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ABSTRACT
The proliferation of geometric morphometrics (GM) in biological

anthropology and more broadly throughout the biological sciences has
resulted in a multitude of studies that adopt landmark-based approaches
for addressing a variety of questions in evolutionary morphology. In some
cases, particularly in the realm of systematics, the fit between research
question and analytical design is quite good. Functional-adaptive studies,
however, do not readily conform to the methods available in the GM tool-
kit. The symposium organized by Terhune and Cooke entitled “Assessing
function via shape: What is the place of GM in functional morphology?”
held at the 2013 meetings of the American Association of Physical
Anthropologists was designed specifically to explore this relationship
between landmark-based methods and analyses of functional morphology,
and the articles in this special issue, which stem in large part from this
symposium, provide numerous examples of how the two approaches can
complement and contrast each other. Here, we underscore some of the
major difficulties in interpreting GM results within a functional regime.
In combination with other contributions in this issue, we identify emerg-
ing areas of research that will help bridge the gap between multivariate
morphometry and functional-adaptive analysis. Ultimately, neither geo-
metric nor functional morphometric approaches is sufficient to elaborate
the adaptive pathways that explain morphological evolution through nat-
ural selection. These perspectives must be further integrated with
research from physiology, developmental biology, genomics, and ecology.
Anat Rec, 298:328–333, 2015. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Many students locate the origin of geometric morpho-
metrics (GM) within the interactions, texts and software
that emerged from the Michigan Morphometrics Work-
shop held in Ann Arbor in 1988 and the follow-up work-
shop at Stony Brook in 1990 (Rohlf and Bookstein,
1990). Indeed it was out of these meetings that the
canon of practices associated with landmark-based stud-
ies first appeared in coherent fashion, and, importantly,
that the means for implementing these practices were
made available (via 3.5 inch diskettes) to a broad range
of researchers. Yet, like any subject in evolutionary

history, the best evidence for the origin of a lineage need
not comprise the actual time and space, in which the lin-
eage emerged. Scholars of the GM literature will know
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the longer history of superimposition methods and hand-
drawn transformation grids, back to D’Arcy Thompson
(1917) or even D€urer (1528), and many excellent reviews
of the development and diversification of these methods
have already been written (O’Higgins, 2000; Adams et al.,
2004, 2013; Slice, 2005, 2007; Mitteroecker and Gunz,
2009; Baab et al., 2012). What came out of the Michigan
and Stony Brook workshops, then, was not a new method
for analyzing biological form, but rather a consolidation of
methods already extant for conducting multivariate mor-
phometry, landmark superimposition, and deformational
morphometrics (Rohlf and Bookstein, 1990: v).

It is important to consider the aims and outcomes of
this generative era—what Abraham (1994) might refer
to as a bifurcation in the cultural ecology of anthropo-
metrics—to properly apprehend the importance of the
symposium organized by Terhune and Cooke entitled
“Assessing function via shape: What is the place of GM
in functional morphology?” held at the 2013 meetings of
the American Association of Physical Anthropologists,
and this special issue of The Anatomical Record, which
stems in large part from that symposium. Functional
morphology, with its own lengthy and not entirely dis-
crete scholarly corpus, was not an explicit piece of the
modern morphometric synthesis (Bookstein, 2013).
“Function,” in the sense of the early GM texts, referred
to matrices and sigmas rather than mastication and
stride length. Over time, the GM toolkit evolved in
response to the interests and needs of its users, but did
so principally in the direction of improving taxonomic
delineation. As Bookstein (2015) notes, the metric of the
shape spaces—Procrustes distance—exploited in typical
landmark analyses has no direct connection to function
or to any explicit biological formulation. That biological
shape nevertheless reflects the influence of morphoge-
netic factors of interest to biological anthropologists pro-
vides an initial justification for leveraging the
advantages of GM analyses to study these phenomena.
But without careful consideration of the relationship

between our analytical tools and our research questions,
we risk the GM toolkit becoming a multi-dimensional,
visually appealing hammer, and every subject in evolu-
tionary morphology taking on the shape of a nail.

Hence, we were delighted by the organization of this
symposium and subsequent special issue, with the
timely but complex goal of evaluating the contribution of
landmark-based methods to studies of functional mor-
phology. As GM analysis “comes of age” (cf. Adams et al.,
2013), and the tools for data collection and analysis
become more readily available, landmark-based research
is permeating many branches of the biological sciences.
The 2013 Terhune and Cooke symposium and this ensu-
ing special issue provide an important step toward the
deliberative application of modern modes of shape analy-
sis to studies of function.

