
Ecology, Evolution and Organismal Biology
Publications Ecology, Evolution and Organismal Biology

2013

A Field Comes of Age: Geometric Morphometrics
in the 21st Century
Dean C. Adams
Iowa State University, dcadams@iastate.edu

F. James Rohlf
Stony Brook University

Dennis E. Slice
Florida State University

Follow this and additional works at: http://lib.dr.iastate.edu/eeob_ag_pubs

Part of the Biometry Commons, and the Ecology and Evolutionary Biology Commons

The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
eeob_ag_pubs/121. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.

This Article is brought to you for free and open access by the Ecology, Evolution and Organismal Biology at Digital Repository @ Iowa State University.
It has been accepted for inclusion in Ecology, Evolution and Organismal Biology Publications by an authorized administrator of Digital Repository @
Iowa State University. For more information, please contact digirep@iastate.edu.

http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Feeob_ag_pubs%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Feeob_ag_pubs%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/eeob_ag_pubs?utm_source=lib.dr.iastate.edu%2Feeob_ag_pubs%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/eeob_ag_pubs?utm_source=lib.dr.iastate.edu%2Feeob_ag_pubs%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/eeob_ag?utm_source=lib.dr.iastate.edu%2Feeob_ag_pubs%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/eeob_ag_pubs?utm_source=lib.dr.iastate.edu%2Feeob_ag_pubs%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/211?utm_source=lib.dr.iastate.edu%2Feeob_ag_pubs%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/14?utm_source=lib.dr.iastate.edu%2Feeob_ag_pubs%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/eeob_ag_pubs/121
http://lib.dr.iastate.edu/eeob_ag_pubs/121
http://lib.dr.iastate.edu/howtocite.html
http://lib.dr.iastate.edu/howtocite.html
mailto:digirep@iastate.edu


Published by Associazione Teriologica Italiana Volume 24 (1): 7–14, 2013

Hystrix, the Italian Journal of Mammalogy

Available online at:

http://www.italian-journal-of-mammalogy.it/article/view/6283/pdf doi:10.4404/hystrix-24.1-6283

Research Article

A field comes of age: geometric morphometrics in the 21st century

Dean C. Adamsa,∗, F. James Rohlfb, Dennis E. Slicec

aDepartment of Ecology, Evolution, and Organismal Biology,
and Department of Statistics, Iowa State University, Ames IA, 50011, USA

bDepartment of Ecology and Evolution, Stony Brook University, Stony Brook, NY, 11794-5245, USA
cDepartment of Scientific Computing, Florida State University, Tallahassee, FL 32306, USA

Keywords:
shape analysis
Procrustes analysis
statistics
morphology

Article history:
Received: 29 May 2012
Accepted: 21 October 2012

Acknowledgements
We thank M. Collyer and A. Kaliontzopoulou for constructive comments
and discussion, and benefitted greatly from discussions with F. Book-
stein. This work was supported in part by NSF grant DEB-1118884 (to
DCA) and CDC contract 254-2007-M-21314 (to DES).

Abstract

Twenty years ago, Rohlf and Marcus proclaimed that a “revolution in morphometrics” was under-
way, where classic analyses based on sets of linear distances were being supplanted by geometric
approaches making use of the coordinates of anatomical landmarks. Since that time the field of
geometric morphometrics has matured into a rich and cohesive discipline for the study of shape
variation and covariation. The development of the field is identified with the Procrustes paradigm,
a methodological approach to shape analysis arising from the intersection of the statistical shape
theory and analytical procedures for obtaining shape variables from landmark data. In this review
we describe the Procrustes paradigm and the current methodological toolkit of geometric morpho-
metrics. We highlight some of the theoretical advances that have occurred over the past ten years
since our prior review (Adams et al., 2004), what types of anatomical structures are amenable to
these approaches, and how they extend the reach of geometric morphometrics to more specialized
applications for addressing particular biological hypotheses. We end with a discussion of some
possible areas that are fertile ground for future development in the field.

Introduction
The study of form may be descriptive merely, or it may become
analytical. We begin by describing the shape of an object in the simple
words of common speech: we end by defining it in the precise language
of mathematics; and the one method tends to follow the other in strict
scientific order and historical continuity.

D’Arcy Wentworth Thompson (1915)

For centuries, naturalists have marvelled at the diversity and com-
plexity of life on earth. From the simple observation that organisms
differ in both their anatomical attributes and in their use of these traits,
scholars have sought to describe morphological and anatomical dif-
ferences among taxa and explain how these differences have evolved
(Darwin, 1859). Indeed, this long-standing fascination with biological
form has shaped our current perspectives on many biological topics,
including our notions of taxonomic discontinuities, our methods of
classification, and our hypotheses of the structure-function relation-
ship. As was accurately prophesized by Thompson in 1915, the study
of form has developed into a rigorous quantitative discipline; the field
of morphometrics. For much of the 20th century morphometric ana-
lyses were accomplished by applying univariate and multivariate stat-
istics to sets of measured traits that included linear distances, ratios, and
angles (i.e., traditional morphometrics sensu: Blackith and Reyment
1971; Marcus 1990; Reyment 1991; for a unique history of the field
see: Reyment 1996). However, over time it became apparent that cer-
tain shortcomings limited the biological interpretations that were pos-
sible with these methods. For example, graphical depictions of shape
and shape changes cannot always be generated from the results of these
approaches, as the geometric relationships among variables were usu-
ally not preserved in the measurements taken (Strauss and Bookstein
1982; for discussion see: Rohlf and Marcus 1993; Adams et al. 2004).
Thus, another approach to the study of shape was required.

∗Corresponding author
Email address: dcadams@iastate.edu (Dean C. Adams)

In the 1980’s, alternative approaches were proposed and developed
that represented a radical shift in the way the shapes of anatomical
structures were quantified and analysed (but see Boas 1905; Galton
1907; Sneath 1967 for earlier work). These alternatives captured the
geometry of the morphological structures of interest and retained this
information throughout the analyses. This new approach was called
geometric morphometrics (Corti, 1993). Not surprisingly, the conver-
sion from traditional to geometric morphometrics could be viewed as a
“revolution” (Rohlf andMarcus, 1993). This revolution embodied both
a shift in methodology, and in the conceptual and statistical underpin-
nings of the field. Geometric morphometric approaches generally util-
ize fundamentally different types of data to quantify shape; landmark
coordinates, outline curves, and surfaces. In its early years the field
developed at a rapid pace, as methodological advances for shape quan-
tification intertwined with a rich statistical theory for shape analysis
(the morphometric “synthesis”, sensu Bookstein 1996). As a result of
this paradigm shift, landmark-based geometric morphometrics (GM)
provides a powerful technique in the quantitative biologists’ repertoire
for the study of shape variation and the identification of its causes. Not
surprisingly, these methods are increasingly used to quantify anatom-
ical shapes in a wide range of scientific disciplines.

Nearly a decade ago, we reviewed the field of geometric morphomet-
rics and described the important advantages that these approaches have
relative to alternative methods of shape analysis (Adams et al. 2004;
for other reviews see: O’Higgins 2000; Slice 2005, 2007; Mitteroecker
and Gunz 2009). We also summarized some of the methodological ad-
vances that took place in the ten years following the “revolution”, and
provided an account of the state-of-the field at that time. Much has
happened in geometric morphometrics in the years since that review,
mandating a new appraisal of this nowmature discipline. In this review,
we describe some of the theoretical developments that have ensued dur-
ing the past decade. Our review focuses on advances in landmark-based
morphometric approaches, though we recognize that developments in
related areas have also occurred (e.g., MacLeod 2008; McPeek et al.
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2008; Shen et al. 2009). Our aim is to provide readers with a succinct
summary of the current “toolkit” of geometric morphometrics, and an
appreciation for the types of applications and extensions that can be
used to address specific biological hypotheses. We also provide our
perspective of what the future may hold in store in the coming years.

