
Chapter 14
Three-Dimensional Geometric Morphometrics in Paleoecology

Sabrina C. Curran

Abstract Quantification and analysis of shape is an impor-
tant component of many paleoecological studies. Geometric
morphometrics is a powerful shape analysis tool that allows
its user to compare entire regions of morphology, visualize
shape differences between groups, and create visualizations
based on real data. This method is rapidly becoming the
standard for data collection and analysis in many fields such
as anthropology, biology, ecology, forensics, paleontology,
and zoology. Here, the basic procedures of geometric
morphometrics are reviewed and a case study on the
ecomorphology of the cervid calcaneus is provided to
illustrate how geometric morphometrics can be used in
paleoecological studies.
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Introduction

Identifying and interpreting differences in morphology is a
central theme to many paleoecological studies, including
palynology (Mander and Punyasena 2018), phytolith studies
(Strömberg et al. 2018), macrobotanical analysis (Peppe
et al. 2018), dental mesowear and microwear (Green and
Croft 2018), functional morphology (Dunn 2018; Evans and
Pineda-Munoz 2018), and ecomorphology (Barr 2018). This
chapter reviews three-dimensional (3D) geometric morpho-
metrics methods currently being employed in paleoecologi-
cal contexts.

Geometric morphometrics (GM) is rapidly becoming the
standard method in biological and paleontological studies of
morphology. It is widely used in ecological studies of masti-
catory behavior and locomotor behavior (e.g., Aguilar-
Medrano 2017; Fernández et al. 2016; Ritzman et al. 2016;
Taylor et al. 2016; van Heteran et al. 2016). Operating with a
robust definition of shape and resting on a firm statistical
foundation, GMmethods are appropriate for a wide variety of
shape-related questions, many of which had existed as qual-
itative descriptions previously. GM allows researchers to
provide a high-resolution description of shape, analyze the
entirety of an anatomical feature as a unit, take into account the
3D structure of shape, visualize shape differences, and even
create hypothetical shapes based on actual data. Although not
appropriate for every paleoecological study, GM is a powerful
tool for shape-related research, especially for contexts
wherein the researcher is interested in complex morphology.

It should be noted that there are many more shape anal-
ysis methods than are covered by this chapter, such as
Elliptical Fourier Analysis (Slater et al. 2010; Pana-
giotopoulou 2009), Eigenshape Analysis (MacLeod 1999;
Sheets et al. 2006), joint-surface angular interfaces (Tocheri
et al. 2008, 2011), dental topographic analysis (Evans and
Fortelius 2008; Eronen et al. 2010; Smits and Evans 2012),
and superquadrics (Sommer et al. 2006). The method cov-
ered here (Geometric Morphometrics) was selected due to its
ubiquity and flexibility. Although this method can be applied
to the morphology of almost any set of specimens that have
homologous features, I will focus on biological specimens
and specifically skeletal elements (generally referred to as
“objects” here) and applications in ecological functional
morphology (ecomorphology). A case study on Pleistocene
Eurasian Cervidae (deer and relatives) ecomorphology will
be used to illustrate how one can use geometric morpho-
metrics in paleoecological research.
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Historical and Theorectical Background

What we still refer to as solid geometry was mostly elo-
quently articulated by Euclid of Alexandria in the third
century BCE in the Elements, which are considered some of
the most influential mathematical texts of all time (Boyer
1991). Euclidean geometry defines the space in which most
of the techniques of quantitative shape analysis work and
form the basis of how we think about shape to this day.
Quantification of Euclidean dimensions (length, width,
depth, etc.) dominate studies of functional morphology. Such
measures (referred to as traditional morphometrics) are
useful in describing shape variation; however, they are dif-
ficult to apply to very complex shapes such as joint surfaces.
Analyses using traditional morphometrics are further com-
plicated by the effects of body size differences, which can be
great in biological studies. Geometric morphometrics, which
is described in detail below, is well-suited for addressing
these issues in the analysis of complex shapes.

Although the origins of GM can be traced back to 1977
with David Kendall’s work on stone circles (or even con-
ceptually back to D’Arcy Thompson’s deformation grids in
1917), the foundational principles set forth by Bookstein
(1978) were worked out in a series of workshops and con-
ferences in the 1980s and 1990s. These meetings resulted in
what are referred to as the “color books”, for each published
proceedings or text has a dominant cover color (Red:
Bookstein et al. 1985; Blue: Rohlf and Bookstein 1990;
Orange: Bookstein 1991; Black: Marcus et al. 1993; White:
Marcus et al. 1996; and later, Green: Zelditch et al. 2004;
Yellow: Cardini and Loy 2013). Over the past twenty-eight
years, GM methodology has evolved from a “revolution”
(Rohlf and Marcus 1993), to a “synthesis” (Bookstein 1996),
to a “paradigm” (Adams et al. 2013).

Geometric morphometrics offers a different way of eval-
uating the shape of an object than is afforded by traditional
morphometric studies (Mitteroecker and Gunz 2009; Baab
et al. 2012; Adams et al. 2013; Cooke and Terhune 2015;
McNulty and Vinyard 2015). In GM, data are collected as
two-dimensional or three-dimensional coordinates across a
region of interest that contain all of the information that one
would describe qualitatively and/or measure with traditional
methods. For example, say we are analyzing the shape of
hominin crania when viewed from posterior. We could
describe the cranium of Australopithecus as being somewhat
bell-shaped, Homo neanderthalensis as ‘en bombe’ or
oval-shaped, and Homo sapiens as being shaped like the end

of a loaf of bread. To quantify such shapes with traditional
morphometrics, we could take a series of measurements
from the posterior cranium, such as cranial height (the dis-
tance between osteometric points basion and bregma) or
cranial breadth (the distance between left and right euryon)
and create ratios from them. However, we would still be
missing information about the regions between those mea-
surements including the overall curvature of the cranial
vault, which can provide a more detailed understanding of
cranial morphology and facilitate comparisons between taxa.
With GM, we could analyze the outline of the cranium (from
a two-dimensional photograph) or the entire surface of the
cranium (from three-dimensional scans). Not only would we
maximize retention of information about the overall shape of
the cranium throughout the analysis, but we would also be
able to visualize the differences found in the collected data
since we can apply vector transformations to the original
data, which is much more difficult to do with traditional
morphometrics. Thus, GM allows morphologists to quantify
features that are traditionally described qualitatively. Fur-
ther, we can even create hypothetical specimens based on the
digitized data. For these reasons and others, geometric
morphometrics is a powerful tool for the morphologist. In
paleoecology, shape analysis is important for studies of both
ecological functional morphology (ecomorphology) and
taxonomy (used in many ecological methods).