Functional analysis is typically a gateway procedure for
biological anthropologists and evolutionary morphologists,
with the ultimate goal of improving our understanding of
the evolutionary adaptations of organismal form. Like-
wise, GM studies often look toward adaptive interpreta-
tions of shape variation. In this article, we momentarily
step back to reflect on the process of adaptation and place
the focus of this special issue in a larger evolutionary con-
text. By doing so, we highlight some of the limitations of
both functional and geometric morphometrics for under-
standing evolutionary adaptation, and remind ourselves
that improving the link between these two areas will not
necessarily improve our abilities to empirically demon-
strate evolutionary adaptation from purely morphometric
evaluations. As discussed below, and elaborated by
authors in this special issue, the dialog established in this
study must grow to integrate other ontological perspec-
tives and new analytical tools (e.g., Lewton, 2015).

FUNCTION AND ADAPTATION

The process of adaptation was described as a pathway
(Fig. 1) by Bock and von Wahlert (1965) providing a

Fig. 1. A schematic diagram outlining the key theoretical steps in
the adaptive pathway [adapted from Fig. 1 in Bock and von Wahlert
(1965, p. 271) and Bock (1977, p.130)]. A feature (i.e., trait or charac-
ter) arises through the developmental implementation of a genetic pro-
gram. A feature can have several forms (i.e., configuration or
appearance), functions (i.e., uses or actions), and performances (i.e.,
measures of ability) across multiple behaviors. If these behaviors
occur in an organism’s natural environment then they are ecologically
relevant performances and have a biological role that may be subject

to natural selection. Variation in performance during the ecologically-
relevant behavior may result in differential fitness within a group lead-
ing to adaptive changes in a feature for the population. The filled
arrows indicate factors primarily related to the individual and the
unshaded arrows to the environment. Together they emphasize that
fitness and adaptation are the result of the interaction of an organism
with a particular environment. [Note: The term “performance” replaces
Bock and Wahlert’s (1965) original term “faculty” given the precedence
of performance in modern functional morphology research].
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theoretical background for numerous studies of evolu-
tionary adaptation (Bock, 1977; Arnold, 1983; Wain-
wright and Reilly, 1994; Lauder, 1995; Kingsolver and
Huey, 2003). In this model, morphological features
emerge as the result of a choreography based on genes
and development. One of the salient points in this model
is that a feature can exhibit multiple forms, functions,
and performances with only some of these performances
occurring in the organism’s natural environment (see
Fig. 1). Those with an ecologically-relevant biological
role in the organism’s natural environment can be acted
on by selection pressures. Aspects of features offering fit-
ness benefits will be passed on to future generations
through this environmentally-mediated selective process.
Following Lauder (1996, p. 61), the process of adaptation
can reasonably yield an adaptive “trait that enhances fit-
ness and that arose historically as a result of natural
selection for its current biological role.” Considering this
process of adaptation within a taxon, rather than the
resulting pattern of adaptations displayed across several
species in a phylogeny, thus highlights the limitations of
both functional and GM analyses of form for empirically
documenting evolutionary adaptation. In essence, by
attempting to infer adaptations, functional research goes
beyond answering how, or even how well, something
works. Empirically demonstrating the processes involved
in evolutionary adaptation exceeds the purviews of both
morphological and functional research traditions (or of
any single sub-discipline in biology).

ANALYZING FUNCTION WITH GM: A GM
PERSPECTIVE

Beyond the general difficulties in connecting form,
function, and adaptation that are inherent to any empir-
ical approach, there are specific obstacles more closely
associated with GM analyses of functional morphology.
To understand these, one should first consider the
strength or purpose of GM tools. Landmark-based mor-
phometrics, including the derivative analyses of curves
and surfaces using semi-landmarks, are optimized for
quantifying shape. This might seem implied in the word
“morphometric,” but in fact GM methods differ in a few
key respects from more traditional morphometric analy-
ses of linear and angular data (see, e.g., Baab et al.,
2012). Landmark analyses preserve the spatial relation-
ships among anatomical features rather than abstract-
ing them from the specimen’s geometry in the form of
inter-landmark distances and angles. Intuitive and
statistically-grounded visualization methods enable prac-
titioners to graphically evaluate and present their
results. New approaches for quantifying features that
lack traditional anatomical landmarks allow complex
structures to be represented numerically and subjected
to statistical analyses. As such, the outcome of the so-
called morphometric revolution was a series of methods
that capture and analyze shape, quantify variance and
covariance among shapes, and graphically represent
complex vectors of shape change in ways that traditional
morphometrics could not do.

