arch have large residual values, while the 
cranial base and the areas surrounding the orbitals have the 
smallest residuals (Fig. 1). This suggests that the morpho-
metric differences between Alouatta and Saimiri are local-
ized in specific areas of the skull that vary in a coordinate 
way. At this point, we applied the Mesh Element Subsam-
pling filter of MeshLab to reduce the number of vertices to 
2500 for subsequent analyses. The spatial correlogram of 
the residuals is characterized by positive autocorrelations at 
short distances coupled with a negative autocorrelation at 
large distances (Fig. 2a), corroborating the visual interpre-
tation in the colormap. For the first distance class, the scat-
terplot of the residual values at each pseudolandmark against 
the average residuals of their neighbors shows a strong linear 
relationship (Fig. 2b). 

The K means clustering performed on the residuals 
grouped the pseudolandmarks following a pattern similar 
to the one depicted by the interpolation map (Fig. 3). We 
then explored the fit of the shape residuals considering two 
previously hypothesized components or modules, the neuro-
cranium and the facial skeleton, and taking into account the 
spatial structure of the shape variables. First, we performed a 
generalized least squares analysis with the shape residuals as 
dependent variables and the module as an explanatory factor 
and found that only 1.2% of the variance in the residuals was 
explained by this factor. Then, when the spatial structure 
was incorporated into the model, the percentage of shape 
variation explained by the predictor variable and the space 
increases up to 49.9%. These results indicate that a large 
amount of the shape residual variation between species is not 

http://www.slicer.org
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explained by the modules but it is associated to the spatial 
structure of shape changes between the two species.

Example 2

To exemplify the spatial structure of shape changes along the 
ontogeny we analyzed a sample of 19 human endocasts aged 
from 0 to 12 years old. The sample was obtained from the 
skull CT-scans of the Bosma collection (Shapiro and Richst-
smeier 1997). The endocasts were manually segmented in 
Slicer 4 software to obtain the 3D meshes. Then, the Mesh 
Element Subsampling filter of MeshLab was used to reduce 
the number of vertices of each mesh to 5000. The 3D meshes 
obtained by such procedure were aligned by an automatic 
alignment procedure, the Generalized Procrustes Surface 
Superimposition (GPSA; Pomidor et al. 2016). Shape vari-
ation among specimens was estimated by the residuals of 
the pseudolandmarks obtained as the Euclidean distances 
between homologized points after the GPSA (Pomidor et al. 
2016).

The interpolation map depicting the shape changes in 
the postnatal ontogeny of the brain endocasts, considering 
the youngest and oldest individual in the shape comparison, 
shows a strong spatial structure (Fig. 4). Shape changes are 
mainly located in the anterior region of the frontal lobe, the 
limit between frontal and parietal lobes, the inferior region 
of the temporal lobe and the occipital lobe. The spatial cor-
relogram of the residuals between the youngest and the old-
est specimen supports the existence of a spatial structuration 
of the shape changes between neonates and juvenile speci-
mens (Fig. 5a). Residuals at short distances display moderate 
positive correlations (Fig. 5b) while there is no autocorrela-
tion at larger distances.

For the dataset of human endocasts we explored the pat-
tern of spatial autocorrelation in allometric shape changes. 

First, for each specimen we estimated the shape residuals 
between each specimen configuration and the mean shape. 
Then, the eigenvector of the first principal component 
obtained from the matrix of residuals was used to represent 
the allometric component of shape changes in brain endo-
casts. The first eigenvector is the only one highly correlated 
with the Log volume of the endocasts (r = 0.81). The analy-
sis of autocorrelation for the values of the first eigenvector 
shows positive and high correlations at short distances, indi-
cating that closer semilandmarks will tend to display a simi-
lar magnitude of change along the allometric axis (Fig. 6).

