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Abstract

Current approaches to quantify phalangeal curvature assume that the long axis of the bone's
diaphysis approximates the shape of a portion of a circle (included angle method) or a parabola
(second-degree polynomial method). Here we developed, tested, and employed an alternative
geometric morphometrics-based approach to quantify diaphysis shape of proximal phalanges in
humans, apes and monkeys with diverse locomotor behaviors. 100 landmarks of the central
longitudinal axis were extracted from 3D surface models and analyzed using 2DGM methods,
including Generalized Procrustes Analyses. Principal components analyses were performed and
PC1 scores (>80% of variation) represented the dorsopalmar shape of the bone’s central
longitudinal axis and separated taxa consistently and in accord with known locomotor behavioral
profiles. The most suspensory taxa, including orangutans, hylobatids and spider monkeys, had
significantly lower PC1 scores reflecting the greatest amounts of phalangeal curvature. In
contrast, bipedal humans and the quadrupedal cercopithecoid monkeys sampled (baboons,
proboscis monkeys) exhibited significantly higher PC1 scores reflecting flatter phalanges.
African ape (gorillas, chimpanzees and bonobos) phalanges fell between these two extremes and
were not significantly different from each other. PC1 scores were significantly correlated with

both included angle and the a coefficient of a second-degree polynomial calculated from the
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same landmark dataset, but had a significantly higher correlation with included angles. Our
alternative approach for quantifying diaphysis shape of proximal phalanges to investigate
dorsopalmar curvature is replicable and does not assume a priori either a circle or parabola

model of shape, making it an attractive alternative compared with existing methodologies.

1. Introduction

The hand skeletons of living primates are morphologically diverse and reflect the unique
evolutionary histories of various primate lineages as well as the ways that primates use their
hands for manipulation and locomotion (e.g., Napier, 1993; Kivell et al., 2016). For example,
proximal phalanges vary greatly within and among extant primate taxa in terms of how curved
the shafts are (hereafter referred to as phalangeal curvature; Fig. 1). Highly suspensory primates
(e.g., Pongo, Hylobates, Symphalangus, and Ateles) have very curved proximal phalanx shafts
(i.e., high phalangeal curvatures), whereas habitually terrestrial pronograde species (e.g., Gorilla
and Papio) along with bipeds (i.e., humans) have straighter shafts (i.e., low phalangeal
curvatures) (e.g., Stern, Jungers & Susman, 1995; Dean & Begun, 2008; Rein, 2011). Primates
that are more generalist in their substrate preference (e.g., Pan and Macaca) tend to have
phalangeal curvature that is intermediate or more variable in grade compared with these two
extremes (e.g., Jungers et al., 1997). These observed differences in phalangeal curvature are
behaviorally linked to how primates use their hands when moving. Furthermore, theoretical
models (Preuschoft, 1973b), along with both in vitro and in silico experimental biomechanical
studies (Richmond, 2007; Nguyen et al., 2014) have shown that phalangeal curvature in primates
is in large part an adaptation to the habitual mechanical loading environment that arises from
substrate reaction forces, muscle forces from the contraction of extrinsic digital flexors, and joint
reaction forces at the both the metacarpophalangeal and interphalangeal joints when the hands
are used during locomotor and positional behaviors. Additionally, there is a phylogenetic
component to phalangeal curvature variation among living primates which is likely a result of a
long history of strong selection for attenuating these mechanical loads on relatively mechanically
weak bones that are also important for manipulation in addition to locomotion (e.g., Wallace,
Burgess & Patel, 2020; but see Richmond, 1998 and Jungers et al., 2002 for alternative
hypotheses). Because of the strong form-function relationship between phalangeal curvature and

locomotion in extant primates, paleoanthropologists typically use phalangeal curvature to infer
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the positional and locomotor behavior of fossil primate species including hominins (Preuschoft,
1973a; Stern & Susman, 1983; Susman, Stern & Jungers, 1984; Hamrick, Meldrum & Simons,
1995; Susman, de Ruiter & Brain, 2001; Kivell et al., 2011, 2015; Dominguez-Rodrigo et al.,
2015; Stratford et al., 2016; Prang et al., 2021).