Geometric morphometrics and the “Procrustes
paradigm”
Geometric morphometrics is the statistical analysis of shape variation
and its covariation with other variables (Bookstein, 1991). These meth-
ods quantify variation in the shape of anatomical objects using the
Cartesian coordinates of anatomical landmarks, after the effects of non-
shape variation have been mathematically held constant. Geometric
morphometric studies are accomplished through what can be called
the Procrustes paradigm; an approach to shape analysis that emerged
from the unification of a rigorous statistical theory for shape (Kend-
all, 1981, 1984, 1985) with analytical procedures for superimposing
landmark configurations to obtain shape variables (Gower, 1975; Book-
stein, 1986; Rohlf and Slice, 1990; Rohlf, 1999b). In a typical morpho-
metric analysis, the Procrustes paradigm is implemented as a series of
operations (Fig. 1).

First, from each specimen, a set of two- or three-dimensional land-
mark coordinates is obtained, which record the relative positions
anatomically-definable locations. These landmarks can be considered
“fixed points”, as they define the locations of particular anatomical
traits representing discrete biological attributes (see below for a dis-
cussion of semilandmarks). Next, a generalized Procrustes analysis
(GPA: Gower 1975; Rohlf and Slice 1990) is used to superimpose the
configurations of landmarks in all specimens to a common coordin-
ate system, and to generate a set of shape variables. This least-squares
procedure translates all specimens to the origin, scales them to unit
centroid size, and rotates them to minimize the total sums-of-squares
deviations of the landmark coordinates from all specimens to the aver-
age configuration. After superimposition, the aligned Procrustes shape
coordinates describe the location of each specimen in a curved space
related to Kendall’s shape space (Rohlf, 1999b; Slice, 2001). These
are typically projected orthogonally into a linear tangent space yield-
ing Kendall’s tangent space coordinates (Dryden and Mardia, 1993,
1998; Rohlf, 1999b; Kent and Mardia, 2001), on which multivariate
analyses of shape variation are then conducted1

The third step of a morphometric study is to test biological hypo-
theses using multivariate statistical methods. For instance, Hotelling’s
T 2 or multivariate analysis of variance (MANOVA) can be used to
test for shape differences among groups, while multivariate regression
or partial least squares (PLS: Rohlf and Corti 2000) can be used to
help identify patterns of covariation between shape and other continu-
ous variables. In addition, methods that partition shape variation in
particular ways can be utilized to address more specialized biological
hypotheses. For instance, shape variation due to directional and fluc-
tuating asymmetry can be quantified and analysed to test hypotheses
of symmetry in a sample (Klingenberg and McIntyre, 1998; Mardia
et al., 2000; Kent and Mardia, 2001; Klingenberg et al., 2002; Schae-
fer et al., 2006). Finally, graphical methods are used to visualize pat-
terns of shape variation and facilitate descriptions of shape changes.
Here, ordinationmethods such as principal components analysis (PCA)
generate scatterplots representing the dispersion of shapes in tangent
space, while thin-plate spline transformation grids can provide a visual
description of the shape differences between objects. The latter dis-
play shape changes and differences in a manner similar to D’Arcy
Thompson’s transformation grids (Thompson, 1917) where one object
is transformed (or “warped”) into another using the thin-plate spline
(Bookstein, 1989, 1991). Importantly, transformation grids may be
generated for actual specimens in the data set or for estimated speci-
mens, such as group means or predicted specimens along a regression

1Note that alternative mathematical approximations of tangent space are possible (see
e.g., Weber and Bookstein 2011). These should give very similar results when shape
variation is small.

line. Thus, by comparing transformation grids, differences in shape
between objects and trends in shape change in specific directions in
Kendall’s tangent space can be depicted and anatomically described.
This combination of rigorous statistical analysis with visualizing shape
changes represents one of the more powerful aspects of the Procrustes
paradigm.

Advances over the past decade
The dawn of the 21st century brought with it the maturation phase
of geometric morphometrics and the emergence of the Procrustes
paradigm as the standard methodological approach for analysing shape
characterized by landmark data. This was due in large part to the realiz-
ation that Procrustes-based approaches outperformed alternative meth-
ods from a statistical perspective (e.g., Rohlf 1999a, 2000, 2003). How-
ever, despite the pre-eminence of this approach to shape analysis, much
theoretical progress continues in the discipline. Particularly active has
been the development of more specialized applications to address par-
ticular biological problems and hypotheses. In this section we highlight
several of these theoretical advances, and some ways in which they en-
hance the morphometrician’s toolkit.

Use of three-dimensional data
One major change in geometric morphometrics from a decade ago has
been the rapid increase in the use of three-dimensional data. Interest-
ingly, there are generally no mathematical limitations for handling data
in three dimensions. Indeed the algorithms commonly used for super-
imposition, projection, and statistical analysis are all generalized to ac-
commodate data of any dimensionality. Instead, the restriction to two-
dimensional data has been decidedly more practical. Until recently,
acquiring three-dimensional data required specialized equipment and
was prohibitively expensive, and the use of many three-dimensional
devices was limited to specimens in a restricted size range. However,
over the past decade a number of lower-cost options have become avail-
able, including surface scanners and other data-collection devices. Be-
cause these devices are nowmore accessible to the research community,
manymore geometric morphometric studies are conducted using three-
dimensional landmark data. This shift is perhaps most pervasive in the
field of anthropology, where the specimen sizes are particularly well-
matched to the optimal size ranges of three-dimensional data acquisi-
tion tools (Slice, 2007).

Semilandmarks and missing landmarks
Geometric morphometric analyses are typically performed on land-
mark coordinates describing specific anatomical locations (i.e., “fixed”

Figure 1 –Graphical depiction outlining the steps of the Procrustes paradigm for landmark-
based geometric morphometrics. 1) Digitize raw data (landmarks recorded on head of a
Plethodon salamander), 2) Generalized Procrustes analysis to remove non-shape variation
(landmarks of 156 specimens before and after GPA), 3) statistical analysis (e.g., MANOVA),
and 4) graphical depiction of results (ordination plot of specimens with thin-plate spline
transformations for the mean specimens of two groups). Data from Adams and Rohlf
(2000).
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anatomical points), yet the shape of other anatomical features may also
be of interest. For example, semilandmarks can be used to capture the
shape of boundary curves, which can then be included with a set of
fixed landmarks in a Procrustes-based shape analysis (Bookstein, 1997;
Bookstein et al., 1999). With this approach, a series of locations along
the curve are digitized, and an additional step may be incorporated in
the Procrustes algorithm which slides these points along vectors tan-
gent to the curve until their positions align as closely as possible with
the semilandmarks on the corresponding curve of a reference speci-
men (for related approaches see: Hammond et al. 2004; McCane and
Kean 2011). This algebra for semilandmarks has now been extended to
three dimensions, so that the shapes of both curves and surfaces can be
quantified (Gunz et al., 2005). Here, semilandmarks on curves are usu-
ally slid along their tangent vectors, and semilandmarks on surfaces are
slid within their tangent planes, until their positions minimize the shape
difference between specimens. This reduces the effect of the arbitrary
initial placement of the semilandmarks, and can be accomplished either
by minimizing bending energy or Procrustes distance between the ref-
erence and the target specimen (Bookstein et al., 1999; Gunz et al.,
2005; Rohlf, 2010). It should be emphasized that care must be taken
when placing semilandmarks relative to other structures (Oxnard and
O’Higgins, 2011). Additionally, these methods tend to work best when
used on relatively smooth curves and surfaces, or whenmany points are
included. Nevertheless, by using both landmarks and semilandmarks,
information from points, curves, and surfaces may be combined for
a more comprehensive quantification and analysis of biological shape
variation (Fig. 2).