Discussion

Our results show that shape changes in the two discussed 
examples—the comparison of the skull between two species 
of primates and an ontogenetic series of human endocasts—
are spatially structured, i.e. the shape residual are spatially 
autocorrelated. Some regions of both morphological struc-
tures display higher differences in shape than others and 
they tend to be near in terms of their anatomical position. 
We described and quantified this pattern by using methods 
that take into account the position of the shape residuals 
and were able to consider the spatial structure, particularly 
spatial autocorrelation, in statistical analyses applied to 
the study of modularity and allometry. As expected, differ-
ent results were achieved when spatially explicit methods 
were used: in the first example, we found that part of the 
inter-specific variation in the skull that has been previously 
interpreted as evidence of functional modularity (Cheverud 
1996; Lieberman 2011) can emerge by the influence of 
processes with local effects that generate the spatial auto-
correlation observed in shape data; in the second example, 
the spatial regression showed that an important portion of 

Fig. 1  Color-map representing 
the differences (pseudoland-
mark shape residuals) between 
the Saimiri and Alouatta speci-
mens (Color figure online)
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shape changes associated with ontogenetic allometry was 
localized even though a greater effect of global variation 
is expected as a consequence of growth (Durrleman et al. 
2012). Therefore, our findings have implications for both 

the selection of morphometric variables and their posterior 
statistical analyses.

The high autocorrelation observed in the morphomet-
ric data suggests that the sampling design, in terms of 
the type and number of reference points (e.g. landmarks, 

Fig. 2  Spatial correlogram of the residuals between the Saimiri and Alouatta specimens (above) and scatterplot of the shape residual values of 
pseudolandmark for the first distance class (below)
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semilandmarks) digitized on the structure of interest, needs 
to take into account the spatial structure of shape variation, 
particularly when the interest is analyzing global and local 
shape changes as has been previously proposed (Rohlf 1993; 
Mitteroecker 2009). A recommended first step in such stud-
ies is to apply an intensive and non-directed sampling of 
surface points automatically extracted from the 3D meshes 
and then automatically align the structures to measure shape 
differences, such as in the methods proposed by Boyer et al. 
(2015) and Pomidor et al. (2016). The automatic sampling 
of surface points is particularly adequate for detecting areas 
of greater and lesser variation because the strategy of sam-
pling is not biased by a priori assumptions of the observ-
ers (Gonzalez et al. 2016). These methods allow to explore 
the degree of dependence among shape residuals at nearby 
reference points, which can serve as a guide to design the 
sampling of points in a way that regions that are relatively 
independent are evenly represented. Then, one can decide 
whether the use of landmarks, a combination of landmarks 
and semilandmarks or pseudolandmarks is more suitable to 
answer the research questions under study. Additionally, the 
required number of points needed for an adequate assess-
ment of shape variation could be also evaluated as it has 
been recently proposed (Watanabe 2018). The incorporation 

of the spatial information, and particularly the patterns of 
autocorrelation, in such analyses could contribute to improve 
the sampling strategies by applying informed rather than 
random removal of landmarks. In this context, the use of 
too few landmarks will preclude the description of shape 
variation at local scales, since these reference points tend to 
exclude local shape changes and better describe the variation 
at broad (global) spatial scales (Watanabe 2018).

Regarding the implications for statistical analyses, we 
show that different results are attained by using methods 
that incorporates or not the spatial autocorrelation in the 
evaluation of the effect of specific biological factors on 
shape variation. Particularly, these analyses indicate that 
the effect of biological factors acting at local scales can be 
confounded with more systemic factors (by example the 
effect of the diet on the facial skeleton; Cheverud 1996; 
Lieberman 2011) if the spatial autocorrelation is not taken 
into account. For these analyses, we incorporated the spa-
tial autocorrelation structure using a generalized least 
squares technique, but different methods have been pro-
posed in geographical and ecological studies for modeling 
and testing independent factors and taking into account 
the spatial variation, such as partial mantel, trend surface, 
autoregression and spatial eigenvector mapping (Legendre 
and Legendre 1998; Diniz-Filho et al. 2009; Perez et al. 
2010a). These methods present advantages and disadvan-
tages, depending the studied problem, and some of them 
have been criticized previously. By example, methods such 
as partial mantel, trend surface, autoregression and spatial 
eigenvector mapping have been criticized in phylogenetic 
studies (e.g. Rohlf 2001, 2006; Perez et al. 2010b), but the 
last two have shown to be efficient and flexible in spatial 
analyses (Dormann et al. 2007; Diniz-Filho et al. 2009). 
Conversely, there is an agreement that partial mantel and 
trend surface should be used with caution because they 
remove lineal trends or affine spatial variation and can 
eliminate the effect under study (Legendre and Legendre 
1998; Perez et al. 2010b). However, the suitability of these 
methods will depend on the structure of the morphometric 

Fig. 3  K means clustering of the shape residuals of pseudolandmark 
between the Saimiri and Alouatta specimens

Fig. 4  Color-map depicting the 
shape changes in the postnatal 
ontogeny of the human brain 
(Color figure online)
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spaces, such as the affine or non-affine characteristics, 
which might limit the meaningfulness of our biological 
statements (Huttegger and Mitteroecker 2011). In this con-
text, the use of spatial regression techniques such as gen-
eralized least squares, autoregression or spatial eigenvec-
tor mapping have been recommended in spatial analyses 
because they are flexible and useful for modelling spatial 
variation and provide more accurate statistical estimations 

(Dormann et al. 2007; Diniz-Filho et al. 2009; Perez et al. 
2010a, b).