Yet, even if we stipulate that GM methods comprise a
more holistic, biological representation of shape, do we
necessarily expect their results to conform to more
straightforward evolutionary interpretations? Or, con-
form even to interpretations that are relevant to our

research interests? The better we are able to capture the
shape of an anatomical element, the better chance we
have of representing the myriad signatures of phyloge-
netic, functional, developmental, structural, pathological,
and stochastic influences that contributed to its overall
form. In the sense of Bock and von Wahlert (1965), the
form(s) of any feature must always represent a compro-
mise among all of the forces that act upon it over the
course of its life history.

One of the primary difficulties in using GM to study
functional morphology (or any specific morphogenetic
factor), then, lies in trying to extract the signal of inter-
est from other aspects of shape variation (see contribu-
tions in this issue by Curran, 2015; Lewton, 2015;
Terhune et al., 2015). Compounding this problem, of
course, is the fact that the various morphogenetic axes
of shape variation are not naturally orthogonal:
Functional-adaptive morphology is intimately tied to
selective forces and thereby to phylogenetic history; both
functional and evolutionary morphology are mediated
though ontogenetic and structural constraints. In the
same manner, a single linear variable measured across
the length of a muscle’s action is likewise subject to this
integrated set of inputs. However, interpreting variation
along a single distance is much more straightforward,
analogous to a regression of all morphogenetic factors
onto a single functional regime. Adding more complex
shape information through the use of GM methods nec-
essarily makes interpretations more complex.

The GM toolkit is optimized for systematic investiga-
tions (Bookstein, 2013, 2015). This is due in no small
part to the overwhelming influence of phylogeny on ana-
tomical shape. For example, we can have a fertile discus-
sion of the functional-adaptive implications of
morphological similarities between Hadropithecus and
Paranthropus, but no morphologist would ever mistake
the fossil lemur for a hominin, or vice versa; their over-
all phenotypes are simply too distinct. Likewise, the
high-dimensional datasets available through GM meth-
ods will tend to be dominated by shape variations
reflecting taxonomic and phylogenetic factors. Isolating
the functional signal from such datasets, using a variety
of different approaches, is a common theme among
papers in this issue and an important area for continued
discussion (Terhune et al., 2015).

A second obstacle to functional interpretations of GM
data is the over-reliance by researchers on a small set of
statistical tools without regard for whether these tools
are appropriate to the research questions. For example,
a broad perusal of the GM literature quickly shows that
nearly every study (not excepting those published by one
of us: KPM) includes a principal component analysis.
Principal component ordination can serve a variety of
functions in the context of GM analyses, yet it is difficult
to believe that eigendecomposition of the covariance
matrix of superimposed coordinates is the optimal
method for addressing the diverse research questions
presented in those articles. For reasons discussed above,
there is no a priori expectation that a principal compo-
nent rotation should reveal the types of shape variances
that are of interest to functional morphologists; in many
cases, there may be cause to anticipate failure in this
approach (Bookstein, 2015). Even should one or more of
the higher-order components conform to a readily inter-
pretable functional explanation, the shape variance it
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comprises has already been constrained by the condition
of orthogonality relative to earlier components.

Our intent in this study is neither to discourage the
appropriate use of principal component analysis, nor
especially to limit our critique to this single method. The
idea that analytical tools should be deliberately chosen
to match the goals of a study is something to which
every researcher aspires; however, this may be difficult
to implement in practice. Software programs cannot pos-
sibly predict the needs of every researcher, and many of
us are simply not familiar with the variety of analytical
approaches available to statisticians. Reading through
this special issue, you will find several variations on a
common mantra of the geometric morphometrician:
Landmark-based analyses are better able to capture
nuanced (co-)variations in shape than traditional
approaches. The veracity of this statement becomes
moot, however, unless we maximally exploit this
capacity through deliberate choices in our analytical
design. Happily, this issue provides examples of authors
who do just that, including examples of other ordination
methods that better suit the questions being addressed
(e.g., Green et al.; Knigge et al.; Alm�ecija et al.; Noback
and Harvati; but see Bookstein, 2015).