In GM, the shape of an object is digitized as a series of
2D or 3D landmark coordinates that are superimposed in a
single coordinate system (described in detail below) for
analysis. The resulting coordinates (called Procrustes coor-
dinates) are the raw data that can be analyzed using standard
multivariate methods used in the study of shape. However,
unlike traditional morphometric data, GM analyses maintain
all the interrelationships of the original coordinates are
maintained, including interlandmark distance and angles
(Slice 2007). Thus, the variation in shape can easily be
visualized and hypothetical specimens can be created. For
example, in a study of variation in cervid femoral head shape
as it relates to locomotor behavior in different habitats
(Curran et al. 2016), the average femoral head shape for
cervids in different habitats or the shape changes along
principal components axes can be visualized (Fig. 14.1).
Furthermore, one can explore hypothetical femoral head
shapes in multivariate space based on the specimens in the
space (such as the average specimen in the center of
Fig. 14.1) allowing researchers to ask questions about their
data that may not have been possible before.
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Methodology

Geometric morphometrics (GM) analysis begins with the
selection and digitization of landmarks, which are points that
are homologous, or at least operationally homologous,
between specimens. For semilandmark analysis, curves or
surfaces of a region are considered homologous when
anchored by landmarks (Bookstein 1991, 1996/1997; Gunz
et al. 2005) and are digitized as a series of coordinates across a
region. Selection of landmarks is important because they must
be present in all specimens in the analysis and provide suffi-
cient coverage of the anatomical region in question. It should
be noted that these landmarks are homologous in a geometrical
rather than biological sense (that is, the landmark location,
itself, is likely not the unit of selection, but rather a part of the
biologically homologous region; Gunz et al. 2005). Further,
not all landmarks are considered to be equal. Ideally, land-
marks are placed at discrete anatomical loci, such as the
intersection of cranial sutures or foramina (Bookstein 1991).
Such landmarks are called Type I and carry the highest
repeatability. For example, a Type I landmark on the human
skull, the craniometric point ‘nasion’ is defined as the inter-
section of the frontal bone and the two nasal bones. Barring
pathology or damage, this landmark is easy to locate and
present on all human skulls. Type II landmarks are those
placed on anatomical features that include tips of protuber-
ances, bases of pits, andmaxima of curved features, such as the

tip of the (unworn) canine (Bookstein 1991). Type III land-
marks are commonly used as the end points of conventional
(caliper) measurements, such as lengths and widths. The
craniometric point ‘euryon’, for example, is found on each
side of the cranium to record its greatest breadth. Type III
landmarks are defined in reference to other features are the
least repeatable and perhaps the least likely to be equivalent
among individuals. In landmark-based GM analyses, it is best
to use as many Type I and II landmarks as possible.

If the region of interest is devoid of landmarks, as is the
case for joint surfaces and other smooth features such as
much of the human cranial vault, then semilandmark analyses
may be used (Bookstein 1996/1997). Although the semi-
landmark coordinates are not necessarily homologous, the
region of interest from which the data are collected (curve or
surface) is considered homologous (Perez et al. 2006).
Semilandmarks can be collected in a variety of ways. For a
2D analysis, points are usually digitized from an image using
software (e.g., the tps suite by Rohlf (2015)). In 3D analyses,
points are digitized either directly from a specimen using a
MicroScribe (in Excel or visualized in real time using CAD
software such as Rhinoceros®), or extracted from models
created with a 3D scanning device (laser scanners,
structured-light scanners, CT-scanners, etc.) or photogram-
metry. With many of the data collection tools, coordinates
will need to be extracted from digitized models using soft-
ware such as Landmark Editor (Wiley et al. 2005) or several
R packages (see below). Landmarks are generally selected as
a starting and end points (minimally) along the feature and
then semilandmarks are digitized from a curve or surface in
between those landmarks. As with a landmark-based analy-
sis, the number of landmarks on each specimen must be equal
and thus the user either must specify a number of semi-
landmarks across the region of interest or resample (Curran
2012; Gunz et al. 2005; Harcourt-Smith et al. 2008) a surface
or outline created from the digitized coordinates. Next, a
sliding procedure is conducted on the collected coordinates
wherein semilandmarks ‘slide’ along tangents to the curve or
surface from which they are derived until all semilandmarks
are in roughly homologous locations (Gunz and Mitteroecker
2013). This process starts with a reference or template
specimen and is iteratively repeated based on a mean con-
figuration. The resulting semilandmarks then are projected
back down on to the original curve or surface of the target
specimen (Gunz et al. 2005; Gunz and Mitteroecker 2013).

Once all landmarks or semilandmarks have been digitized
for all specimens, their coordinates are submitted to a
Generalized Procrustes Analysis (GPA). Specimens are
typically digitized in slightly different orientations and
positions, which will introduce differences in the coordinates
that are irrelevant to the shape of the specimen. GPA

Fig. 14.1 Visualizations of cervid femoral head shape (in superior
view) differences along PC1 (68% of variation) and PC2 (26% of
variation), with the average specimen at the origin. Open-adapted
cervids are distributed along the positive sides of PCs 1 and 2, while
closed-adapted cervids are along the negative sides of the axes
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superimposition removes this extraneous information about
location, isometric size, and orientation.

To remove information about a specimen’s digitized/
scanned location, the centroid of each specimen configura-
tion is moved in space to a common origin. A specimen’s
centroid is found by calculating the mean x, mean y, (and
mean z for 3D analyses) coordinate of every point in its
configuration (the “center of gravity” for all the landmarks;
McNulty 2003, p. 61). Subtracting the specimen’s mean
x from all of its x-coordinates, the mean y from its y-coor-
dinates, and the mean z from its z-coordinates translates the
specimen to the origin; when applied to all specimens, this
eliminates any differences between objects due to their location.