Although we only analyzed two cases to exemplify the 
importance of spatial autocorrelation in morphometric stud-
ies, it is expected that they represent a common pattern if we 
take into account that developmental and functional factors 
can have local and global effects (Hallgrímsson and Lieber-
man 2008; Mitteroecker and Bookstein 2008; Mitteroecker 

Fig. 5  Spatial correlogram of the residuals between the youngest and the oldest specimens (above) and scatterplot of the shape residual values of 
pseudolandmark for the first distance class (below)
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2009). Morphological traits arise during ontogeny under the 
influence of functional and developmental factors occurring 
in a sequential spatiotemporal manner (Hall 2003). Such 
factors can have a systemic effect influencing several traits 
across the organism (such as circulating hormones and 
environmental influences) or local effects on a subset of 
traits (such as locally expressed molecules with autocrine 
or paracrine actions and local tissue interactions) (Parker 
2011). Additionally, closer traits tend to interact with each 
other and with their local surrounding environments being 
influenced by several common local process (Mitteroecker 
and Bookstein 2007). In consequence, characteristic pat-
terns of variation and covariation in shape at different spatial 
scales within the anatomical structure studied are expected 
to emerge along individual ontogeny and evolve through-
out generations. Therefore, the spatial variation need to be 
modeled and systematically incorporated in the statistical 
analysis of morphometric variation.

Overall, our results suggest that the approach presented 
here, which it is based on the intensive description of 
shape differences between structures using densely sam-
pled points on 3D surfaces and employing spatial statis-
tical methods to describe the pattern of differences and 
test biological hypotheses, can be used to explore several 
problems not widely addressed previously in modern mor-
phological studies. The equipment for image acquisition, 
such as CTs and surface scanners, that allow for the acqui-
sition and publication of 3D digital images (Davies et al. 
2017), as well as the generation of high dimensional mor-
phometric datasets (Gunz and Mitteroecker 2013; Pomi-
dor et al. 2016), open new avenues to explore the shape 
variation beyond the use of landmark-based morphometric 
methods. However, whether landmarks or densely sampled 
points are used will depend on the research questions; if 

the interest is the study of specific anatomical regions or 
global shape characteristics, the use of a few anatomical 
points could be more adequate (Pomidor et al. 2016).

Finally, it is important to remark that more work is needed 
to explore which spatial regression techniques would be the 
most suitable for morphometric studies. The techniques used 
here are not new in evolutionary biology and macro-ecol-
ogy (Dormann et al. 2007; Bini et al. 2009), but they have 
not been applied to morphometric data before. In addition, 
approaches based on principal components or factor analy-
sis that have been successfully applied to take into account 
the phylogenetic structure in the data (Revell 2009; Tolkoff 
et al. 2017) could be also used to explore the variation in 
morphometric data at different spatial scales (Bookstein 
2017). Within geometric morphometrics, we need to con-
sider the characteristics of the shape space, because different 
approaches might be suited to morphometric residuals ana-
lyzed in the Tangent/Euclidean space or in the Procrustes/
Kendall one. Techniques such as generalized least squares, 
autoregression or spatial eigenvector mapping are adequate 
for exploring and testing variation in the Euclidean space, 
although they have also been employed using spherical 
space, such as the Earth coordinates. Conversely, the phy-
logenetic eigenvector regression (PVR, Diniz-Filho et al. 
1998) method, a phylogenetic version of the spatial eigen-
vector mapping has shown strong problems to work with 
the patristic phylogenetic spaces (Rohlf 2001). In this sense, 
we need to better explore the behavior of this methods in a 
non-Euclidean space, like Procrustes, where the spatial prop-
erties are more complex. In our view, because spatial auto-
correlation and regression techniques are flexible enough 
and could contribute to add new information, they should 
be incorporated to the geometric morphometric tool-kit 

Fig. 6  Spatial autocorrelation for the values of the first eigenvector representing allometric changes
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(Mitteroecker and Gunz 2009), particularly to explore mor-
phometric changes occurring at different spatial scales.