Figure 1 Here

Different methods have been used to quantitatively assess phalangeal curvature in extant
and fossil primates. The most prevalent approach has been to calculate the bone’s included angle
(IA), which assumes that the central longitudinal (i.e., proximodistal) axis of a phalanx
represents a shape that corresponds to a portion of an arc on the perimeter of a circle (Fig. 2A;
Stern, Jungers & Susman, 1995). Larger values of IA, measured in degrees, indicate bones that
are more curved whereas smaller values indicate bones that are flatter. In general, this method
does well to distinguish extant species based on habitual locomotor behavior, with the most
suspensory primate species having larger IAs and more terrestrial species (both bipedal and
pronograde quadrupedal) having smaller [As (e.g., Rein, 2011). Despite the relatively high
accuracy of this form-function relationship in extant primates, some authors (e.g., Patel &
Maiolino, 2016) have noted that published IA values can differ substantially between studies
(i.e., high inter-study variation). For example, IA mean (and one standard deviation) values
reported for Pan troglodytes by Stern, Jungers & Susman (1995), Matarazzo (2008), and Rein
(2011) are 42.4° (4.8°), 55.0° (4.4°) and 38.4° (5.3°), respectively. Even more variable are [A
mean (and one standard deviation) values reported for Macaca fascicularis, where Matarazzo
(2008), Rein (2011), and Patel & Maiolino (2016) reported values of 45.0° (6.6°), 16.2° (6.6°)
and 22.0° (7.0°), respectively. With such a large amount of variation exhibited in IA values for a
single species between studies, and researchers often being unable to independently collect IA
data for a comparative sample or when describing new fossils (e.g., Stratford et al., 2016), it is
unclear on which dataset researchers should rely, if any, when trying to make functional

inferences about fossil specimens.

Figure 2 Here



123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152

Reasons for such inter-study discrepancies are unclear, but they could simply be related
to different sample compositions (i.e., different museum collections). Alternatively, they could
derive from the different tools used to acquire raw data such as handheld coordinate calipers
(Susman, Stern & Jungers, 1984; Stern, Jungers & Susman, 1995), Microscribe point digitizers
(Rein, 2011), three-dimensional (3D) landmarking software (Patel & Maiolino, 2016; Wallace,
Burgess & Patel, 2020), or lateral view photographs (e.g., Richmond, 1998; Jungers et al., 2002;
Burgess, 2018; Prang et al., 2021). In fact, some of these tools might be more prone to error than
others. For example, there can be movement artifacts when applying a Microscribe point
digitizer on small specimens (B.A.P. personal observation) and photographs can suffer from
parallax issues if the specimen is not positioned properly relative to the lens of the camera
(Spencer & Spencer, 1995; Richmond, 1998). Another overlooked problem of lateral view
photographs of proximal phalanges is that important morphological features needed to calculate
IA of the central longitudinal axis can be obscured in the field of view (Fig. 1). One example of
this is the presence of well-developed flexor sheath ridges (as found in Gorilla) that can
incorrectly inflate measurements of midshaft dorsopalmar height thus resulting in smaller
calculated IA values (see equations and figures in Stern, Jungers & Susman, 1995; Jungers et al.,
1997). In fact, low values of IA for Gorilla calculated from lateral view photographs often
overlap extensively with human IA values (e.g., Prang et al., 2021), which would not be
predicted based on biomechanical differences in hand use during locomotion between humans
and gorillas. Another example is the presence of a very concave proximal articular surface (as
seen in many monkeys like Papio that have a large range of dorsiflexion at the
metacarpophalangeal joint) that when not fully visible can lead to erroneous longer
proximodistal interarticular length measurements resulting in larger IAs. Hence, it is important to
acknowledge that end users (e.g., paleoanthropologists) relying on published IA data for
comparisons with fossil phalanges should proceed with caution (e.g., always use a single source
of comparative data and follow its same methodology for taking measurements) or should only
use original self-collected data.