Especially important to the study of biological variation is
that isometric size, which is often one of the greatest dif-
ferences between specimens in traditional morphometric
analyses (Falsetti et al. 1993; Jungers et al. 1995), can be
removed as a confounding factor in the initial stages of the
GPA, however, allometric shape variation still remains in the
data (Klingenberg 2016). Landmark configurations are
scaled isometrically by removing size differences among
specimens by dividing each coordinate of a specimen by that
specimen’s centroid size, a measure of size that has no
correlation to shape, by setting all configurations to a cen-
troid size of one (Zelditch et al. 2004). Centroid size is
calculated as the square root of the sum of squared distances
of a specimen’s landmarks to its centroid (Bookstein 1991;
Dryden and Mardia 1998; Mitteroeker and Gunz 2009). It
should be noted that with certain research questions it may
be undesirable to remove size from an analysis (Klingenburg
2016) since size, itself, is an ecological variable. In fact, GM
methods allow the researcher to parse out size and shape and
examine them individually or in concert.

To remove information about a specimen’s digitized/
scanned orientation, coordinate configurations are rotated to
minimize the distance between each specific landmark
across all specimens. This is an iterative least-squares pro-
cess in which sum-of-squared distances between each
landmark are minimized (Slice 2005). In the first iteration, a
mean configuration (reference configuration) of translated
and scaled specimens is produced on to which all specimen
configurations (target configurations) are then superimposed.
A new mean configuration is then calculated and the process
is repeated until further superimpositions produce negligible
differences in distance minimization.

There are several software packages available to conduct
a GPA (and other analyses), such as Morphologika
(O’Higgins and Jones 2006), Morpheus (Slice 2002), Mor-
phoJ (Klingenberg 2011), EVAN toolbox (EVAN Society,
http://www.evan-society.org/), PAST (Hammer et al. 2001),

and through R packages such as geomorph (Adams and
Otarola-Castrillo 2013) and Morpho (Schlager 2017). Many
of these are freely available through the Stony Brook mor-
phometric website (http://life.bio.sunysb.edu/morph/), which
is a useful starting point for GM studies in general. Consult
Appendix 14.1 for other software packages.

Following a GPA, the objects are aligned to share a com-
mon coordinate system, which can be organized in a matrix or
3D array, and can be used as shape variables (Slice 2005),
called Procrustes coordinates. These coordinates are the data
that are submitted to multivariate analyses. For a 3D analysis,
each x, y, z value for each landmark is input as a variable in
future analyses (Cardini and Elton 2007; Cardini et al. 2015),
thus (for example) a 3D configuration with 20 landmarks will
have 60 variables for multivariate analyses. Here, a word of
caution must be extended. Geometric morphometrics is a
powerful method for analysis of shape differences; however,
there are specific criteria that must be met for its use. In most
studies of shape variance, including those based in traditional
morphometrics, large sample sizes are desired. In the case of
GM, large sample sizes are often necessary due to the large
number of variables inherent to its methods This is particularly
important if one is considering doing anymultivariate analysis
that involves matrix inversion, such as canonical variates
analysis (described below). Further, the user should have a
robust understanding of the assumptions in both geometric
morphometrics (beyond the basics covered here-the reader is
referred to Slice (2007) as a good starting point and to the
“color” books listed above) and any multivariate analyses
(Neff and Marcus 1980) they might use in order to avoid
violating those assumptions and obtaining false results (the
‘garbage in, garbage out’ principle).

The following is an overview of some of the multivariate
methods available, and it not meant to be exhaustive. GM is
a rapidly growing field and these methods continue to be
improved upon and new methods appear frequently. If you
are interested in exploring the distribution of morphological
variation in your sample, then principal components analysis
(PCA) is a typical starting point, however, there is recent
criticism of the use of this method in GM (Bookstein 2016,
2017b). Currently, PCA is used in two main applications in
GM studies-data reduction and exploration. PCA recombi-
nes the original variables by rigidly rotating the data and
creating new axes (the principal components, or PCs) that
are mathematically uncorrelated (orthogonal) and which
summarize sample variance in lower dimensionality. In
doing so, the user now has fewer variables (the PCs, along
which each specimen is scored), with the first PC summa-
rizing the most variation in the sample, and each subsequent
PC summarizing less and less. Typically, the majority of
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sample variance can be summarized in far fewer PCs than
the number of original variables. The PCs are usually plotted
against one another and the user then explores the distribu-
tion of specimens in the PC morphospace.

There are several methods available to explore the rela-
tionship between shape (e.g., Procrustes coordinates) and
other variables such as sex, size, time, phylogeny, and
ecological variables (e.g., temperature, precipitation, diet,
trophic level, etc.). Multivariate regression and multiple
multivariate regression can be used to test for correlations
between one or more independent variables (such as those
listed above) with several dependent variables (shape data;
Frost et al. 2003; Klingenberg 2011; Cáceres et al. 2014).
Partial Least-Squares (PLS; sometimes called 2-Block par-
tial least-squares, 2B-PLS; Rohlf and Corti 2000) is com-
monly used to investigate covariance of two sets of data (for
example, shape and environmental variables or two different
shapes) without the assumption of one data set as a predictor
variable (Monteiro et al. 2003; Colangelo et al. 2010; Piras
et al. 2012; Cáceres et al. 2014; Meloro et al. 2014).

When the research goal is to classify unknown specimens
into preselected (a priori) groups (sex, diet type, habitat,
etc.) or to evaluate distinctness of a priori groups, linear
discriminant analysis (LDA; two groups) or canonical vari-
ates analysis (CVA; multiple groups) is frequently used.
Like PCA, CVA recombines the variables to create new
variables (canonical variates, or CVs) to maximize vari-
ability between groups relative to variability within groups
(Neff and Marcus 1980). However, unlike PCA, CVA is not
a rigid rotation of the original data and distorts the original
distribution of specimens by scaling distances between
groups by within-group variance (Cooke and Terhune 2015).
To proceed, the number of cases (specimens) should be
greater than the number of variables (Kovarovic et al. 2011).
In analyses with very high numbers of variables, the CVA
will always show group separation, even if there is no bio-
logical reality to such a distribution (Mitteroecker and
Bookstein 2011). However, group separation can be evalu-
ated by the results of a cross-validation analysis and pre-
mutation tests (McNulty et al. 2006; Adams and Collyer
2015). Cross-validation removes one specimen or subsets of
specimens, re-computes the CVA, and then classified the
removed specimen(s) into a group. A likelihood of group
membership (posterior probability) is calculated for each
reclassified specimen and average correct reclassifications
rates can be calculated for the training set (based on speci-
mens of known group membership), which indicates how
well the analysis will perform with unknown cases. One can
also test the significance of group separation by using a
permutation test based on known Mahalanobis squared
distance (D2; the squared distance between centroids, or the

multivariate mean for each group) compared to randomly
resampled (permuted) data between groups (Neff and Mar-
cus 1980; McNulty et al. 2006; Curran 2009).