Methods have also been developed to account formissing landmarks.
Because morphometric analyses require that all specimens have the
same set of landmarks, incomplete specimens must either be elimin-
ated from the analysis, or missing landmarks must be eliminated from
the dataset. Clearly, neither solution is ideal: a far preferable alternat-
ive is to estimate the locations of missing landmarks in some way, so
that partial specimens can be included. For structures exhibiting bilat-
eral symmetry, one approach is to estimate missing landmark locations
by reflecting their corresponding landmarks across the mid-line of the
structure (Claude, 2008). Unfortunately, this method can only be im-
plemented for symmetrical objects. Inferring the locations of missing
landmarks can also be accomplished through statistical estimation ap-
proaches based on regression or expectationmaximization (e.g., Neeser
et al. 2009; Couette and White 2010). A third alternative extends the
logic of semilandmarks to the estimation of missing landmarks (Book-
stein et al., 1999; Gunz et al., 2009). Here the locations of missing
landmarks are determined using the thin-plate spline, such that they
minimize the shape difference between the incomplete specimen and
the reference, thereby exerting minimal influence on the resulting pat-
terns of shape variation (the method is presently based on bending en-
ergy, but an approach that minimizes Procrustes distances could also be
envisioned). Together, these methods greatly expand the utility of the
Procrustes paradigm for fields where missing landmarks are common,
such as palaeontology and anthropology (see e.g., Weber and Book-
stein 2011).

Analysis of symmetry

Biologists have long been interested in identifying deviations in sym-
metry in populations of organisms, including: fluctuating asymmetry
(the random departures from perfect symmetry across individuals)
and directional asymmetry (biased departures from perfect symmetry
across individuals). Over a decade ago, the methods commonly em-
ployed on traditional measurements to analyse patterns of asymmetry
were generalized for landmark-based shape data (Klingenberg and
McIntyre, 1998; Klingenberg et al., 2002). Subsequently, a mathem-
atical decomposition of shape variation into its symmetry components
(for bilaterally symmetric shapes) was derived (Mardia et al., 2000;
Kent and Mardia, 2001), and recent extensions of the approach have
been proposed for other types of symmetry (Savriama and Klingen-
berg, 2011). As a consequence of these methodological advances, the

Figure 2 – A) A set of landmarks defining fixed anatomical points, the boundary curve, and
the surface of a scallop shell (from Serb et al. 2011). B) Sliding semilandmarks quantifying
the surface of a skull (reproduced from Adams et al. 2004; after Mitteroecker 2001; MS
thesis, Univ. Vienna).

analysis of symmetry, and the identification of a lack of symmetry, is
now frequently examined in geometric morphometric studies.

Visualizing allometry
A nearly ubiquitous property of organisms is that individuals of dif-
ferent sizes also have different shapes. The association of size and
shape is investigated through the analysis of allometry. Allometric
studies have a long history in morphometrics (Huxley, 1932; Jolicoeur,
1963; Cock, 1966; Klingenberg, 1996; Sidlauskas et al., 2011), yet a
recurring challenge has been to generate graphical summaries that ad-
equately illustrate these patterns. This problem is particularly acute for
geometric morphometric data, where allometric trajectories describe
the multivariate relationship between shape and size. Several recent
methods address this issue and help to facilitate biological interpret-
ation of allometric and ontogenetic trends (Fig. 3). For instance, a
principal components analysis of the matrix of tangent space coordin-
ates augmented with the vector of log centroid size reveals the major
direction of variation in this size-shape space (sensu Mitteroecker et
al. 2004), which often is due to allometry. When multiple groups are
present the common allometric component (CAC: Mitteroecker et al.
2004) can be calculated, which is an estimate of the common within-
group trend. Shape residuals from the CAC can then be plotted against
size to identify differences among allometric (or ontogenetic) trajector-
ies. A related approach is to estimate shape scores from the regression
of shape on size, and plot these against size (Drake and Klingenberg,
2008). It should be noted that for a single group, this approach is math-
ematically identical to the CAC, as the average within-group trend (i.e.
the CAC) is simply the trend for a single group. In a third approach,
an allometric trajectory is represented by estimating predicted values
from a regression of shape on size, and a stylized graphic is obtained
by plotting the first principal component of the predicted values versus
size (Adams and Nistri, 2010). Finally, transformation grids represent-
ing the shapes of small and large specimens can be included with the
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scatterplots to provide a graphical depiction of how shape changes as a
function of size. Together, these methods provide complementary visu-
alizations of the allometric and ontogenetic patterns frequently present
in morphometric data.

Figure 3 – Examples of various visualizations of shape allometry for eight species of Italian
plethodontid salamanders (data from Adams and Nistri 2010). A) The common allometric
component (CAC) versus log centroid size; B) Regression scores versus log centroid size;
C) PC1 of predicted values (from a regression of shape on size) versus log centroid size.

Quantifying phenotypic trajectories and motion paths
The sequence of changes in shape due to allometry corresponds to a
path (or trajectory) of shape changes in tangent space. This trajectory
reveals how shape changes as a function of size. However, patterns
of shape change can also be generated from processes other than al-
lometry; thus a general approach for analysing phenotypic change tra-
jectories is required. Recently, one approach was proposed that ex-
amines various attributes of phenotypic change trajectories and uses
these for statistical comparison (Adams and Collyer, 2007; Collyer and
Adams, 2007; Adams and Collyer, 2009; Collyer and Adams, this is-
sue). Termed phenotypic trajectory analysis, this approach quanti-
fies the size, orientation, and shape of phenotypic paths (trajectories)
and examines these attributes to determine whether sets of trajector-
ies are similar or different (beyond any differences they may have in
their location in tangent space). Importantly, the method can quantify
any trajectory of shape change; such as those representing allomet-
ric or ontogenetic growth trajectories, temporal sequences, evolution-
ary shape changes, shape changes resulting from ecological shifts, or
shape changes observed in studies of phenotypic plasticity (see Adams
and Collyer 2009). Recent applications have identified parallel evolu-
tion of shape changes resulting from competitive interactions (Adams,
2010), and patterns of ontogenetic convergence among closely related
taxa (Adams and Nistri, 2010; Piras et al., 2010).

A related approach has been proposed for the study of motion paths
(Adams and Cerney 2007; for related ideas see: Slice 1999; O’Higgins
et al. 2002). Here a motion is represented by a sequence of shapes in
tangent space that corresponds to differences in the relative position of
their anatomical parts. This sequence forms a trajectory in shape space
whose attributes can be quantified and used to identify similarities or
differences amongmotion trajectories (Adams and Cerney, 2007). This
method is a special case of the phenotypic trajectory analysis described
above. Finally, a complementary procedure quantifies motion paths as
the change in relative position of a single landmark during a movement,
and sets of these motion paths are then quantitatively compared using
Procrustes analysis (Decker et al., 2007).

Applications to quantitative genetics
Another area where considerable development occurred over the past
decade is the utilization of shape data in quantitative genetics. For in-
stance, a number of studies have used quantitative trait loci to assess
the genetic underpinnings of shape variation (see e.g., Klingenberg
and Leamy 2001; Klingenberg et al. 2004; Burgio et al. 2009; Boell
et al. 2011). In addition, several methods for linking the algebra of
quantitative genetics with that of geometric morphometrics have been
proposed. One method is based on Procrustes distance, allowing the
estimation of heritability and other quantitative genetics attributes in
a univariate framework (Monteiro et al., 2002). An alternative uses
the multivariate generalization of the breeder’s equation (Klingenberg
and Leamy, 2001), retaining the full multivariate nature of the geo-
metric morphometric shape data throughout the analysis and allow-
ing implementations based on the “animal model” (sensu Lynch and
Walsh 1998). Considerable discussion highlighted the advantages and
disadvantages of these two alternatives (e.g., Klingenberg 2003; Mon-
teiro et al. 2003; Klingenberg and Monteiro 2005; see also Myers et al.
2006). Ultimately, for accurate estimates of magnitudes and directions
of shape heritability the multivariate approach is preferred (Klingen-
berg and Monteiro, 2005). Recent applications of this approach can
be found in (e.g., Gómez et al. 2009; Klingenberg et al. 2010; Adams
2011; Martínez-Abadías et al. 2012).

Integration and modularity
It has long been observed that some phenotypic traits are highly cor-
related while other sets of traits display less correlation. Such obser-
vations lead Olson and Miller to propose the concepts of morpholo-
gical integration and modularity (Olson and Miller, 1951, 1958). Mor-
phological integration describes the nature of correlated characters and
the cohesion among traits that result from developmental, evolution-
ary, and functional processes (Klingenberg, 2008; Mitteroecker, 2009).