Some researchers have argued against using [As for assessing phalangeal curvature
claiming that it may be theoretically flawed. Specifically, Deane, Kremer & Begun (2005)

argued that the diaphyses of primate proximal phalanges, in particular the dorsal surfaces, look
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more like parabolas or a second-degree (2°) polynomial! rather than portions of a circle and
emphasized that the IA is an inappropriate metric to quantify phalangeal curvature (but see
contrary arguments made by Stern, Jungers & Susman, 1995). A strong visual case for this
opinion can be made by looking at the mid-sagittal plane of a proximal phalanx from taxa that
have relatively straight bones like cercopithecine monkeys (e.g., Papio and Nasalis) and humans
(Fig. 1). Accordingly, Deane, Kremer & Begun (2005) devised a High-Resolution Polynomial
Curve Fitting method (hereafter referred to as PCF) that uses a lateral view photograph of a
proximal phalanx to fit a second-degree polynomial function (defined as y=ax*+bx+c) to an
extensive number of two-dimensional (2D) landmarks placed on the dorsal surface of the
diaphysis (Fig. 2B). The resulting a coefficient (or quadratic coefficient) is then used as a proxy
metric for curvature where a larger a value is equivalent to a narrower parabola and signifies a
more curved bone. In general, this method can distinguish extant species based on habitual
locomotor behavior, with suspensory orangutans having larger a values and bipedal humans
having smaller values for a (Deane, Kremer & Begun, 2005; Deane & Begun, 2008). A second
argument subsequently made by Deane & Begun (2008) against using A was that it has limited
paleoanthropological utility because a large number of fossil phalanges are broken and only
complete bones can be used to calculate IA correctly. These authors suggested that a benefit of
using PCF is that it allows for the inclusion of more fossils in comparative analyses than would
be possible if using IA alone. Although the use of this method has not been widespread in
paleoanthropological research, it has recently been applied in studies of early hominin and
Miocene hominoid fossil hand bones (Kivell et al., 2011, 2015; Béhme et al., 2019) (Fig. 2C).
Despite the reasonable arguments against implementing the IA method, however, it
continues to be used (e.g., Stratford et al., 2016; Wallace, Burgess & Patel, 2020; Prang et al.,
2021), most likely because the PCF method also has some practical disadvantages. The first is
that as currently implemented PCF measures the curvature of the dorsal surface of the bone
(Deane, Kremer & Begun, 2005) rather than the more biomechanically relevant central
longitudinal axis that better reflects overall adaptation for attenuating mechanical stresses

experienced by the bone during grasping (Preuschoft, 1973b; Richmond, 2007; Nguyen et al.,

! Note that the merits of a second-degree polynomial specifically for proximal phalanges over some other higher
order polynomial function, such as third-sixth-degree, are discussed in detail by Deane, Kremer & Begun (2005) and
are not repeated here. See also Zhang, Harrison & Ji (2020) who discuss the merits of a fourth-degree polynomial
compared to a second-degree polynomial for proximal phalangeal curvature.



181  2014). Second, more taxonomically inclusive studies using PCF have shown inconsistent results
182  regarding known form-function relationships in extant primates. Most notably, gibbons, which
183  are among the most suspensory living primates, have a mean and range of a values that indicate a
184  degree of curvature that is equal to some generalized arboreal quadrupedal monkeys (e.g.,

185  Cercopithecus and Alouatta) and overlap terrestrial quadrupedal knuckle-walking African apes
186  (Gorilla and Pan) (Bohme et al., 2019).