To overcome some of the short-comings of LDA and
CVA, one can use a between-groups PCA (bgPCA), wherein
group means, rather than individual specimens are used to
calculate the PC axes and then all specimens are scored (and
plotted) along those axes (Mitteroecker and Bookstein 2011;
Gunz et al. 2012; Renaud et al. 2015; Cooke and Terhune
2015). Like CVA, a cross-validation can then be used to
evaluate the correct reclassification rate for the bgPCA
(Mitteroecker and Bookstein 2011).

Beyond providing a new way to collect and analyze shape
data, GM also allows for visualizations of shape differences
in a dataset, which is much more difficult to do with tradi-
tional morphometric data. One can visualize difference in
landmark positions between specimens using thin-plate
splines (TPS; Bookstein 1989; Zelditch et al. 2004),
wire-frame models, and warped surfaces (Wiley et al. 2005;
Klingenberg 2013). TPS visualizes differences between
specimens (or averages of groups of specimens) using
deformations on a grid (originally envisioned by Thompson
in 1917). These deformations demonstrate regions where a
uniform grid with plotted landmarks of a reference coordi-
nate configuration would have to be deformed in order to
keep the landmarks of a target configuration in the in the
same locations on the grid (Bookstein 1989; Klingenberg
2013).

One could also visualize specific points in a morphospace
that are not sampled by actual specimens, such as a group
mean shape, or shape differences along a principal compo-
nent axis. In the case study below, wire-frame visualizations
were created for the extremes of a morphological feature
under investigation. Using principal component scores from
a PCA on the specimen’s Procrustes coordinates, a single
discriminant function can be produced to separate two pre-
defined groups, such as comparing the calcanei between
open habitat adapted cervids versus closed habitat adapted.
The scores of each specimen along the discriminant function
are regressed against the Procrustes coordinates for each
specimen, which produces a vector of coefficients correlated
with a grouping variable, such as habitat type (McNulty
et al. 2006). When this vector is added to and subtracted
from the consensus configuration (for the entire data set), it
produces two new configurations that demonstrate the dif-
ferences between the two extremes (such as “Open” and
“Closed”) along the vector (Frost et al. 2003). The vector
can be multiplied in order to amplify shape differences,
which allows for more obvious differentiation between the
extremes by increasing the magnitude (but not direction) of
the shape change. These changes can be visualized on
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wire-frame models for point data (the case for the study
here) or across a surface for 3D scanned data. It should be
noted that the only real data are the landmarks and semi-
landmarks; all transformations between them are interpo-
lated (Klingenberg 2013).

Geometric morphometrics offers users a method for shape
analysis that operates under a specific and clear definition of
shape (the geometrical information that remains when the
variation due to location, orientation, and scale are removed
from an object (Slice 2007)), which enhances objectivity and
replicability. Its basic theoretical principles (as described
above) are well-established and the software (if not the
hardware) to conduct GM analyses are free and becoming
increasingly user-friendly. As such, GM methods are used
ubiquitously throughout studies of anthropology, biology,
and paleontology. Quantification and analysis of entire
regions of shape and the maintenance of the interrelation-
ships within the landmark configuration make geometric
morphometrics a very appealing type of shape analysis,
however, potential users should always ask if it is the
appropriate method for their research question. While 2D
analyses require only digital images, 3D analysis requires
some type of digitizer (MicroScribe, laser or white-light
scanner, CT-scanner, etc.), which can be expensive and
processing of collected data can be time intensive. The
benefit to the latter, of course, is that many biological fea-
tures are three-dimensional and analysis in two-dimensions
may result in loss of important information. However, with
the limitations imposed by the necessity of large sample
sizes and expensive equipment, in some cases a study using
traditional morphometrics may be more appropriate,
depending on one’s question. In short, if your question can
be answered with a few measurements, then do so. However,
if you are interested in complex morphology with differences
that can be quite subtle, geometric morphometrics may be a
good fit for your research.

Case Study: Cervid Ecomorphology

The following case study is intended to give the reader a
sense of the entire process of GM from data collection to
results. This example is in no way meant to suggest the only
manner in which to use this method, but instead to illustrate
a specific question for which it is appropriate. Other exam-
ples of geometric morphometrics in ecomorphology and
paleoecology include studies on reptiles and amphibians
(Adams 2011; review in Kaliontzopoulou 2011), primates
(White 2009; Cooke 2011), felids (Christiansen 2008;
Walmsley et al. 2012), canids (Raia 2004), ursids (Figueir-
ido et al. 2005; Figueirido and Soibelzon 2010; van Heteren

et al. 2016), mustelids (Fabre et al. 2015; Bottom-Divet et al.
2017), voles (McGuire 2010), rodents (Cano et al. 2013;
Morgan and Alvarez 2012), bovids (Forrest et al. 2018), and
deer (Curran 2009, 2012, 2015), the latter of which will be
illustrated below.

The deer family Cervidae, contains approximately 40
different species in five tribes (Gilbert et al. 2006). They live
in a wide variety of habitats, including non-sand deserts
(e.g., Odocoileus hemionus, mule deer), grasslands (e.g.,
Ozotoceros bezoarticus, pampas deer), tundra (e.g., Rangifer
tarandus, reindeer/caribou), woodlands (e.g., Caproelus
caproelus, roe deer), temperate forests (e.g., Alces alces,
moose), and tropical forests (e.g., Pudu puda, pudu). In these
different habitats, they must be able to escape predators and
each habitat has different levels of vegetative complexity,
topographic relief, and substrate firmness, which in turn
require different forms of locomotion and predator-escape
behaviors. For example, the reindeer/caribou inhabits open
tundra and uses speed in flight and herding behavior to
escape predators. Morphologically, having a stable joint
surface with low risk of hip joint dislocation (at the cost of
joint mobility) is of primary importance. Alternatively, the
pudu occupies tropical forests and must move through
complex vegetation and topographical relief when escaping
predators. Joint stability is sacrificed for joint mobility in
order to change direction quickly while fleeing. Adaptations
for different locomotor strategies can be evaluated in joint
surface morphology, whole bone shape, and in specific
regions of skeletal elements (for further studies using GM on
post-crania, see also Arias-Martorell et al. 2015; Bottom-
Divet et al. 2017; Muñoz et al. 2017).