10



Twenty five years of geometric morphometrics

Several methods have been proposed for empirically identifying mod-
ular or integrated components in morphometric data, and these ap-
proaches address related, but subtly distinct biological hypotheses. For
instance, an exploratory way to identify integration among traits is
based on conditional independence (Magwene, 2001, 2009). Here no
a priori hypothesis of modularity is required; rather, the partial correl-
ations among traits are used to hypothesize combinations of traits that
may describe modular structure. However, a number of shortcomings
limit the utility of this approach, particularly as the number of traits per
module increases (Mitteroecker and Bookstein, 2007, 2009).

When prior evidence exists to posit a hypothesis of modularity, the
amount of integration between modules can be assessed through partial
least squares (Bookstein et al., 2003). This approach identifies the de-
gree of covariation between sets of traits, and when used with geomet-
ric morphometric data, is called singular warps analysis (Bookstein et
al., 2003; Mitteroecker and Bookstein, 2008). An alternative approach
tests the hypothesis that there is modularity according to a given par-
tition of landmarks against the null hypothesis that there is no modu-
larity. This method expresses the degree of covariation between mod-
ules relative to variation within modules using Escoufier’s RV coef-
ficient (Klingenberg, 2009). This approach can be used to determine
whether an a priori partitioning of landmarks exhibits covariation ex-
pected under the hypothesis of modularity, or to identify putative mod-
ules that have minimal covariation between them. Finally, one can test
alternative modularity hypotheses by comparing the observed pattern
of covariation among traits to patterns of covariation expected under a
particular modular hypothesis (Marquez, 2008; Parsons et al., 2012).
Here a goodness of fit statistic between the two covariance matrices
is obtained and assessed via Monte Carlo methods. Together, these
techniques provide new and exciting avenues for examining patterns of
integration and modularity in morphometric data.

The next ten years: a possible future
The past twenty five years have seen a surge of methodological devel-
opments in geometric morphometrics. What began as an alternative
approach to shape quantification has developed into a rigorous discip-
line that combines a rich statistical theory with shape data from points,
curves and surfaces, to test an ever-increasing breadth of biological hy-
potheses. It is therefore not surprising that geometric morphometric
methods are being utilized more than ever before to describe and in-
vestigate patterns of shape variation and covariation in many areas of
biological research. If history is any guide, the next ten years will be
equally exciting, and theoretical developments in geometric morpho-
metrics will continue at a rapid pace. As we did in our review a decade
ago (Adams et al., 2004), here we highlight a few areas that we predict
are ripe for future development.

Morphometrics and phylogenetics
It is with a sense of irony that we include this topical area under fu-
ture developments, as a decade ago we commented that the intersec-
tion of morphometrics and phylogenetics needs to be further explored
(Adams et al., 2004). In some sense this area may remain a peren-
nial candidate for future development, because despite considerable
effort, combining these two disciplines in a cohesive manner has re-
mained stubbornly elusive. The power of geometric morphometrics
to quantify patterns of shape variation is undeniable; thus it is nat-
ural to consider how morphometric variables may be used to estim-
ate phylogenetic trees. However, most attempts to do so have relied
on methods based on cladistic parsimony, and unfortunately, there is
a fundamental disconnect between these approaches (which require in-
dependent, discrete variables) and geometric morphometric shape vari-
ables (which are continuous, multivariate, and inter-dependent). Dis-
cussions of earlier attempts at bridging this divide can be found in (Fink
and Zelditch 1995; Adams and Rosenberg 1998; Rohlf 1998; MacLeod
2002; Swiderski et al. 2002 see also Adams et al. 2011). In fact, even a
recent approach for estimating phylogenies from shape data (Gonzalez-
Jose et al., 2008) suffers these same shortcomings, as this approach is
ultimately based on a rank-based representation of shape differences

among species along individual shape axes (for discussion see: Adams
et al. 2011; also Klingenberg and Gidaszewski 2010). Other recent
work has focused on obtaining a phylogenetically-informed superim-
position (see e.g., Goloboff and Catalano 2011; Catalano and Goloboff
2012). Importantly, while these methods use morphometric shape
data as input, they fall outside the realm of the Procrustes paradigm,
as the landmark-by-landmark parsimony approaches they employ do
not conform with shape distances as defined by Kendall’s shape space
and tangent space (Klingenberg and Gidaszewski, 2010; Adams et al.,
2011). Finally, several recent approaches use maximum likelihood
methods to obtain estimates of phylogenetic relationship from shape
data (Caumul and Polly, 2005; Cardini and Elton, 2008). However,
current implementations of this approach assume that the characters
evolve independently and with equal variances following a Brownian
motion model of evolution; assumptions that are not met with geomet-
ric morphometric shape data (see Adams et al. 2011). Nevertheless,
because likelihood methods can incorporate continuous multivariate
data, we feel that they hold the most promise for this application, and
recommend that future work in this area be focused in that direction.

Morphometrics and phylogenetics can also be combined by utilizing
an existing phylogeny to address hypotheses of shape change through
evolutionary time. For instance, one can visualize predicted patterns
of shape evolution by estimating ancestral shapes and projecting both
the hypothesized ancestors and the phylogeny into tangent space (e.g.,
Rohlf 2002; Klingenberg and Gidaszewski 2010). Methods have also
been developed for estimating phylogenetic signal from morphometric
data (Klingenberg and Gidaszewski, 2010), though more work is re-
quired in this area. A few studies have looked at the tempo and mode
of macroevolutionary changes in shape (e.g., Monteiro and Nogueira
2011). However, more work is needed to integrate morphometric data,
which is both multivariate and multi-dimensional (sensu Klingenberg
and Gidaszewski 2010), with recent evolutionary methods for compar-
ing models of phenotypic evolution on phylogenies (e.g., Butler et al.
2000; Blomberg et al. 2003; Butler and King 2004), and for estimat-
ing rates of phenotypic evolution on phylogenies (e.g., O’Meara et al.
2006; Revell and Harmon 2008; see also Bookstein 2012b for recent
Brownian motion models for shape evolution).

Estimating landmark covariances
Another area that represents a hold-over from our previous review is
estimating landmark covariance structure. For many reasons, morpho-
logists are interested in evaluating the relative variability within and
among landmarks. However, the superimposition procedure itself al-
ters the resulting patterns of landmark covariance, which makes direct
interpretation of the resulting covariancematrix challenging (Rohlf and
Slice, 1990; Walker, 2000; Rohlf, 2003). While it is important to re-
cognize that this shortcoming does not affect statistical tests of shape
differences performed in Kendall’s tangent space, the issue still needs
to be resolved. One approach to the problem is to perform simula-
tions that can identify the extent to which observed patterns of land-
mark covariance reflect what is expected under a particular model of
shape change. Alternatively, it may be possible to extend recent ap-
proaches that evaluate the relative influence of individual landmarks
on allometric trends (“jackknife-GPA” sensu: van der Linde and Houle
2009), or methods for assessing the relative contribution of each land-
mark to overall patterns of shape variation (Albert et al., 2003), for the
estimation of landmark covariance structure. More work is needed on
this issue.

Morphometrics and biomechanics
One area we believe will be fruitful in generating future methodolo-
gical developments is the intersection of geometric morphometrics and
biomechanics. In biomechanics, finite element analysis (FEA) is often
used to estimate the stresses and strains that anatomical structures en-
dure when subjected to forces or loadings (e.g., Dumont et al. 2005).
Like geometric morphometrics, FEA begins by capturing the geometry
of an anatomical structure based on the coordinates of (many) point loc-
ations. Therefore it is logical to suppose that the two approaches can
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be combined in some meaningful way (for discussion see: O’Higgins
et al. 2011; Weber et al. 2011; Parr et al. 2012). Indeed, a number
of approaches for combining FEA and GM in the same analysis have
recently been proposed. One method uses the thin-plate spline to de-
form an existing FEmodel from one specimen into another (e.g., Pierce
et al. 2008; Stayton 2009; Rivera and Stayton 2011). Here, geomet-
ric morphometric methods estimate the smooth deformation mapping
between specimens (based on the locations of their landmarks), and the
deformation function is subsequently used to generate a predicted FE
model to evaluate stresses and strains for the target specimen. An al-
ternative method combines GM and FEA in a different manner. Here,
the thin-plate spline is used to visualize the structural deformations im-
plied by the FE model itself (e.g., Cox et al. 2011; Groning et al. 2011;
O’Higgins et al. 2011).