187 In light of these issues with using both IA and PCF, the current study investigates the
188  suitability of an alternative method to assess diaphysis shape of primate proximal phalanges.
189  Specifically, we implemented geometric morphometrics (GM) methods to determine bone shape
190  that is both biomechanically informative and reflects the dorsopalmar curvature of the central
191  longitudinal (proximodistal) phalangeal axis. The use of GM to assess shape reflective of

192  diaphysis curvature is not new and has been applied to other postcranial elements such as the
193 femur, clavicle, and ulna (De Groote, Lockwood & Aiello, 2010; Squyres & DeLeon, 2015;

194  Milne & Granatosky, 2021). In the current study, our alternative approach uses 3D digital

195  surface models of proximal phalanges on which a semi-automated software workflow with

196  minimal user input is applied to obtain landmarks that can be subjected to established GM

197  methods. The utility of this GM approach is then assessed by comparing 2D shape by means of
198  Principal Components (PC) scores among different extant anthropoid species with known

199  locomotor behaviors. Finally, resulting PC scores reflecting diaphysis dorsopalmar curve shape
200  are compared with curvature assessed from the same landmark datasets using the IA and PCF
201  methods.

202

203 2. Materials and Methods

204 2.1 Comparative Sample

205 The comparative sample of 378 manual proximal phalanges of the third digit (mPP3)
206  used in this study includes modern humans, chimpanzees, bonobos, gorillas, orangutans,

207  siamangs, gibbons, baboons, proboscis monkeys, and spider monkeys (Table 1). Phalanges from
208  digits 2, 4, and 5 (mPP2, mPP4, and mPP5) were also studied for a smaller subset of these

209  primates (see below). These taxa were chosen because their habitual locomotor behaviors are
210 relatively well known and have been quantified by primate behaviorists. Moreover, they

211  represent taxa that engage in differing amounts of suspensory and quadrupedal locomotion, as
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well as differing preferences for arboreal and terrestrial substrates (e.g., Rein [2011] and
Granatosky [2018] and references therein). All specimens except for one gorilla and one spider
monkey were collected in the wild based on museum records. The sample includes females and
males as well as some where the sex is unknown; all of these were combined to maximize
intraspecific variation, and to make the final datasets more applicable for future broader
paleoanthropological studies. Most specimens were skeletal adults and had fully fused proximal
epiphyses; a handful of non-human subadult specimens for some taxa were included if the
epiphysis was in the process of fusion and could not be manually separated from the diaphysis
(see Supplemental Information and Figure S1 for additional considerations on adult vs. subadult
sampling). The studied specimens derive from the following collections: AMNH, American
Museum of Natural History (New York, NY, USA); ANSP, Academy of Natural Sciences of
Drexel University (Philadelphia, PA, USA); LACM, Natural History Museum of Los Angeles
County (Los Angeles, CA, USA); MCZ, Harvard University Museum of Comparative Zoology
(Cambridge, MA, USA); RMCA, Royal Museum for Central Africa (Tervuren, Belgium); SBU,
Department of Anatomical Sciences of Stony Brook University (Stony Brook, NY, USA); USC,
Department of Integrative Anatomical Sciences of the Keck School of Medicine of the
University of Southern California (Los Angeles, CA, USA); USNM, Smithsonian Institution’s
National Museum of Natural History (Washington, DC, USA); WITS, University of the
Witwatersrand (Johannesburg, South Africa), and the Mountain Gorilla Skeletal Project

(MGSP). Additional details of the comparative sample are found in Table 1.