Ecomorphological studies have been conducted on the
closely related family of Bovidae (antelope and relatives)
using traditional morphometric methods. Notably, work by
Kappelman (1988, 1991) demonstrated that several mor-
phological aspects of the femur, especially femoral head
shape and shape of the medial patellar margin correlate to
different locomotor (habitat) adaptations. Subsequently,
there were several ecomorphological studies of bovid
post-crania (Plummer and Bishop 1994; Scott et al. 1999;
DeGusta and Vrba 2003, 2005; Weinand 2007; Kovarovic
and Andrews 2007; Plummer et al. 2008, 2015), although
few started with explicit functional morphological
hypotheses, with the recent exception of Barr’s (2014, 2015,
2018) studies of the astragalus. Cervids have received much
less attention than bovids in post-cranial ecomorphology
studies, although several species were included by Kovaro-
vic and Andrews (2007).

To fill this void, I collected three-dimensional landmark
and semi-landmark data from across rear-limb skeletal ele-
ments in 33 extant and (minimally) five extinct species of deer
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(many specimens were assigned to only Cervidae (gen. +
sp. unknown) and exhibited a wide variety of sizes) to test the
hypothesis that rear limb morphology reflects cervid loco-
motion in different habitats and substrates. Each extant species
was assigned to a habitat type: Open (deserts, open grasslands,
tundra), Intermediate Open (ecotones, tall grasslands,

swamps), Intermediate Closed (woodlands/shrublands), and
Closed (forests) (Curran 2009, 2012, 2015). Data were
collected for 37 morphological features, but I will limit
discussion here to the landmark-based geometric morpho-
metric study of the calcaneus (n = 123 for extant specimens
and n = 47 for fossil specimens) for illustrative purposes
(Fig. 14.2).

In cervids, the calcaneus acts as a Class 1 lever, with the
calcaneal-astragalar joint surface (vertically-striped area in
Fig. 14.2A) as the fulcrum, the calcaneal body as the lever
arm and the distal limb as the load arm. An increase in cal-
caneal length (approximated by landmarks 1 and 10 in
Fig. 14.2B) increases the lever arm and thus increases the
mechanical advantage of the contracting muscle that attaches
onto the calcaneal tuber but reduces the speed of movement
at the ankle. Conversely, a shorter calcaneus provides less
power but a quicker movement. Cervids that utilize saltatorial
locomotion (bounding leaps) to escape predators, which is an
effective adaptive strategy common in more densely vege-
tated ecotones and closed habitats have longer calcanei than
cervids that are cursorial in open habitats (Hildebrand 1985)
with cervids that stott (leaping with all four feet contacting
the substrate at the same time and mostly found in open
mountainous regions) having the longest calcanei. The
anterior process of the calcaneus articulates with three bones:
anteriorly with the os malleolus (stippled region in Fig. 14.2A
and landmark 5 in Fig. 14.2B), inferiorly with the cubonav-
icular (horizontally-striped region in Fig. 14.2A and between
landmarks 1 and 3 in Fig. 14.2B), and at several places with
the astragalus (vertically-striped region in Fig. 14.2A), but
most especially on the sustentaculum tali (medial border
demarked by landmarks 6 and 7 in Fig. 14.2B). Orientation of
these joint surfaces affects the rest position of the calcaneus
prior to lower limb extension, which, at the hock joint, is
almost completely restricted to the parasagittal plane in cer-
vids. The rest position of the calcaneus is hypothesized to
determine how far the calcaneus moves along the astragalus
when the gastrocnemius muscle is contracted (Fig. 14.3). If
the calcaneus sits more vertically on the articulations with the
cubonavicular and astragalus, then it moves a shorter dis-
tance, which allows for a quick but less powerful force to be
generated. This morphology is associated with open-adapted
cursors that increase speed by increasing the number of times
the same foot strikes the ground per second (the pace cycle).
A more horizontal rest position means that the calcaneus
travels farther with the contraction of the gastrocnemius,
which generates more power, but is slower. This morphology
is associated with saltatorial runners that flee predators in a
series of leaps that allow for maneuverability in more closed
habitats.

Fig. 14.2 A, Lateral view of left-side hock joint in articulation with
skeletal elements labeled and joint surfaces highlighted: astragalus-
calcaneus joint (vertical green and black stripes); os malleolus-calcaneus
joint (pink and black stippling); cubonavicular-calcaneus joint (blue and
black horizontal stripes). Orientation abbreviations: A, anterior; I,
inferior; P, posterior; S, superior. B, Ten landmarks used in this study
(numbered) on a right-side calcaneus in medial (top) and supero-anterior
(bottom) views; both views are oriented with anterior to left
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Once the comparative sample of extant cervid morphology
is established, it can be used as a training set to classify cervid
specimens of unknown locomotor behaviors (i.e., fossils).
Here, this will be applied to cervids from three early Pleis-
tocene sites (St. Vallier and Senèze in France and Grăunceanu
in Romania; see Fig. 14.4), which contain several very large
deer taxa, including Cervalces and Eucladoceros
(Table 14.1). The three sites are slightly older (Nomade et al.
2014) than the first appearance of Homo erectus in Eurasia at
Dmanisi, Georgia (maximally 1.85 Ma; Ferring et al. 2011),
and contain some of the same cervid genera, however,

specimens from Dmanisi were not available for this GM
analysis. Using multiple habitat proxies (including macro-
mammals (Gabunia et al. 2000; Palmqvist 2002; Lordkipanidze
et al. 2007; Tappen et al. 2007; Hemmer et al. 2011), micro-
mammals (Furió et al. 2010), herpetofauna (Blain et al. 2014),
pollen (Gabunia et al. 2000;Messager et al. 2010a), phytoliths
(Messager et al. 2010a, b), Dmanisi has been reconstructed as
a variable but mostly arid, heterogeneous environment dom-
inated by grasses, with more closed habitats such as wood-
lands and forests available nearby. The cervid taxa from
Dmanisi include Cervus cf. nestii and Eucladoceros aff.