Acknowledgements This study was supported with funds from Uni-
versidad Nacional de La Plata (PI 792 and 787), Consejo Nacional 
de Investigaciones Científicas y Técnicas (PIP 0729 and PIP 0603) 
and Agencia de Promoción Científica y Tecnológica (2014–2134 and 
2014–1810). We thank Philipp Mitteroecker for his comments that have 
helped to improve and clarify the manuscript.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

Adams, D. C., Rohlf, F. J., & Slice, D. E. (2013). A field comes of age: 
Geometric morphometrics in the 21st century. Hystrix, 24, 7–14. 
https ://doi.org/10.4404/hystr ix-24.1-6283.

Barbujani, G. (2000). Geographic patterns: How to identify them and 
why. Human Biology, 72, 133–153.

Besl, P. J., & McKay, N. D. (1992). A method for registration of 3-D 
shapes. IEEE Transactions on Pattern Analysis and Machine Intel-
ligence, 14(2), 239–256. https ://doi.org/10.1109/34.12179 1.

Bini, L. M., Diniz-Filho, J. A. F., Rangel, T. F. L. V. B., Akre, T. S. B., 
Albaladejo, R. G., Albuquerque, F. S., et al. (2009). Coefficients 
ships in geographical ecology: An empirical evaluation of spatial 
and non-spatial regression. Ecography, 32, 1–12. https ://doi.org/
10.1111/j.1600-0587.2009.05717 .x.

Bookstein, F. L. (1997). Landmark methods for forms without land-
marks: Localizing group differences in outline shape. Medical 
Image Analysis, 1, 225–243. https ://doi.org/10.1016/S1361 
-8415(97)85012 -8.

Bookstein, F. L. (2017). A method of factor analysis for shape coor-
dinates. American Journal of Physical Anthropology, 164(2), 
221–245. https ://doi.org/10.1002/ajpa.23277 .

Boyer, D. M., Puente, J., Gladman, J. T., Glynn, C., Mukherjee, S., 
Yapuncich, G. S., et al. (2015). A new fully automated approach 
for aligning and comparing shapes. The Anatomical Record, 298, 
249–276. https ://doi.org/10.1002/ar.23084 .

Cheverud, J. M. (1996). Developmental integration and the evolu-
tion of pleiotropy. American Zoologist, 36(1), 44–50. https ://doi.
org/10.1093/icb/36.1.44.

Cignoni, P., Rocchini, C., & Scopigno, R. (1998). Metro: Measuring 
error on simplified surfaces. Computer Graphics Forum, 17(2), 
167–174. https ://doi.org/10.1111/1467-8659.00236 .

Davies, T., Rahman, I. A., Lautenschlager, S., Cunningham, J. A., 
Asher, R. J., Barrett, P. M., et al. (2017). Open data and digital 
morphology. Proceedings of the Royal Society B., 284, 20170194. 
https ://doi.org/10.1098/rspb.2017.0194.

Diniz-Filho, J. A. F., de Sant’Ana, C. E. R., & Bini, L. M. (1998). An 
eigenvector method for estimating phylogenetic inertia. Evolu-
tion, 52(5), 1247–1262. https ://doi.org/10.1111/j.1558-5646.1998.
tb020 06.x.

Diniz-Filho, J. A. F., Nabout, J. C., Campos Telles, M. P., Soares, 
T. N., & Rangel, T. F. L. V. B. (2009). A review of techniques 
for spatial modeling in geographical, conservation and landscape 
genetics. Genetics and Molecular Biology, 32, 203–211. https ://
doi.org/10.1590/S1415 -47572 00900 02000 01.

Dormann, C. F., McPherson, J., Araújo, M. B., Bivand, R., Bol-
liger, J., Carl, G., et al. (2007). Methods to account for spatial 

autocorrelation in the analysis of distributional species data: 
A review. Ecography, 30, 609–628. https ://doi.org/10.111
1/j.2007.0906-7590.05171 .x.

Durrleman, S., Pennec, X., Trouvé, A., Ayache, N., & Braga, J. (2012). 
Comparison of the endocranial ontogenies between chimpanzees 
and bonobos via temporal regression and spatiotemporal regis-
tration. Journal of Human Evolution, 62(1), 74–88. https ://doi.
org/10.1016/j.jhevo l.2011.10.004.