While these approaches represent exciting new developments and
hold great promise for future studies in functional and geometric
morphometry, a number of serious challenges remain. First, little has
been done to validate whether the FE models predicted from morpho-
metric mappings represent what would be obtained from an FEA per-
formed directly on the target specimen. Second, when a single FE
model is used to predict models for multiple specimens (e.g., Rivera
and Stayton 2011; Parr et al. 2012), distinct FE models are obtained for
each target specimen. However, all the information about stresses and
strains is based on the geometric and densiometric properties of the ori-
ginal specimen: no new stress information is obtained. As such, this
“filtering” of the FE model through the thin-plate spline does not res-
ult in novel biomechanical predictions for each specimen, but simply
re-expresses the same biomechanical information in some non-linear,
but predictable, manner. Further, at present it is not clear how rep-
resentations of shape differences as displayed by the thin-plate spline
relate to the stresses and strains described by FEA. Additionally, even
when the densiometric properties of both the reference and target spe-
cimens are assumed to be identical (which is unlikely to be the case),
predicted FE models generated from thin-plate spline mappings do not
provide the correct deformations in terms of the physics of the actual
deformations (Bookstein, 2013). Finally, nomathematical theory exists
for quantitatively relating difference in shape to differences in stresses
and strains that would occur on those specimens (seeWeber et al. 2011;
Bookstein 2013). Thus, we currently do not knowwhether the relation-
ship between FE models and shape differences (Procrustes distance) is
a one-to-one or many-to-one mapping. As alluded to above, one prob-
lem is that the thin-plate spline does not take into account the mater-
ial properties of the structure, and thus some biomechanical properties
estimated by the FE model cannot be directly related to shape deform-
ations. Clearly, additional theoretical work is required to resolve these
issues, and to provide a methodological framework for future studies in
this area.

Resolution of modularity approaches

The past several years has seen tremendous growth in studies of in-
tegration and modularity as applied to morphometric data. In fact,
three distinct analytical approaches are currently in use: one based on
partial least squares (Bookstein et al., 2003; Mitteroecker and Book-
stein, 2008), one based on Escoufier’s RV coefficient (Klingenberg,
2009), and one based on comparing observed and expected covariance
matrices (Marquez, 2008; Parsons et al., 2012). Further, two of these
methods (PLS and the RV coefficient) are mathematically related: they
both examine the cross-covariance matrix between sets of traits; only
they use this information in different ways. Despite these advances
however, a number of issues remain to be resolved in this area. One
issue is that the present methods test against an unreasonable null hy-
potheses of modular structure. That is, present methods test all com-
binations of contiguous landmarks to see whether their internal level of
covariation is higher than that to landmarks not in a putative module.
However, these combinations generally ignore the distances between
landmarks, yet landmarks cannot usually be sampled uniformly across
a structure. A simple alternative to the existence of modules is a model
where the level of covariance between landmarks is inversely propor-

tional to their distance. In some datasets, the same modules are ob-
tained by maximizing within-module covariance or by simply cluster-
ing landmarks based on interlandmark distances (F.J. Rohlf, unpub-
lished). Thus, in these instances, there is no need to invoke a hypo-
thesis of modular structure, as the observed covariance patterns are
simply the result of the relative distances between landmarks. Further,
at present it is not clear which approach is most effective at identify-
ing non-spatially determined patterns of integration and modularity,
and under what circumstances. Therefore, what is needed is a thor-
ough comparison of the statistical properties of these approaches under
known conditions, to determine when each performs relatively well and
when each performs more poorly. This would give some much-needed
clarity to the field, and provide end-users with clear recommendations
on which integration andmodularity methods should be utilized, when,
and why. We note that this suggestion echoes the approach taken to re-
solve an earlier issue; namely, which landmark-based morphometric
method should be used. Here, statistical simulations determined that
Procrustes approaches outperformed alternative methods (e.g., Rohlf
1999a, 2000, 2003).

Software development
As with all quantitative fields, new methods will only be used if re-
searchers have access to software for their implementation. Fortu-
nately, the morphometric community is replete with theorists who also
generate software, and thus numerous packages are available. Nearly
all morphometrics packages include the standard components of the
Procrustes paradigm: including Procrustes superimposition, basic stat-
istical analyses of shape data (PCA, MANOVA, regression), and visu-
alization through thin-plate spline transformation grids. A partial
list of these packages includes the TPS-series (e.g., TPSRelw: Rohlf
2010), IMP (Sheets, 2003), the EVAN Toolbox (EVAN Society 2012),
MorphoJ (Klingenberg, 2011), Morpheus et al. (Slice, 1998), and
several libraries for R (e.g., routines in Claude 2008, and the librar-
ies “shapes”: Dryden 2013, and “geomorph”: Adams amd Otárola-
Castillo 2013). More specialized analyses, such as mapping shapes
on phylogenies, asymmetry analyses, and modularity approaches, are
found in fewer software packages, as are methods for incorporating
three-dimensional surface semilandmarks in GPA and for estimating
missing landmarks using deformation procedures. In the future, we
predict that new methodological developments will be incorporated
into the software packages mentioned here, and that new software op-
tions will become available to the end-user.

Conclusions
It is not an overstatement to say that the past twenty five years in
morphometrics has been exciting. We have witnessed a fundamental
shift in how morphology is quantified as the field migrated towards the
use of landmark coordinates on anatomical points, curves, and surfaces.
From the union of statistical shape theory and methods for obtaining
shape variables a standard approach to shape analysis has emerged (the
Procrustes paradigm), and new extensions based on Procrustes meth-
ods continue to be developed to address specific biological hypotheses.
Patterns of shape changes are now quantified and compared, and graph-
ical representations of shapes are generated to facilitate biological in-
terpretation of these statistical trends. From all of these developments
it is clear that D’Arcy Thompson’s dream of investigating biological
form in a fully quantitative manner has now been realized. We look
forward to the exciting new developments that will emerge in the years
to come.

References
Adams D.C., 2010. Parallel evolution of character displacement driven by competitive se-

lection in terrestrial salamanders. BMC Evol. Biol. 10: 1–10.
Adams D.C., 2011. Quantitative genetics and evolution of head shape in Plethodon sala-

manders. Evol. Biol. 38: 278–286.
Adams D.C., Cardini A., Monteiro L.R., O’Higgins P., Rohlf. F.J., 2011. Morphometrics

and phylogenetics: principal components of shape from cranial modules are neither
appropriate nor effective cladistic characters. J. Hum. Evol. 60: 240–243.

12



Twenty five years of geometric morphometrics

Adams D.C., CerneyM.M., 2007. Quantifying biomechanical motion using Procrustes mo-
tion analysis. J. Biomech. 40: 437–444.

Adams D.C., Collyer M.L., 2007. The analysis of character divergence along environmental
gradients and other covariates. Evolution 61: 510–515.

Adams D.C., Collyer M.L., 2009. A general framework for the analysis of phenotypic tra-
jectories in evolutionary studies. Evolution 63: 1143–1154.

Adams D.C., Nistri A., 2010. Ontogenetic convergence and evolution of foot morphology
in European cave salamanders (Family: Plethodontidae). BMC Evol. Biol. 10: 1–10.

Adams D.C., Otárola-Castillo E., 2013. geomorph: an R package for the collection and
analysis of geometric morphometric shape data. Methods in Ecology and Evolution 4:
393–399. http://cran.r-project.org/package=geomorph

Adams D.C., Rohlf F.J., 2000. Ecological character displacement in Plethodon: biomech-
anical differences found from a geometric morphometric study. Proceedings of the Na-
tional Academy of Sciences, USA 97: 4106–4111.