Table 1 Here

2.2 Surface Data

3D surface models of mPP3s were generated from computed tomography scans (CT),
micro-CT scans (LCT), or laser surface scans following protocols detailed elsewhere (see
Fernandez et al., 2015; Patel et al., 2017; Fig. 1). A number of studies have previously shown
that different scanning modalities has little to no effect on most morphometric results (e.g.,
Tocheri et al., 2011; Robinson & Terhune, 2017; Shearer at et al., 2017). CT scans were obtained
with slice intervals up to 0.187 mm (with scanning field of views that produced near isotropic

voxels). uCT scans were obtained with isometric voxel dimensions up to 0.080 mm. The CT and
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LCT scan data were segmented on unfiltered 16-bit DICOM (.dcm) or TIFF (.tif) images using
the SEGMENTATION EDITOR in Amira v.5.6 (or later) software (Thermo Fisher Scientific) by
means of a combination of automated and slice-by-slice manual thresholding techniques, after
which triangular surface meshes were created using the SURFACE GEN [or GENERATE SURFACE in
more recent versions of Amira] function (with ‘unconstrained smoothing’ and ‘compactify’
options implemented) and saved as POLYGON mesh files (.ply). All laser scans were obtained
with a NextEngine 3D laser scanner (NextEngine, Inc.) using a resolution of >10,000 points per
square inch; 6 to 12 scans were taken at different positions and then merged using ScanStudio
HD PRO software (NextEngine, Inc.) and saved as .ply files.

The analytical procedures developed and employed in this study can potentially be
sensitive to the quality of the 3D surface meshes used. Therefore, any scanning defects (e.g.,
spikes, floating triangles, holes) in the mesh surface models created from any of the scanning
modalities were corrected using Geomagic Wrap software (3D Systems, Inc.). Additionally, any
biological holes (i.e., foramina) in the diaphysis from nutrient arteries were also virtually
removed. Each surface mesh was then made hollow to include only an external watertight shell
of triangles, which was then either decimated or refined to the same approximate size of 250,000
triangles (see Supplemental Information and Figure S2 for additional considerations about
preferred surface mesh triangle counts). All subsequent procedures and data acquisition were
performed on right side proximal phalanges; if the original specimen was from the left side, it

was first mirror-imaged in Amira or Geomagic Wrap to create an antimere.

2.3 Landmark Data Acquisition

The data acquisition methodology developed and used in this study relied on Amira and
ImagelJ software (Schneider, Rasband & Eliceire, 2012); therefore, the terminology used here
reflects these software packages only. When possible, we provide names of specific functions,
modules, and plugins for each program that we implemented so that other users who prefer
different software (e.g., Avizo, Meshlab, MATLAB, Python, R, etc.) can replicate these methods
in the software package of their choice.

It was necessary to first position all surface models in the same anatomical orientation to
acquire equivalent landmarks from near the center of the diaphysis of a phalanx (Fig. 3A).

Rather than using previously published computational routines that facilitate automated
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alignment of 3D surfaces (e.g., Boyer et al., 2015), we opted for a manual approach using a
standardized protocol in Amira such that: 1) a line connecting the centers of the proximal and
distal articular surfaces in dorsal view (XZ) was aligned vertically; 2) the palmar-most aspect of
the proximal palmar tubercles and the palmar-most aspect of the distal trochlea in lateral view
(YZ) were aligned on the same plane and positioned vertically; and 3) the palmar-most aspect of
the proximal palmar tubercles in proximal view (XY) were aligned on the same plane and
positioned horizontally. The initial orientation of specimens was facilitated using the ALIGN
PRINCIPAL AXES module (which aligns the virtual bone according to its three principal axes; Axis
1 was set to ‘x’ and Axis 2 was set to ‘y’), and this was followed by minor manual movements
(facilitated by a checkerboard background) using the TRANSFORM EDITOR function (see below
for error analyses for intra-observer differences in determining a standardized anatomical

orientation). We refer to this as our ‘gold standard’ orientation from here forward.