Fortin, M. J., & Dale, M. R. T. (2005). Spatial analysis: A guide for 
ecologists. Cambridge: Cambridge University Press.

Gao, T., Yapuncich, G. S., Daubechies, I., Mukherjee, S., & Boyer, 
D. M. (2018). Development and assessment of fully automated 
and globally transitive geometric morphometric methods, with 
application to a biological comparative dataset with high inter-
specific variation. The Anatomical Record, 301, 636–658. https 
://doi.org/10.1002/ar.23700 .

Gonzalez, P. N., Barbeito-Andrés, J., D’Addona, L. A., Bernal, V., 
& Perez, S. I. (2016). Performance of semi and fully automated 
approaches for registration of 3D surface coordinates in geomet-
ric morphometric studies. American Journal of Physical Anthro-
pology, 160, 169–178. https ://doi.org/10.1002/ajpa.22934 .

Gower, J. C. (1971). Statistical methods of comparing different 
multivariate analyses of the same data. In F. R. Hodson, D. G. 
Kendall, & P. Tautu (Eds.), Mathematics in the archaeological 
and historical sciences (pp. 138–149). Edinburgh: Edinburgh 
University Press.

Gunz, P., & Mitteroecker, P. (2013). Semilandmarks: A method for 
quantifying curves and surfaces. Hystrix, 24, 103–109. https ://
doi.org/10.4404/hystr ix-24.1-6292.

Gunz, P., Mitteroecker, P., & Bookstein, F. L. (2005). Semilandmarks 
in three dimensions. In D. E. Slice (Ed.), Modern morphomet-
rics in physical anthropology (pp. 73–98). New York: Kluwer 
Academic/Plenum Publishers.

Gunz, P., Neubauer, S., Golovanova, L., Doronichev, V., Maureille, 
B., & Hublin, J. J. (2012). A uniquely modern human pat-
tern of endocranial development. Insights from a new cranial 
reconstruction of the Neandertal newborn from Mezmaiskaya. 
Journal of Human Evolution, 62(2), 300–313. https ://doi.
org/10.1016/j.jhevo l.2011.11.013.

Hall, B. K. (2003). Unlocking the black box between genotype 
and phenotype: Cell condensations as morphogenetic (modu-
lar) units. Biology and Philosophy, 18, 219–247. https ://doi.
org/10.1023/A:10239 84018 531.

Hallgrímsson, B., & Lieberman, D. E. (2008). Mouse models and 
the evolutionary developmental biology of the skull. Integrative 
and Comparative Biology, 48(3), 373–384.

Huttegger, S. M., & Mitteroecker, P. (2011). Invariance and mean-
ingfulness in phenotype spaces. Evolutionary Biology, 38(3), 
335–351. https ://doi.org/10.1007/s1169 2-011-9123-x.

Klingenberg, C. P. (2011). MorphoJ: An integrated software 
package for geometric morphometrics. Molecular ecol-
ogy resources, 11(2), 353–357. https ://doi.org/10.111
1/j.1755-0998.2010.02924 .x.

Legendre, P. (1993). Spatial autocorrelation: Trouble or new para-
digm? Ecology, 74, 1659–1673. https ://doi.org/10.2307/19399 
24.

Legendre, P., & Legendre, L. (1998). Numerical ecology, Second (Eng-
lish ed.). Amsterdam: Elsevier.

Lieberman, D. E. (2011). Epigenetic integration, complexity, and 
evolvability of the head: Rethinking the functional matrix hypoth-
esis. In B. Hallgrímsson & B. K. Hall (Eds.), Epigenetics: Link-
ing genotype and phenotype in development and evolution (pp. 
271–289). California: University of California Press.