Adams D.C., Rohlf F.J., Slice D.E. 2004. Geometric morphometrics: ten years of progress
following the “revolution”. It. J. Zool. 71: 5–16.

Adams D.C., Rosenberg M.S., 1998. Partial warps, phylogeny, and ontongeny: a comment
on Fink and Zelditch (1995). Syst. Biol. 47:168–173.

Albert M.H., Le H., Small C.G., 2003. Assessing landmark influence on shape variation.
Biometrika 90: 669–678.

Blackith R.E., Reyment R.A., 1971. Multivariate Morphometrics. Academic Press, New
York.

Blomberg S.P., Garland T., Ives A.R., 2003. Testing for phylogenetic signal in comparative
data: behavioral traits are more labile. Evolution 57: 717–745.

Boas F., 1905. The Horizontal Plane of the Skull and the General Problem of the Compar-
ison of Variable Forms. Science 21: 862–863.

Boell L., Gregorová S., Forejt J., Tautz D., 2011. A comparative assessment of mandible
shape in a consomic strain panel of the house mouse (Mus musculus) - implications for
epistasis and evolvability of quantitative traits. BMC Evol. Biol. 11(309): 1–12.

Bookstein F.L., 1986. Size and shape spaces for landmark data in two dimensions. (With
discussion and rejoinder). Statistical Science 1: 181–242.

Bookstein F.L., 1989. Principal warps: thin-plate splines and the decomposition of de-
formations. Institute of Electrical and Electronics Engineers, Transactions on Pattern
Analysis and Machine Intelligence 11: 567–585.

Bookstein F.L., 1991.Morphometric tools for landmark data: Geometry and Biology. Cam-
bridge Univ. Press, New York.

Bookstein F.L., 1996. Biometrics, biomathematics and the morphometric synthesis. Bul-
letin of Mathematical Biology 58: 313–365.

Bookstein F.L., 1997. Landmark methods for forms without landmarks: morphometrics of
group differences in outline shape. Medical Image Analysis 1: 225–243.

Bookstein F.L., 2013. Allometry for the Twenty-First century. Biol. Theory 7(1): 10–25.
doi:10.1007/s13752-012-0064-0

Bookstein F.L., 2012b. Random walk as a null model for high-dimensional morphometrics
of fossil series: geometrical considerations. Paleobiology 39(1): 52–74.

Bookstein F.L., Gunz P., Mitteroecker P., Prossinger H., Schaefer K., Seidler H., 2003. Cra-
nial integration in Homo: singular warps analysis of the midsagittal plane in ontogeny
and evolution. J. Hum. Evol. 44: 167–187.

Bookstein F.L., Schafer K., Prossinger H., Seidler H., Fieder M., Stringer G., Weber G.W.,
Arsuaga J.-L., Slice D.E., Rohlf F.J., RecheisW., MariamA.J., Marcus L.F., 1999. Com-
paring frontal cranial profiles in archaic and modern Homo by morphometric analysis.
Anat. Rec. (New Anat.) 257: 217–224.

Burgio G., Baylac M., Heyer E., Montagutelli X., 2009. Genetic analysis of skull shape
variation and morphological integration in the mouse using interspecific recombinant
congenic strains between C57BL/6 and mice of the Mus spretus species. Evolution 63:
2668–2686.

Butler M.A., King A.A., 2004. Phylogenetic comparative analysis: a modeling approach
for adaptive evolution. Am. Nat. 164: 683–695.

Butler M.A., Schoener T.W., Losos J.B., 2000. The relationship between sexual size di-
morphism and habitat use in Greater Antillean Anolis lizards. Evolution 54: 259–272.

Cardini A., Elton S., 2008. Does the skull carry a phylogenetic signal? evolution and mod-
ularity in the guenons. Biol. J. Linn. Soc. 93: 813–834.

Catalano S.A., Goloboff P.A., 2012. Simultaneously mapping and superimposing landmark
configurations with parsimony as optimality criterion. Syst. Biol. 61(3): 392–400.

Caumul R., Polly D., 2005. Phylogenetic and environmental components of morphological
variation: skull, mandible, andmolar shape in marmots (Marmota, Rodentia). Evolution
59: 2460–2472.

Claude J., 2008. Morphometrics with R. Springer, New York.
Cock A.G., 1966. Genetical aspects of metrical growth and form in animals. Quart. Rev.

Biol. 41: 131–190.
Collyer M.L., Adams D.C., 2007. Analysis of two-state multivariate phenotypic change in

ecological studies. Ecology 88: 683–692.
Collyer M.L., Adams D.C., 2013. Phenotypic trajectory analysis: comparison of shape

change patterns in evolution and ecology. Hystrix 24(1) (Online First). doi:10.4404/
hystrix-24.1-6298

Corti M., 1993. Geometric morphometrics: An extension of the revolution. Trends Ecol.
Evol. 8: 302–303.

Couette S., White J., 2010. 3D geometric morphometrics and missing data. Can extant taxa
give clues for the analysis of fossil primates? Comptes Rendus Palevol 9: 423–433.

Cox P.G., Fagan M.J., Rayfield E.J., Jeffery N., 2011. Finite element modelling of squirrel,
guinea pig and rat skulls: using geometric morphometrics to assess sensitivity. J. Anat.
219: 696–709.

Darwin C., 1859. On the origin of species by means of natural selection, or the preservation
of favored races in the struggle for life. Murray, London.

Decker L., Berge C., Renous S., Penin X., 2007. An alternative approach to normaliza-
tion and evaluation for gait patterns: Procrustes analysis applied to the cyclograms of
sprinters and middle-distance runners. J. Biomech. 40: 2078–2087.

Drake A.G., Klingenberg C.P., 2008. The pace of morphological change: Historical trans-
formation of skull shape in St Bernard dogs. Proceedings of the Royal Society B, Bio-
logical Sciences 275: 71–76.

Dryden I.L., 2012. shapes: Statistical shape analysis. R package version 1.1-8. http://cran.
r-project.org/package=shapes

Dryden I.L., Mardia K.V., 1993. Multivariate shape analysis. Sankhya 55: 460–480.
Dryden I.L., Mardia K.V., 1998. Statistical shape analysis. John Wiley & Sons, New York.

Dumont E.R., Piccirillo J., Grosse I.R., 2005. Finite element analysis of biting behavior and
bone stress in the facial skeletons of bats. Anat. Rec. 293: 319–330.

Fink W.L., Zelditch M.L., 1995. Phylogenetic analysis of ontogenetic shape transforma-
tions: a reassessment of the piranha genus Pygocentrus (Teleostei). Syst. Biol. 44: 344–
361.

Galton F., 1907. Classification of Portraits. Nature 76: 617–618.
Goloboff P.A., Catalano S.A., 2011. Phylogenetic morphometrics (II): algorithms for land-

mark optimization. Cladistics 27: 42–51.
Gómez J.M., Abdelaziz M., Muñoz-Pajares J., Perfectti F., 2009. Heritability and genetic

correlation of corolla shape and size in Erysimum mediohispanicum. Evolution 63:
1820–1831.

Gonzalez-Jose R., Escapa I., Neves W.A., Cuneo R., Pucciarelli H.M., 2008. Cladistic ana-
lysis of continuous modularized traits provides phylogenetic signals in Homo evolution.
Nature 453: 775–779.

Gower J.C., 1975. Generalized Procrustes analysis. Psychometrika 40: 33–51.
Groning F., Fagan M.J., O’Higgins P., 2011. The effects of the periodontal ligament on

mandibular stiffness: a study combining finite element analysis and geometric morpho-
metrics. J. Biomech. 44: 1304–1312.

Gunz P., Mitteroecker P., Bookstein F.L., 2005. Semilandmarks in three dimensions.
In: Slice D.E. (Ed.). Modern morphometrics in physical anthropology. Klewer Aca-
demic/Plenum, New York, pp. 73–98.