Figure 3 Here

The gold standard orientation allows for subsequent re-slicing of the virtual phalanx to
ultimately obtain cross sections that are oriented orthogonal to its long (proximodistal) axis. To
re-slice a surface mesh of triangles, the mesh must first be converted to a volumetric
representation with user defined voxel dimensions. This was accomplished using the SCAN
CONVERT SURFACE (or SCAN SURFACE TO VOLUME in more recent versions of Amira) module, a
tool that voxelizes (i.e., 3D pixilation) the surface mesh resulting in a binary label field (i.e., set
of slices) of known dimensions. To create a new binary label field with enough resolution, we
used a z-pixel dimension of 1000 while keeping the model’s original x- and y-pixel dimensions
unchanged (thereby yielding non-isotropic voxels in the resulting volume representation). For
our purposes, this procedure effectively creates 1000 new binary image slices from proximal to
distal ends of the bone which can be further cropped and further resampled (as discussed below)
(Fig. 3B).

Because our goals are to identify shape reflecting dorsopalmar curvature of the most
biomechanically relevant region of the diaphysis (i.e., non-articular regions), a new region of
interest of the diaphysis (dROI) was defined between the palmar-most aspect of the proximal

palmar tubercles and the inflection point between the distal trochlea and the diaphysis on the
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palmar side (Fig. 3C; see Supplemental Information and Figure S1 for further discussion on
dROIs of subadults with partial fusion of the proximal articular surfaces). The region proximal to
the palmar tubercles and the entire distal trochlea was then cropped out using the CROPEDITOR
function from the binary label field thereby resulting in a new image stack with less than 1000
slices. Due to differences in absolute phalangeal length as well as the size and shape of the
trochlea and proximal ends among and within primate species (Fig. 1; see also Patel & Maiolino,
2016), the cropped binary label field was further resampled so that each specimen in the analysis
yielded the same number of binary images; this step could not simply be implemented
simultaneously with the previous one because of technical limitations in Amira. This second
phase in resampling was accomplished by first generating a new 3D surface (using the SURFACE
GEN function with the default ‘add border’ option not implemented), and then again using the
SCAN CONVERT SURFACE function to voxelize and resample with a z-pixel dimension of 100
while again keeping the model’s original x- and y-pixel dimensions unchanged. The new binary
image stack of 100 cross section images was then saved in .tif format. Note that outputting a
stack of 100 TIFF images within Amira also produces an important accompanying metadata file
(“.info”) that contains real world dimensions (in mm) for pixel size (x and y) and slice position
(z) from proximal to distal for the resulting set of images. This resolution information is needed
after raw landmark coordinates are obtained to keep proper scaling of the raw data in real world
units (see below).

The new stack of 100 binary images, each representing a cross section from proximal to
distal of the reoriented phalanx's dROI, was then imported into ImageJ in order to find the cross-
section’s approximate center (Fig. 3D). While a number of approaches are possible to
accomplish this, we chose a method that allows for both automation and replication with no user
input, and an approach that we inferred to allow us to identify the approximate center between
the dorsal and palmar surfaces of all slices independently. Specifically, we applied a modified
looped version of the MAX INSCRIBED CIRCLES plugin written by Burri & Guiet (2016) and
available from the PTBIOP Update Site for ImagelJ, which implements the largest inscribed
circle algorithm following code initially written by Birdal (2021) in MATLAB software
(MathWorks). The looped plugin runs sequentially through the stack of 100 dROI cross sections
finding a specific circle-shaped region of interest in each image, from which the x- and y-

coordinates of their centers can be calculated using the CENTER OF MASS measurement function
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in ImagelJ (Fig. 3D). Using the known pixel resolution and slice spacing information from the
.info file outputted from Amira (see above), these center x-, y-, and z-coordinates are then scaled
back into real world dimensions (in mm). These 100 semi-landmarks are then subjected to

geometric morphometric analyses.