A third, but by no means final, difficulty in using GM
analyses to infer function is that in many cases the data-
sets to properly integrate form and function simply do
not exist. Extant skeletal collections, upon which most
GM studies are based do not typically provide adequate
locality information, much less climatic and topographic
data, and certainly not functional and behavioral infor-
mation. Again, this is not a deficiency specific to
landmark-based studies, but it is one for which—with
respect to large datasets collected on large samples—
there is no simple solution. Moreover, in the current
funding climate it is not uncommon to find datasets that
were generated to answer one series of research ques-
tions being used to address secondary or tertiary prob-
lems. The degree to which this is acceptable, of course,
depends entirely on the coherence of those problems
with the original data. It seems unlikely, however, that
landmarks designated to inform debates over phylogeny
and taxonomy would necessarily provide information
needed to infer function (cf. Oxnard and O’Higgins,
2009). The slow but steady proliferation of surface and
CT scan data goes some way toward ameliorating this
situation in that biologically precise 3D models enable
researchers to more easily devise new datasets, aimed at
specific research questions, without having to fund data
collection trips. Nevertheless, the spectrum of evolution-
ary questions that can be answered using GM data (or,
for that matter, traditional metric, or functional metric
data) will always be constrained by our capacity to place
our samples within their behavioral and ecological
contexts.

ANALYZING FUNCTION WITH GM: A
FUNCTIONAL MORPHOLOGY PERSPECTIVE

The model of the adaptive pathway provides an impor-
tant vantage for comparing functional and GM in an
evolutionary context. Both sets of approaches occupy
important positions in the adaptive pathway, with func-
tional studies tending toward the performance aspect of
features and GM approaches aligning more easily with

growth and development given their focus on shape.
Within the context of the adaptive pathway, functional
analyses of form empirically illustrate the functional
consequences of shape variation (assuming all other var-
iables held equal and the use of reasonable metric prox-
ies of functional variables). Exploring these functional
consequences is an important step in studying adapta-
tion as it demonstrates the implications of a given form
were it to be used in a specific biological role by an ani-
mal. This functional interpretation is not contingent on
a specific performance occurring, whether it takes place
in a natural environment, or on the character polarity of
the feature. It simply reports the relative ability of a
given morphology in an assumed task leaving these
remaining questions to other studies. By focusing on
what we can expect to empirically demonstrate from
metric analyses of form, we can more effectively stimu-
late future integrative studies of adaptation that com-
bine morphometric, physiological, and ecological
approaches.

One of the primary differences between biomechanical
assessments of form and GM is that mechanical studies
are grounded in first principles derived from physics,
specifically Newtonian mechanics (e.g., Alexander, 1968;
Gans, 1974). Biomechanical analyses of form tend to
focus on estimating and comparing 1) leverage (i.e.,
moment arms and moments), 2) load resistance abilities
(i.e., cross-sectional areas and moments of inertia), and/
or 3) aspects of kinematics (e.g., surfaces and bone
lengths related to movements and excursions). Through
linking these variables to mechanical principles, they
have (in isolation) predictable outcomes for animal
behaviors. For example, increasing a moment arm rela-
tive to the load arm will improve the leverage and the
output force for that action in a behavior. In addition,
because these mechanical estimates are tied to physical
reality, they are more readily linked to natural selection
and evolutionary adaptation of form. Thus, this ground-
ing in physics is fundamental in functional analyses for
inferring evolutionary adaptation. The primary chal-
lenge for functional studies is that they tend to 1) be
performed on one (or a few) variable(s) at a time and 2)
most mechanical systems in animals are statically inde-
terminate. This indeterminacy means no single unique
solution to a mechanical problem exists and selection
could act on numerous aspects of that system. Indeter-
minacy is compounded by the tendency to study limited
parts of the system at a time leaving numerous alterna-
tive morphological pathways for mechanical
“improvement” unexplored. While GM may provide a
more comprehensive quantification of the system’s
shape, there is no specific link to Newtonian mechanics.
This lack of a strong relationship with mechanics is a
major hurdle for generating functional interpretations.

It also appears unlikely that evolutionary transforma-
tions of form can be properly interpreted in the context
of shape (i.e., evolution of form often proceeds without
concern for size versus shape), further challenging
adaptive inferences that arise from landmark analyses.
In that sense, the explicit ties of GM to shape and shape
spaces yield excellent descriptions of shape change, but
ones that can be difficult to translate into functional and
evolutionary interpretations. Approximately 1/3 of the
documented cases of natural selection catalogued by
Kingsolver et al. (2001) relate to size, mass, weight or
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the first principal component axis (often interpreted as a
size and size-correlated shape component). In fact, this
fraction could underestimate the significance of size in
primate evolution. Given that shape frequently changes
with size during growth and across species, it is difficult
to ignore the functional and adaptive consequences of
size difference in metric analyses.

Both functional and GM have methods for adjusting
for size as nearly all comparative methods look to com-
pare across different-sized animals. Some size adjust-
ments have easily interpreted functional implications.
For example, leverage estimates are dimensionless and
estimates of functional abilities, which facilitates com-
parison across sizes. However, generally speaking a pri-
ori removal (or partitioning) of size will challenge
functional interpretations of morphology as size plays a
significant role in most functional performances. Like-
wise, the reliance on any single size measurement
(whether centroid size or another dimension), is unlikely
to be appropriate across a range of functional anatomy
(Hylander, 1985; Vinyard, 2008).