Gunz P., Mitteroecker P., Neubauer S., Weber G.W., Bookstein F.L., 2009. Principles for
the virtual reconstruction of hominin crania. J. Hum. Evol. 57: 48–62.

Hammond P., Hutton T.J., Allanson J.E., Campbell L.E., Hennekam R.C.M., Holden S.,
Patton M.A., Shaw A., Temple I.K., Trotter M., Murphy K.C., Winter R.M.. 2004. 3D
analysis of facial morphology. Am. J. Med. Genet. 126A: 339–348.

Huxley J.S., 1932. Problems of relative growth. Methuen, London. Reprinted in 1993 by
Johns Hopkins University Press, Baltimore.

Jolicoeur P., 1963. The multivariate generalization of the allometry equation. Biometrics
19: 497–499.

Kendall D.G., 1981. The statistics of shape. In: Barnett V. (Ed). Interpreting multivariate
data. Wiley, New York, pp. 75–80.

Kendall D.G., 1984. Shape-manifolds, Procrustean metrics and complex projective spaces.
Bulletin of the London Mathematical Society 16: 81–121.

Kendall D.G., 1985. Exact distributions for shapes of random triangles in convex sets. Adv.
Appl. Prob. 17: 308–329.

Kent J.T., Mardia K.V., 2001. Shape, Procrustes tangent projections and bilateral symmetry.
Biometrika 88: 469–485.

Klingenberg C.P., 2003. Quantitative genetics of geometric shape: heritability and the pit-
falls of the univariate approach. Evolution 57: 191–195.

Klingenberg C.P., 2008. Morphological integration and developmental modularity. Annu.
Rev. Ecol. Evol. Syst. 39: 115–132.

Klingenberg C.P., 2009. Morphometric integration and modularity in configurations of
landmarks: tools for evaluating a priori hypotheses. Evol. Develop. 11: 405–421.

Klingenberg C.P., 2011. MorphoJ: an integrated software package for geometric morpho-
metrics. Molec. Ecol. Res. 11: 353–357.

Klingenberg C.P., Barluenga M., Meyer A., 2002. Shape analysis of symmetric structures:
quantifying variation among individuals and asymmetry. Evolution 56: 1909–1920.

Klingenberg C.P., Debat V., Roff D.A., 2010. Quantitative genetics of shape in cricket
wings: developmental integration in a functional structure. Evolution 64: 2935–2951.

Klingenberg C.P., Gidaszewski N.A., 2010. Testing and quantifying phylogenetic signals
and homoplasy in morphometric data. Syst. Biol. 59: 245–261.

Klingenberg C.P., Leamy L.J., 2001. Quantitative genetics of geometric shape in the mouse
mandible. Evolution 55: 2342–2352.

Klingenberg C.P., Leamy L.J., Cheverud J.M., 2004. Integration and modularity of quantit-
ative trait locus effects on geometric shape in the mouse mandible. Genetics 166: 1909–
1921.

Klingenberg C.P., McIntyre G.S., 1998. Geometric morphometrics of developmental in-
stability: Analyzing patterns of fluctuating asymmetry with Procrustes methods. Evol-
ution 52: 363–1375.

Klingenberg C.P., Monteiro L.R., 2005. Distances and directions in multidimensional shape
spaces: implications for morphometric applications. Syst. Biol. 54: 678–688.

Klingenberg K.P., 1996. Multivariate allometry. In: Marcus L.F., Corti M., Loy A., Naylor
G.J.P., Slice D.E. (Eds). Advances in Morphometrics. Plenum Press, New York, pp.
23–49.

Lynch M., Walsh B., 1998. Genetics and analysis of quantitative traits. Sinauer Associates,
Sunderland.

MacLeod N., 2002. Phylogenetic signals in morphometric data. In: MacLeod N., Forey P.L.
(Eds.). Morphology, shape and phylogeny. Taylor and Francis, London, pp. 100–138.

MacLeod N., 2008. Understanding morphology in systematic contexts: 3D specimen or-
dination and 3D specimen recognition. In: Wheeler Q. (Ed.). The New Taxonomy. CRC
Press, Taylor & Francis Group, London, pp. 143–210.

Magwene P.M., 2001. New tools for studying integration and modularity. Evolution 55:
1734–1745.

Magwene P.M., 2009. Statistical methods for studying modularity: a reply to Mitteroecker
and Bookstein. Syst. Biol. 58: 146–149.

Marcus L.F., 1990. Traditional morphometrics. In: Rohlf F.J., Bookstein F.L. (Eds.). Pro-
ceedings of the Michigan morphometrics workshop. University of Michigan Museum
of Zoology, Ann Arbor, pp. 77–122.

Mardia K.V., Bookstein F.L., Moreton I.J., 2000. Statistical assessment of bilateral sym-
metry of shapes. Biometrika 87: 285–300.

Marquez E.J., 2008. A statistical framework for testing modularity in multidimensional
data. Evolution 62: 2688–2708.

Martínez-Abadías N., EsparzaM., Sjøvold T., González-José R., SantosM., HernándezM.,
Klingenberg C.P., 2012. Pervasive genetic integration directs the evolution of human
skull shape. Evolution 66: 1010–1023.

McCane B., Kean M.R., 2011. Integration of parts in the facial skeleton and cervical ver-
tebrae. Am. J. Orthodont. Dento. Orthoped. 139: e13–e30.

McPeek M.A., Shen L., Torrey J.Z., Farid H., 2008. The tempo and mode of three-
dimensional morphological evolution in male reproductive structures. Am. Nat. 171:
E158–E178.

Mitteroecker P., 2009. The developmental basis of variational modularity: insights from
quantitative genetics, morphometrics, and developmental biology. Evol. Biol. 36: 377–
385.

13



Hystrix, It. J. Mamm. (2013) 24(1): 7–14

Mitteroecker P., Bookstein F.L., 2007. The conceptual and statistical relationship between
modularity and morphological integration. Syst. Biol. 56: 818–836.

Mitteroecker P., Bookstein F.L., 2008. The evolutionary role of modularity and integration
in the hominoid cranium. Evolution 62: 943–958.

Mitteroecker P., Bookstein F.L., 2009. Examining modularity via partial correlations: a
rejoinder to a comment by Paul Magwene. Syst. Biol. 58: 346–348.

Mitteroecker P., Gunz P., 2009. Advances in geometric morphometrics. Evol. Biol. 36:
235–247.

Mitteroecker P., Gunz P., Bernhard M., Schaefer K., Bookstein F.L., 2004. Comparison of
cranial ontogenetic trajectories among great apes and humans. J. Hum. Evol. 46: 679–
698.

Monteiro L.R., Diniz-Filho J.A.F., Reis S.F.D., Araujo E.D., 2002. Geometric estimates of
heritability in biological shape. Evolution 56: 563–572.

Monteiro L.R., Diniz-Filho J.A.F., Reis S.F.D., Araujo E.D., 2003. Shape distances in gen-
eral linear models: Are they really at odds with the goals of morphometrics? A reply to
Klingenberg. Evolution 57: 196–199.

Monteiro L.R., Nogueira M.R., 2011. Evolutionary patterns and processes in the radiation
of phyllostomid bats. BMC Evol. Biol. 11(137): 1–23.

Myers E.M., Janzen F.J., Adams D.C., Tucker J.K., 2006. Quantitative genetics of plastron
shape in slider turtels (Trachemys scripta). Evolution 60: 563–572.

Neeser R., Ackermann R.R., Gain J., 2009. Comparing the accuracy and precision of three
techniques used for estimating missing landmarks when reconstructing fossil hominin
crania. Am. J. Phys. Anthropol. 140: 1–18.

O’Higgins P., 2000. The study of morphological variation in the hominid fossil record:
biology, landmarks and geometry. J. Anat. 197: 103–120.

O’Higgins P., Cobb S.N., Fitton L.C., Groning F., Phillips R., Liu J., Fagan M.J., 2011.
Combining geometric morphometrics and functional simulation: an emerging toolkit
for virtual functional analyses. J. Anat. 218: 3–15.