2.4 Geometric Morphometrics

Phalanges have rather complex shapes with varying amounts of shaft torsion, flexor
sheath ridge development, and general mediolateral asymmetry (Patel & Maiolino, 2016; see
also Figs. 1 and 3D). Therefore, the position of a cross section’s center can vary in the
mediolateral (x-) direction when taking these features into account, whereas the dorsopalmar (y-)
position of the center changes negligibly (i.e., less noisy). Accordingly, while the resulting
output of the previous steps produced 3D landmarks, we chose to pursue a 2D geometric
morphometric (2DGM) analysis since our primary concern is determining the dorsopalmar
longitudinal shape of the phalanx’s diaphysis (i.e., its dROI). Moreover, using a 2DGM approach
also has the added benefit of being able to combine samples of right and left side bones, which is
particularly useful when studying fragmentary fossil assemblages, or when reliable side
determinations of isolated phalanges cannot be made by the researcher.

Landmark data files for each specimen exported from Amira consisted of y- and z-
coordinates (i.e., dorsopalmar and proximodistal coordinates, respectively). These landmark data
files were first manually configured to Morphologika format to facilitate import into R software
(R Core Team, 2019) for analysis using the GEOMORPH package (Adams, Collyer &
Kaliontzopoulou, 2019). Raw landmark configurations were scaled, translated, and rotated using
Generalized Procrustes Analysis (GPA), which produced a new set of coordinates (Procrustes
coordinates) that were then used for subsequent statistical analyses. A number of intra- and inter-
observer error analyses were first performed using Procrustes distances resulting from the
GPA:s. Principal component analyses (PCA) were then performed to assess variance in shape via
resulting principal component (PC) scores. It was determined that the first two PCs typically
accounted for >80% of the variation in all of the 2DGM analyses implemented. Moreover, PC1
accounted for nearly all the shape variation of the phalanx’s central longitudinal dorsopalmar
curvature (see Figure S3) and thus we placed our primary emphasis on these values in the results

of subsequent analytical tests of utility and comparability. All statistical analyses discussed in the
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following paragraphs were performed in R software, JMP v.14 software (SAS Institute), or
PAST software (Hammer, Harper & Ryan, 2001). The R script as implemented for all analyses is
available in the Supplemental Information. Landmark data files in Morphologika format for the

comparative sample of humans, apes, and monkeys are available on the journal's website.

3. Results and Discussion
3.1 Error

To assess the effects of intra- and inter-observer error, we performed three analyses. The
first analysis for intra-observer error focused specifically on the specimen orientation protocol.
The second analysis for intra- and inter-observer error examined the specimen dROI
determination protocol. The final analysis for both intra- and inter-observer error evaluated all
steps of the protocol.

3.1.1 Specimen orientation: To systematically investigate the effect of differences in

specimen orientation in a realistic way, one observer (S.E.W.) performed a controlled sensitivity
analysis in which one orangutan specimen (Pongo abelii AMNH-143598) was used to create 60
model variants that deviated 10 degrees (in 1 degree increments) from our gold standard model
in six possible directions about this specimen’s centroid: dorsal, palmar, medial, lateral,
clockwise, counterclockwise (see insert in Fig. 4). We then performed all the landmark
acquisition and 2DGM procedures outlined above on these model variants without altering any
other parameters or inputs. Procrustes distances between the gold standard specimen and the 60
model variants were plotted against change in degrees in reference to the gold standard specimen
to visually assess any relationship between model orientation and diaphysis shape (Fig. 4).
Procrustes distances appear to differ inconsequentially when the specimen moved between 1 and
10 degrees from the gold standard in medial, lateral, clockwise, and counterclockwise directions.
In contrast, Procrustes distances increased almost linearly when the oriented bone was
incorrectly positioned in the dorsal and palmar directions from 1 to 10 degrees. Based on these
findings, we emphasize the importance to orient specimens carefully prior to subsequent steps
for landmark acquisition, especially in the dorsal and palmar directions about the bone’s

centroid.