Fig. 14.3 Comparative rest position of the calcaneus of open-adapted (black wire-frame model) and closed-adapted (gray wire-frame model)
cervids with landmarks numbered

Fig. 14.4 Map of Pleistocene European fossil sites in this study
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tegulensis, both of which are associated with “dense to open
forests and shrub landscapes” (Lordkipanidze et al. 2007,
Supplementary Table S2). To compare the reconstructed pale-
ohabitat of Dmanisi to other European sites that do not contain
hominins, GM ecomorphological analyses were conducted on
cervid post-crania from St. Vallier, Senèze, and Grăunceanu.

Using a MicroScribe® MLX 3D point digitizer (http://
www.3d-microscribe.com), x, y, and z coordinates for ten
landmarks (Fig. 14.2B, Table 14.2) were directly uploaded
into a spreadsheet (in this case, Excel). Once all data were
collected on extant and extinct specimens, they were sub-
mitted to Morphologika (O’Higgins and Jones 2006) for
Generalized Procrustes Analysis to translate them to the
same origin, rotate them into the same orientation, and scale
them to the same isometric size (as described above)
(Fig. 14.3). The resulting Procrustes coordinates were then
used in the following analysis.

The main goal of this study was to provide a new pale-
oecological proxy using cervid remains, which are often the
most frequent taxa in Eurasian fossil assemblages. However,
there are two main confounding factors (phylogenetic
relatedness and body size) that need to be assessed before

proceeding with the ecomorphological proxy analysis. Since
cervids belong to the same family, they may share similar
morphology due to common ancestry and this may bias the
ecomorphological signal. To test for this, a phylogenetic
signal was calculated in MorphoJ (Klingenberg 2011) by
comparing the sum of branch lengths of a phylogenetic tree
(=tree length) based on known phylogenetic relationships of
the extant taxa (from 10kTrees; Arnold et al. 2012) and
Procrustes coordinates (means for each species) to trees
generated with randomly permuted tip taxa. The null
hypothesis of no phylogenetic signal in the morphological
data is rejected if 5% or more of the permuted tree lengths
are shorter than the original (known lengths) tree. A signifi-
cant p-value (p � 0.05) indicates a relationship between
phylogeny and morphology. In this study, the p-value is
0.7105, a non-significant result.

To assess the relationship between allometric size dif-
ferences (since isometric size has been removed from the
data during the GPA) and calcaneal morphology, a multi-
variate linear regression (Monteiro 1999) was performed on
body size of extant taxa and the Procrustes coordinates in the
geomorph package for R (Adams and Otárola-Castillo

Table 14.1 Summary of fossil specimens in this study

Country Site Date Cervids Present n

Romania Grăunceanu Early Pleistocene Eucladoceros sp. 17
France St. Vallier Early Pleistocene

(2.4–2.1 Ma)
Croizetoceros ramosus medius 2
Eucladoceros ctenoides vireti 3
Cervidae (sp. + gen. unknown) 17

France Senèze Early Pleistocene
(2.2–2.0 Ma)

Alces sp. 1
Eucladoceros ctenoides senezensis 2
Cervus sp. 1
Cervidae (sp. + gen. unknown) 4
Total 47

Table 14.2 Calcaneus landmarks (Cal LM) used in this study. Note: black dots in Figure 14.2B are landmarks that were not homologous and thus
eliminated from the analysis

Landmark Location description

1 Anterior point of cubonavicular articular surface
2 Anteroinferior point of lateral astragular articular surface
3 Anteroposterior point of cubonavicular articular surface
4 Superomedial point of anterior astragular articular surface
5 Anterosuperior point of os malleous articular surface
6 Inferomedial point of sustentacular tali
7 Superomedial point of sustentacular tali
8 Posteroinferior point of gactronemius enthesis
9 Anterosuperior point of calceneal tuber

10 Posterosuperior point of caleanal tuber
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2013). Cervids vary in body size by two orders of magnitude
(4.65 kg in Pudu mephistophiles to 513 kg in Alces alces;
Novak 1999) and the metric data have to be log-transformed
before any comparison can be made. To test for a relation-
ship between size and shape before proceeding with the
ecomorphological analysis, the natural log of centroid size
(lnCS) was regressed against the natural log of body weight
(lnBW) for extant cervids, resulting in R2 = 0.87 and p <
0.0001. The lnCS of the Procrustes configurations was used
as a proxy for body size in this analysis. Here, the correlation
between lnCS and shape (Procrustes coordinates) was
non-significant (p = 0.3057).

Once phylogeny and allometry are shown to not have a
large impact on morphology (or adjustments are made for
them if they do have an impact), Procrustes coordinates of
the cervid calcaneus can be used as a paleohabitat proxy.
Extant cervid specimens with a known habitat preference
were used as a training set for canonical variates analysis
(CVA) to categorize unknown (fossil) specimens into a
habitat type. The habitat types used here are similar to those
used in bovid ecomorphological studies, in that the contin-
uum of habitats is broken down into the four categories
described above (for details refer to Curran 2012). Since
geometric morphometric analyses usually have a high
number of variables (three for each Procrustes coordinate-
the x, y, and z values in a 3D analysis) and since CVA
requires more cases (specimens) than variables, data (in-
cluding extant and extinct specimens) were first reduced
using PCA. To avoid overfitting (making the analysis too
specific to the extant training set and possibly reducing the
ability to accurately assign fossil specimens to a habitat

category; Kovarovic et al. 2011), the number of PCs used in
further analyses was determined by the lowest number of
PCs that returned the highest reclassification rate but
retained at least 90% of the original sample variance (Sheets
et al. 2006; Curran 2015). Here, 17 PCs, summarizing
94.56% of the total sample variance, were submitted to CVA.

Specimens in the CVA extant training sample were
reclassified into their known habitat type with a mean accu-
racy rate of 61.7% using the cross-validation method and
79.1% with the resubstitution method (Table 14.3), results
that are 2.47 and 3.16 times (respectively) better than by
chance alone. To test if the habitat types were significantly
different from each other, pair-wise non-parametric permu-
tation tests were conducted on the centroids (group mean
Procrustes coordinates) for each habitat type (after McNulty
et al. 2006; see Curran 2015). All habitat types were signif-
icantly different at (minimally) p = 0.0031 (Table 14.3).

Using the linear combinations calculated for the CVA,
fossil deer specimens from three Eurasian paleontological
sites were categorized into one of the four habitat types.