MOVING TOWARD SOLUTIONS

The articles in this special issue have made significant
inroads to understanding the relationships between
functional and geometric morphometrics and to high-
lighting areas for future methodological improvement.
With the exception of the new approach outlined by
Bookstein (2015), the examples in this study are largely
relational in that they cast GM and functional analyses
in complementary or contrasting roles rather than fully
integrating the two approaches. Particularly when size
plays a significant role in function, this relational
approach is currently necessary as standard GM analy-
ses and functional studies are not directly comparable.
Bookstein’s method, which deserves further considera-
tion and development, offers a more integrated approach
to multivariate functional morphometrics, although it is
currently described for only dimensionless functional
variables, which omits a large percentage of the varia-
bles that are important in functional studies.

In sum, this special issue of the anatomical record
will help demarcate the intellectual landscape at the
intersection of functional and GM analyses. And
whereas this landscape may be complex and, in places,
ill-defined, so too are the evolutionary questions with
which we all grapple. By highlighting the areas of con-
nection and disconnection between these two perspec-
tives on evolutionary morphology, the articles in this
special issue show well-trod paths that may require
some maintenance but also new directions for functional
morphometric forays. To these efforts, we add a few
potential areas of study—focused primarily from an evo-
lutionary perspective—that will further build our rela-
tional database and enhance the connections between
functional and GM results.

Exciting new research based on well-studied primate
populations will provide critical resources for combining
morphometric and functional-adaptive data. For exam-
ple, pioneering work by researchers such as McFarlin
(McFarlin et al., 2009, 2013) that assists in the recovery,
preservation, and analysis of skeletal material from pri-
mate behavioral localities will provide the first skeletal
collections of wild primates for which each individual is

linked to large quantities of behavioral and ecological
data. These resources will facilitate the type of fully
integrated studies—combining morphometric, functional,
behavioral, genetic, ecological, and developmental data—
that are necessary for understanding the evolutionary
context of species diversity, but that have heretofore
been almost impossible to conduct.

Another approach to exploring the relationship
between functional and GM from an evolutionary per-
spective would be to conduct selection experiments for
specific functional parameters and then compare the
morphometric interpretations of both approaches. The
evolutionary benefits of this approach are an explicit
understanding of the selection regime and an ability to
directly link morphometrics with selection. However, in
the current funding environment, this type of experi-
mental design is probably unrealistic. More reasonably,
it should be possible to use previous selection experi-
ments to assess the functional consequences of shape
changes. For example, Drake and Klingenberg (2008)
focused on artificial selection on dogs to examine histori-
cal patterns of change in skull shape. These samples
could be similarly used to examine how functional and
GM capture variation after artificial selection. Model
taxa such as rodents offer opportunities to use gene
knockouts to explore the geometric and functional inter-
pretations of gene disruptions during development (Klin-
genberg and Leamy, 2001; Hallgrimsson et al., 2009).
Finally, geneticists have begun examining the quantita-
tive traits loci (QTL) associated with GM results (Sher-
wood and McNulty, 2011; Bo et al., 2014). Mapping QTL
for functional and GM measures would provide an inter-
esting perspective on how genetic architecture of form is
captured by these two methods. Collectively, these and
related analyses may help us to better understand how
different methods inform us about evolution.

To reliably demonstrate morphological adaptations,
researchers must document how morphologies function
and perform in natural environments, and further dem-
onstrate how selection acts on those biological roles.
These efforts are further augmented by describing the
developmental and genetic differences underlying varia-
tion in form (see contributions in this issue by Boyer
et al.; Singleton; Pagano and Laitman). Studies that com-
bine all of these are rare in evolutionary biology (e.g.,
Boag and Grant, 1981; Grant and Grant, 1989, 2002; Abz-
hanov et al., 2006), and most researchers are left examin-
ing only specific segments of the adaptive pathway and
hypothesizing about the ultimate adaptive nature of mor-
phological variation. Functional and geometric morpho-
metricians alike will have to seek out physiologists,
developmental biologists, geneticists, and ecologists if
their goal is to empirically demonstrate the evolutionary
adaptive nature of variation in form. This special issue’s
effort at linking morphometric traditions, while timely
and appropriate, should serve as a catalyst for linking
with these other disciplines to further improve our under-
standing of the evolutionary adaptations of form.
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