O’Higgins P., Jones N., Ghattaura A., Hutton T., Carr M.. 2002. Geometric morphometric
approaches to the study of soft tissue growth and expression in the human face. Am. J.
Phys. Anthropol. Supp. 34: 119.

O’Meara B.C., Ane C., Sanderson M.J., Wainwright P.C., 2006. Testing for different rates
of continuous trait evolution using likelihood. Evolution 60: 922–933.

Olson E.C., Miller R.L., 1951. A mathematical model applied to a study of the evolution
of species. Evolution 5: 325–338.

Olson E.C., Miller R.L., 1958. Morphological Integration. University of Chicago Press,
Chicago.

Oxnard C., O’Higgins P., 2011. Biology Clearly Needs Morphometrics. Does Morphomet-
rics Need Biology? Biol. Theory 4: 84–97.

Parr W.C.H., Wroe S., Chamoli U., Richards H.S., McCurry M.R., Clausen P.D., McHenry
C., 2012. Toward integration of geometric morphometrics and computational biomech-
anics: New methods for 3D virtual reconstruction and quantitative analysis of Finite
Element Models. J. Theor. Biol. 301: 1–14.

Parsons K.J., Marquez E., Albertson R.C., 2012. Constraint and opportunity: the genetic
basis and evolution of modularity in the cichlid mandible. Am. Nat. 179: 64–78.

Pierce S.E., Angielczyk K.D., Rayfield E.J., 2008. Patterns of morphospace occupation and
mechanical performance in extant crocodilian skulls: a combined geometric morpho-
metric and finite element modeling approach. J. Morph. 269: 840–864.

Piras P., Colangelo P., Adams D.C., Buscalioni A., Cubo J., Kotsakis T., Meloro C., Raia P.,
2010. The Gavialis-Tomistoma debate: the contribution of skull ontogenetic allometry
and growth trajectories to the study of crocodylian relationships. Evol. Develop. 12:
568–579.

Revell L.J., Harmon L.J., 2008. Testing quantitative genetic hypotheses about the evolu-
tionary rate matrix for continuous characters. Evol. Ecol. Res. 10: 311–331.

Reyment R.A., 1991. Multidimensional paleobiology. Pergamon Press, New York.
Reyment R.A., 1996. An idiosyncratic history of early morphometrics. In: Marcus L.F.,

Corti M., Loy A., Naylor G.J.P., Slice D.E. (Eds.). Advances in Morphometrics. Plenum
Press, New York, pp. 15–22.

Rivera G., Stayton C.T., 2011. Finite element modeling of shell shape in the freshwater
turtle Pseudemys concinna reveals a trade-off between mechanical strength and hydro-
dynamic efficiency. J. Morph. 272: 1192–1203.

Rohlf F.J., 1998. On applications of geometric morphometrics to studies of ontogeny and
phylogeny. Syst. Biol. 47: 147–158.

Rohlf F.J., 1999a. On the use of shape spaces to compare morphometric methods. Hystrix
11: 1–17.

Rohlf F.J., 1999b. Shape statistics: Procrustes superimpositions and tangent spaces. Journal
of Classification 16: 197–223.

Rohlf F.J., 2000. Statistical power comparisons among alternative morphometric methods.
Am. J. Phys. Anthropol. Supp. 111: 463–478.

Rohlf F.J., 2002. Geometric morphometrics and phylogeny. In: Macleod N., Forey P. (Eds.).
Morphology, shape, and phylogeny. Taylor & Francis, London, pp. 175–193.

Rohlf F.J., 2003. Bias and error in estimates of mean shape in morphometrics. J. Hum. Evol.
44: 665–683.

Rohlf F.J., 2010. tpsRelw: Relative warps analysis. Department of Ecology and Evolution,
State University of New York at Stony Brook, Stony Brook, NY.

Rohlf F.J., Corti. M., 2000. The use of partial least-squares to study covariation in shape.
Syst. Biol. 49: 740–753.

Rohlf F.J., Marcus L.F., 1993. A revolution in morphometrics. Trends Ecol. Evol. 8: 129–
132.

Rohlf F.J., Slice D.E., 1990. Extensions of the Procrustes method for the optimal superim-
position of landmarks. Syst. Zool. 39: 40–59.

SavriamaY., Klingenberg C.P., 2011. Beyond bilateral symmetry: geometric morphometric
methods for any type of symmetry. BMC Evol. Biol. 11(280): 1–20.

Schaefer K., Lauc T., Mitteroecker P., Gunz P., Bookstein F.L., 2006. Dental Arch Asym-
metry in an Isolated Adriatic Community. Am. J. Phys. Anthropol. 129: 132–142.

Serb J.M., Alejandrino A., Otárola-Castillo E., Adams D.C., 2011. Morphological conver-
gence of shell shape in distantly related scallop species (Mollusca: Pectinidae). Zool. J.
Linn. Soc. 163: 571–584.

Sheets H.D., 2003. IMP-Integrated Morphometrics Package, version 7, Department of
Physics, Canisius College, Buffalo, New York. Available from http://www.canisius/edu/
sheets/morphsoft.html.

Shen L., Farid H., McPeek M.A., 2009. Modeling 3-dimensional morphological structures
using spherical harmonics. Evolution 63: 1003–1016.

Sidlauskas B.L., Mol J.H., Vari R.P., 2011. Dealing with allometry in linear and geometric
morphometrics: a taxonomic case study in the Leporinus cylindriformis group (Characi-
formes: Anostomidae) with description of a new species from Suriname. Zool. J. Linn.
Soc. 162: 103–130.

Slice D.E., 1998. Morpheus et al.: software for morphometric research. Department of
Ecology and Evolution, State University of New York, Stony Brook, New York.

Slice D.E., 1999. Geometric motion analysis. Am. J. Phys. Anthropol. Supp. 28: 253–254.
Slice D.E., 2001. Landmark coordinates aligned by Procrustes analysis do not lie in Kend-

all’s shape space. Syst. Biol. 50: 141–149.
Slice D.E., 2005. Modern morphometrics. In: Slice D.E. (Ed.). Modern morphometrics in

physical anthropology. Klewer Press, New York, pp. 1–45.
Slice D.E., 2007. Geometric Morphometrics. Ann. Rev. Anthropol. 36: 261–281.
Sneath P.H.A., 1967. Trend-surface analysis of transformation grids. J. Zool. Lond. 151:

65–122.
Society E., 2012. EVAN Toolbox. build 1626, Vienna. Available from www.evan-society.

org.
Stayton C.T., 2009. Applications of thin-plate spline transformations to finite element mod-

els, or, how to turn a bog turtle into a spotted turtle to analyze both. Evolution 63: 1348–
1355.

Strauss R.G., Bookstein F.L., 1982. The truss: body form reconstructions in morphomet-
rics. Syst. Zool. 31: 113–135.

Swiderski D.L., ZelditchM.L., FinkW.L., 2002. Comparability, morphometrics and phylo-
genetic systematics. In: MacLeod N., Forey P.L. (Eds.). Morphology, shape and phylo-
geny. Taylor & Francis, London, pp. 67–99.

Thompson D.W., 1915. Morphology and mathematics. Trans. Roy. Soc. Edinburgh 50:
857–895.

Thompson D.W., 1917. On Growth and Form. Cambridge, London.
van der Linde K., Houle D., 2009. Inferring the nature of allometry from geometric data.

Evol. Biol. 36: 311–322.
Walker J.A., 2000. The ability of geometric morphometric methods to estimate a known

covariance matrix. Syst. Biol. 49: 686–696.
Weber G.W., Bookstein F.L., 2011. Virtual anthropology: a guide to a new interdisciplinary

field. Springer Verlag.
Weber G.W., Bookstein F.L., Strait D.S., 2011. Virtual anthropology meets biomechanics.

J. Biomech. 44: 1429–1432.

Associate Editor: A. Loy

14


	2013
	A Field Comes of Age: Geometric Morphometrics in the 21st Century
	Dean C. Adams
	F. James Rohlf
	Dennis E. Slice

	A field comes of age: Geometric morphometrics in the 21st century