The calcaneal data overwhelmingly indicate open and
intermediate open habitats were available in both France
and Romania during the Early Pleistocene (Fig. 14.5,
Table 14.4, Appendix 14.2). When combined, cervids with
open-adapted calcanei make up 57.4% of the assemblages
and intermediate open-adapted calcanei comprise a further
34%, for a pooled total of 91.4%. These results are sup-
ported by reconstructions from these sites using different
proxies (as reviewed in Curran 2015).

There was only one specimen that was classified into the
closed habitat category, belonging to Cervalces gallicus from

Table 14.3 Reclassification results (by %) and permutation tests for the extant specimens (training set). InterClosed= Intermediate Closed,
InterOpen = Intermediate Open

Closed InterClosed InterOpen Open

Resubstitution
Closed 92.86 0.0 0.0 7.14
InterClosed 0.0 81.82 9.09 9.09
InterOpen 5.56 11.11 66.67 16.67
Open 0.0 9.38 15.63 75.0
Cross-validation
Closed 71.43 7.14 14.29 7.14
InterClosed 27.27 45.45 9.09 18.18
InterOpen 5.56 14.81 61.11 18.52
Open 0.0 12.5 18.75 68.75

InterOpen InterClosed Closed
Permutation tests
Open <0.0001 0.0003 <0.0001
InterOpen – 0.0014 <0.0001
InterClosed – – <0.0001
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the French site of Senèze. This species was hypothesized by
Breda (2008) to have occupied similar habitats to the modern
moose, Alces alces, although this was considered contentious
as Cervalces gallicus had extremely large antlers. The results
from this study show that this species had a calcaneus
adapted to closed habitats, indicating that there were some
forested regions available near the site of Senèze.

A large number of the fossil calcanei in this analysis have
not been identified to taxon. While this study is not intended
to resolve this, there is an intriguing pattern in the data. When

specimen scores for the first canonical variate were regressed
against the natural log of centroid size (lnCS), there was a
distinct patterning to the distribution of the fossil specimens in
this morphospace. Although the R2 was low (0.092), the
p-value indicated significance (p<0.0001). InFigure 14.6A, it
can be seen that many of the fossil specimens plot to the
negative side on the first canonical variate, indicating that
their morphology is not closed-adapted. When the fossil
specimen distribution is examined without the extant training
set, two or three groups of specimens are evident. In
Figure 14.6B, the asterisks are fossil specimens that are
assigned only to Cervidae. In this distribution, there is a clear
Eucladoceros group and a Croizetoceros group. Near each
are several specimens of unknown taxon and then a group of
specimens that falls in between the two groups (larger aster-
isks). It is possible that the larger specimens belong to
Eucladoceros, that the smallest specimens belong to
Croizetoceros, and possibly that the medium/small-sized
group belongs to Cervus philisi, which is known from known
from both St. Vallier and Senèze, France (Valli 2004a, b;
Delson et al. 2006). This hypothesis is supported by the
habitat assignments for these specimens (see Appendix 14.2):
the large specimens were mainly assigned to intermediate
open habitat category, which is mainly comprised of
Eucladoceros, while the medium/small- and small-sized
specimens without taxonomic assignments were only
assigned to the open habitat category, as were the Croizeto-
ceros specimens.

It should be noted that the Dmanisi faunal assemblage
contains members of the genus Eucladoceros, which were
assigned to a more closed habitat (Lordkipanidze et al. 2007,
Supplementary Information), however, the analysis here and
elsewhere (see especially Curran 2015) indicate a more
open-adapted signal for their post-cranial morphology.
Although it is likely that several habitat types were available at
Dmanisi, there is a substantial grassland signal from palyno-
logical records at the time of hominin occupation (Messager
et al. 2010a). Coupled with the reconstructions of relatively

Table 14.4 Fossil specimen habitat assignments

Site Open InterOpen InterClosed Closed

Grăunceanu n
(%)

9 5 3 0
52.9 29.4 17.6 0

St. Vallier n
(%)

14 8 0 0
63.6 36.4 0 0

Senèze n
(%)

4 3 0 1
50 37.5 0 12.5

Totals n
(%)

27 16 3 1
57.4 34 6.4 2.1

Fig. 14.5 Habitat Score analysis box-and-whiskers diagram. Extant
comparative specimens are plotted on the left by habitat type, and
specimens from the three fossil sites are plotted on the right. Black
horizontal line represents the median, the box encloses the 25th and 75th

percentiles, and thin vertical bars (whiskers) include specimens in the
range of up to 1.5 times the distance between the quartiles
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open habitats and similarity of taxa between Dmanisi and the
three European sites examined here, open to intermediate open
paleohabitats were likely available across Eurasia at the time
of Homo erectus’s first arrival there. It is yet to be seen if
hominins with similar dates to Dmanisi will also be found
in Europe, for there does not seem to have been an
ecological or geographic barrier to European dispersal
(Moncel 2010).

Future Prospects

In 1993, Rohlf and Marcus declared geometric morpho-
metrics “a revolution in morphometrics” (p. 129). Ten years
later, Adams et al. (2004, p. 15) wrote, “We anticipate that
over the next few years the geometric morphometric meth-
ods that were developed to address shortcomings of what
was then the traditional approach to shape analysis will
themselves evolve into a standard research protocol … per-
haps even becoming the new “traditional” morphomet-
rics”. At this point, thirteen years later, in many fields (an-
thropology, biology, forensics, paleontology, mammalogy,
zoology, etc.), geometric morphometrics is nearing the
standard method for shape analysis. This is evidenced in the
dramatic growth of publications using GM over the last
fifteen years (Fig. 14.7, an update to Adams et al. 2004), a

Fig. 14.6 A, Specimens plotted in a morphospace of canonical variate one (CV1) versus the natural log of centroid size (lnCS). B, Only the fossil
specimens in the analysis

Fig. 14.7 Number of publications that appear in the ISI:Web of Science
database per year with a “geometric morphometrics” keyword search
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large increase in the number of courses and workshops
being offered at universities, professional meetings, and as
stand-alone entities (see the Stony Brook morphometrics
page at http://life.bio.sunysb.edu/morph/notices.html for a
listing of some of these), and the availability of on-line
databases such as MorphoSource (Copes et al. 2016),
MorphoBrowser (Evans et al. 2007), and others (see Davies
et al. 2017). These databases are of special importance, as
they make data widely available, storable, and in some cases,
reduce issues of inter-observer error (von Cramon-Taubadel
et al. 2007; Robinson and Terhune 2017; Shearer et al. 2017).