Márquez, E. J., Cabeen, R., Woods, R. P., & Houle, D. (2012). The 
measurement of local variation in shape. Evolutionary Biology, 
39, 419–439. https ://doi.org/10.1007/s1169 2-012-9159-6.

https://doi.org/10.4404/hystrix-24.1-6283
https://doi.org/10.1109/34.121791
https://doi.org/10.1111/j.1600-0587.2009.05717.x
https://doi.org/10.1111/j.1600-0587.2009.05717.x
https://doi.org/10.1016/S1361-8415(97)85012-8
https://doi.org/10.1016/S1361-8415(97)85012-8
https://doi.org/10.1002/ajpa.23277
https://doi.org/10.1002/ar.23084
https://doi.org/10.1093/icb/36.1.44
https://doi.org/10.1093/icb/36.1.44
https://doi.org/10.1111/1467-8659.00236
https://doi.org/10.1098/rspb.2017.0194
https://doi.org/10.1111/j.1558-5646.1998.tb02006.x
https://doi.org/10.1111/j.1558-5646.1998.tb02006.x
https://doi.org/10.1590/S1415-47572009000200001
https://doi.org/10.1590/S1415-47572009000200001
https://doi.org/10.1111/j.2007.0906-7590.05171.x
https://doi.org/10.1111/j.2007.0906-7590.05171.x
https://doi.org/10.1016/j.jhevol.2011.10.004
https://doi.org/10.1016/j.jhevol.2011.10.004
https://doi.org/10.1002/ar.23700
https://doi.org/10.1002/ar.23700
https://doi.org/10.1002/ajpa.22934
https://doi.org/10.4404/hystrix-24.1-6292
https://doi.org/10.4404/hystrix-24.1-6292
https://doi.org/10.1016/j.jhevol.2011.11.013
https://doi.org/10.1016/j.jhevol.2011.11.013
https://doi.org/10.1023/A:1023984018531
https://doi.org/10.1023/A:1023984018531
https://doi.org/10.1007/s11692-011-9123-x
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.2307/1939924
https://doi.org/10.2307/1939924
https://doi.org/10.1007/s11692-012-9159-6


270 Evolutionary Biology (2019) 46:260–270

1 3

MeshLab (2014). Visual Computing Lab—ISTI—CNR http://meshl 
ab.sourc eforg e.net/.

Mitteroecker, P. (2009). The developmental basis of variational modu-
larity: Insights from quantitative genetics, morphometrics, and 
developmental biology. Evolutionary Biology, 36, 377–385. https 
://doi.org/10.1007/s1169 2-012-9210-7.

Mitteroecker, P., & Bookstein, F. (2007). The conceptual and sta-
tistical relationship between modularity and morphological 
integration. Systematic Biology, 56(5), 818–836. https ://doi.
org/10.1080/10635 15070 16480 29.

Mitteroecker, P., & Bookstein, F. (2008). The evolutionary role of 
modularity and integration in the hominoid cranium. Evolution, 
62, 943–958. https ://doi.org/10.1111/j.1558-5646.2008.00321 .x.

Mitteroecker, P., & Gunz, P. (2009) Advances in geometric morpho-
metrics. Evolutionary Biology, 36, 235–247.

Parker, J. (2011). Morphogens, nutrients, and the basis of organ scal-
ing. Evolution & Development, 13(3), 304–314. https ://doi.
org/10.1111/j.1525-142X.2011.00481 .x.

Perez, S. I., Diniz-Filho, J. A. F., Bernal, V., & Gonzalez, P. N. (2010a). 
Alternatives to partial mantel test in the study the environmental 
factors shaping the human morphological variation. Journal of 
Human Evolution, 59, 689–703. https ://doi.org/10.1016/j.jhevo 
l.2010.07.019.

Perez, S. I., Diniz-Filho, J. A. F., Bernal, V., & Gonzalez, P. N. (2010b). 
Spatial regression techniques for inter-population data: Studying 
the relationships between morphological and ecological variation. 
Journal of Evolutionary Biology, 23, 237–248. https ://doi.org/10.
1111/j.1420-9101.2009.01905 .x.

Pomidor, B. J., Makedonska, J., & Slice, D. E. (2016). A landmark-free 
method for three-dimensional shape analysis. PLoS ONE, 11(3), 
e0150368. https ://doi.org/10.1371/journ al.pone.01503 68.

R Development Core Team. (2019). R: A language and environment 
for statistical computing. Vienna: R Foundation for Statistical 
Computing.

Rangel, T. F., Diniz-Filho, J. A. F., & Bini, L. M. (2010). 
SAM: a comprehensive application for spatial analysis in 

macroecology. Ecography, 33(1), 46–50. https ://doi.org/10.111
1/j.1600-0587.2009.06299 .x.

Revell, L. J. (2009). Size-correction and principal components for 
interspecific comparative studies. Evolution, 63(12), 3258–3268. 
https ://doi.org/10.1111/j.1558-5646.2009.00804 .x.

Rohlf, F. J. (1990). Rotational fit (Procrustes) methods. In F. J. Rohlf 
& F. L. Bookstein (Eds.), Proceedings Michigan morphometrics 
workshop. Special publication no. 2, Museum of Zoology (pp. 
227–236). Michigan: University of Michigan.

Rohlf, F. J. (1993). Relative warps analysis and an example of its 
application to mosquito wings. In L. F. Marcus, E. Bello, & A. 
García-Valdecasas (Eds.), Contributions to morphometrics (pp. 
132–159). Madrid: Monografías del Museo Nacional de Ciencias 
Naturales.

Rohlf, F. J. (2001). Comparative methods for the analysis of continuous 
variables: Geometric interpretations. Evolution, 55, 2143–2160.

Rohlf, F. J. (2006). A comment on phylogenetic correction. Evolution, 
60, 1509–1515.

Rohlf, F. J., & Slice, D. E. (1990). Extensions of the Procrustes method 
for the optimal superimposition of landmarks. Systematic Zool-
ogy, 39, 40–59.

Shapiro, A., & Richstsmeier, J. T. (1997). Brief communication: 
A sample of pediatric skulls available for study. American 
Journal of Physical Anthropology, 103, 415–416. https ://doi.
org/10.1002/(SICI)1096-8644(19970 7)103:3%3c415 :AID-AJPA1 
1%3e3.0.CO;2-3.

Sokal, R. R., & Oden, N. L. (1978). Spatial autocorrelation in biology: 
1. Methodology. Biological Journal of the Linnean Society, 10, 
199–228. https ://doi.org/10.1111/j.1095-8312.1978.tb000 13.x.

Tolkoff, M. R., Alfaro, M. E., Baele, G., Lemey, P., & Suchard, M. A. 
(2017). Phylogenetic factor analysis. Systematic Biology, 67(3), 
384–399. https ://doi.org/10.1093/sysbi o/syx06 6.

Watanabe, A. (2018). How many landmarks are enough to characterize 
shape and size variation? PLoS ONE, 13(6), 198–341. https ://doi.
org/10.1371/journ al.pone.01983 41.

http://meshlab.sourceforge.net/
http://meshlab.sourceforge.net/
https://doi.org/10.1007/s11692-012-9210-7
https://doi.org/10.1007/s11692-012-9210-7
https://doi.org/10.1080/10635150701648029
https://doi.org/10.1080/10635150701648029
https://doi.org/10.1111/j.1558-5646.2008.00321.x
https://doi.org/10.1111/j.1525-142X.2011.00481.x
https://doi.org/10.1111/j.1525-142X.2011.00481.x
https://doi.org/10.1016/j.jhevol.2010.07.019
https://doi.org/10.1016/j.jhevol.2010.07.019
https://doi.org/10.1111/j.1420-9101.2009.01905.x
https://doi.org/10.1111/j.1420-9101.2009.01905.x
https://doi.org/10.1371/journal.pone.0150368
https://doi.org/10.1111/j.1600-0587.2009.06299.x
https://doi.org/10.1111/j.1600-0587.2009.06299.x
https://doi.org/10.1111/j.1558-5646.2009.00804.x
https://doi.org/10.1002/(SICI)1096-8644(199707)103:3%3c415:AID-AJPA11%3e3.0.CO;2-3
https://doi.org/10.1002/(SICI)1096-8644(199707)103:3%3c415:AID-AJPA11%3e3.0.CO;2-3
https://doi.org/10.1002/(SICI)1096-8644(199707)103:3%3c415:AID-AJPA11%3e3.0.CO;2-3
https://doi.org/10.1111/j.1095-8312.1978.tb00013.x
https://doi.org/10.1093/sysbio/syx066
https://doi.org/10.1371/journal.pone.0198341
https://doi.org/10.1371/journal.pone.0198341

	Description and Analysis of Spatial Patterns in Geometric Morphometric Data
	Abstract
	Spatial Analysis in Geometric Morphometric
	Acquisition of Surface Points and Morphometric Variables
	Computation of Residuals from Pseudolandmarks
	Computation of Residuals from Semilandmarks

	Visualization and Analysis of the Spatial Pattern in Shape Residuals
	Spatial Statistical Methods

	Examples
	Example 1
	Example 2

	Discussion
	Acknowledgements 
	References