Greater accessibility to GM data and instruction coupled
with open access software, the availability of photogrammetry
(Evin et al. 2016), and the decreasing cost of 3D digitizers is
partially responsible for the proliferation of GM studies.
Equally responsible for the rise in GM’s usage are the prac-
titioners of the methods itself. Although GM can be consid-
ered a “mature” (Slice 2007, p. 273) method, its base
assumptions and applications are constantly being revised
(Adams et al. 2013; Bookstein 2017a, b). Recently, methods
have been presented for the integration of GMwith functional
morphology (Bookstein 2015), finite elements analysis
(Parr et al. 2012; O’Higgins and Milne 2013; Smith et al.
2015), and genetics (Sherwood and McNulty 2011; Bo et al.
2014; Geiger et al. 2016; Martinez-Abadias et al. 2016). Great
strides are also being made in the virtual reconstruction and
corrections to deformation of fossil specimens (Gunz et al.
2009; Tallman et al. 2014; Bauer and Harvati 2015; Millella
et al. 2015), visualization of shape differences (Klingenberg
2013), and the automation of data collection (Boyer et al.
2011, 2015; Gonzalez et al. 2016). There is no doubt that GM

methods will continue to be improved and be integrated fur-
ther into studies of shape.

In the end, it can be said that GM has great intuitive
appeal to researchers interested in shape analysis. There is a
certain romantic quality to its mathematics and analysis
technique. Thin-plate splines and wire-frame models ele-
gantly display differences in shapes that can be described
qualitatively, yet GM data allow for statistical analyses that
are not possible with qualitative descriptors. With GM, we
can not only quantify shape differences that hitherto may
have been described only qualitatively, we can go beyond
that and virtually create shapes in a manner that was not
previously possible. It is no wonder then that GM has
become a standard in the tool kit of morphologists.
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Appendix 14.1

Software Packages

Edgewarp: http://brainmap.stat.washington.edu/edgewarp//
EVAN Toolbox: http://evan-society.org/node/42
geomorph (R package): https://cran.r-project.org/web/packages/geomorph/index.html
Landmark editor: http://graphics.idav.ucdavis.edu/research/EvoMorph
MorphoJ: http://www.flywings.org.uk/MorphoJ_page.htm
Morpho (R package): https://cran.r-project.org/web/packages/Morpho/index.html
Morphologika2: https://sites.google.com/site/hymsfme/downloadmorphologica
PAST: http://folk.uio.no/ohammer/past/
R: http://www.r-project.org/

On-line Resources

MorphoBrowser: http://pantodon.science.helsinki.fi/mor phobrowser/
MorphoSource: http://morphosource.org/
Stony Brook Morphometrics page: http://life.bio.sunysb.edu/morph/

Appendix 14.2

ID Species Site Assigned Habitat Closed InterClosed InterOpen Open

FR684a Cervidae (m) Senèze Open 0.0096 0.0792 0.0839 0.8273
FR684b Cervidae (m) Senèze Open 0.0091 0.1811 0.0838 0.726
FR684c Cervidae (m) Senèze Open 0.0439 0.1076 0.1281 0.7204
FR683a Cervidae (m) Senèze Open 0.0022 0.1576 0.2168 0.6235
FR662a Cervus (l) Senèze InterOpen 0.0094 0.0248 0.5111 0.4547
FR608a Eucladoceros senezensis Senèze InterOpen 0.0938 0.036 0.6379 0.2323
FR574a Eucladoceros senezensis Senèze InterOpen 0.0037 0.001 0.9376 0.0577
FR537a Alces (Libralces) Senèze Closed 0.5834 0.0318 0.1544 0.2305
FR2817 Cervidae (s) St. Vallier Open 0 0.0015 0.0013 0.9972
FR2821 Cervidae (s) St. Vallier Open 0 0.0021 0.0025 0.9954
FR2816 Cervidae (s) St. Vallier Open 0 0.0063 0.0112 0.9825
FR2819 Cervidae (s) St. Vallier Open 0.001 0.002 0.0212 0.9758
FR2818 Cervidae (s) St. Vallier Open 0.0001 0.0254 0.0189 0.9556
FR2791 Cervidae (l) St. Vallier Open 0.0004 0.0157 0.1087 0.8752
FR2808 Cervidae (m) St. Vallier Open 0.0067 0.03 0.0906 0.8727
FR2810 Cervidae (s) St. Vallier Open 0.0052 0.0199 0.1021 0.8727
FR2805 Cervidae (m) St. Vallier Open 0.0002 0.0995 0.1293 0.771
FR2813 Cervidae (s) St. Vallier Open 0.0036 0.0231 0.2835 0.6898
FR497716 Croizetoceros ramosus St. Vallier Open 0.0025 0.0437 0.2825 0.6713
FR2823 Cervidae (m) St. Vallier Open 0.0085 0.0337 0.3265 0.6314
FR2809 Cervidae (m) St. Vallier Open 0.0627 0.2448 0.137 0.5555
FR497661 Croizetoceros ramosus St. Vallier Open 0.005 0.0068 0.4675 0.5207
FR2130 Eucladoceros senezensis St. Vallier InterOpen 0.0096 0.0123 0.696 0.2821
FR2120 Eucladoceros senezensis St. Vallier InterOpen 0.0021 0.0123 0.7241 0.2616
FR2792 Cervidae (l) St. Vallier InterOpen 0.0053 0.0051 0.8284 0.1612
FR2796 Cervidae (l) St. Vallier InterOpen 0.1394 0.0171 0.7031 0.1405
FR2131 Eucladoceros senezensis St. Vallier InterOpen 0.1063 0.0043 0.8121 0.0772
FR2795 Cervidae (l) St. Vallier InterOpen 0.0288 0.0193 0.878 0.0739
FR2797 Cervidae (l) St. Vallier InterOpen 0.0221 0.0124 0.9081 0.0575
FR2798 Cervidae (l) St. Vallier InterOpen 0.0267 0.0004 0.9689 0.004
ROIV-V.1 Eucladoceros sp. Grăunceanu Open 0 0.017 0.0187 0.9642
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