Figure 4 Here
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3.1.2 Specimen dROI determination: The cropping procedure to determine specimen
dROI is also subject to both intra- and inter-observer error. Therefore, we performed an error
study to test for both in which two observers (S.E.W. and B.A.P.) took one orangutan specimen
(Pongo abelii AMNH-143598) and performed the cropping steps described above 10 times over
a period of several days. We then performed all the landmark acquisition procedures outlined
above without altering any other parameters or inputs. A 2DGM analysis was then performed on
the resulting 20 landmark datasets (i.e., 10 landmark set replicates from two different observers),
along with 16 additional Pongo abelii specimens (for a total n=36 individuals in the analysis; the
latter 16 were quantified only by S.E.W.). The additional 16 Pongo abelii specimens were
included to compare variation in Procrustes distances within each observer's and among the two
observers' replicates (n=45 and n=100 comparisons, respectively), and to determine how these
compare to variation in Procrustes distances between other specimens of the same species
(n=136 comparisons). Box-and-whiskers plots (Fig. 5) demonstrate that intra- and inter-observer
Procrustes distances for the test specimen (Pongo abelii AMNH-143598) are significantly
smaller than the Procrustes distances among all specimens of Pongo abelii.?> These findings
indicate that any minor differences in cropping within and between observers is fundamentally

negligible in larger scale comparisons within taxa (Fig. 5) and among taxa (see below).

Figure 5 Here

3.1.3 Complete protocol: Intra- and inter-observer error for the entire protocol was

evaluated by two observers (S.E.W. and B.A.P.) using one orangutan specimen (Pongo abelii
AMNH-143598). Both observers obtained the necessary landmark datasets 10 times over a
period of one month. A 2DGM analysis was then performed on the resulting 20 landmark
datasets (i.e., 10 landmark set replicates from two different observers), along with 16 additional
Pongo abelii specimens (for a total n=36 individuals in the analysis; the latter 16 were quantified
only by S.E.W.). As noted above, the additional 16 Pongo abelii specimens were included to

compare variation in Procrustes distances within each observer's and among the two observers'

2 Post-hoc analyses show that variation between and among observers was not significant (p>0.05) but was
significant (p<0.05) when compared to total species variation.
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replicates (n=45 and n=100 comparisons, respectively), and to determine how these compare to
variation in Procrustes distances between other specimens of the same species (n=136
comparisons). Box-and-whiskers plots (Fig. 6) demonstrate that intra- and inter-observer
Procrustes distances for the test specimen (Pongo abelii AMNH-143598) are significantly
smaller than the Procrustes distances among all specimens of Pongo abelii.® Thus, these findings
indicate that any minor differences in executing the entire protocol within and between observers

is minimal in larger scale comparisons within taxa (Fig. 6) and among taxa (see below).

Figure 6 Here

3.2 Inter-digit variation

Because an ultimate objective for implementing this method is to evaluate shape of
primate fossil phalanges, and not all primate fossil hands have a mPP3 preserved, we performed
an analysis examining inter-digit variation by comparing diaphysis dorsopalmar shape across
non-pollical proximal phalanges (i.e., mPP2-5). Specifically, we compared the mPP2-5s within
a sample of orangutans (Pongo abelii; n=10) that have very curved proximal phalanges and
within a sample of humans (Homo sapiens; n=12) that have straighter proximal phalanges (Fig.
1; Rein, 2011). The two samples were analyzed separately (i.e., subjected to their own 2DGM
analyses) rather than being combined so that their resulting PC1 scores would not be influenced
by the presence of different taxa with different levels of curvature. For each taxonomic sample, a
non-parametric Kruskal-Wallis test and non-parametric Mann-Whitney pairwise comparisons
were used to compare digit PC1 scores for the entirety of each species. In addition, we compared
PC1 scores by individual (i.e., matched pairs: mPP2 vs. mPP3, mPP2 vs. mPP4, etc.) within each
species sample using non-parametric Wilcoxon Signed Rank tests. Despite some dissimilarities
across digits, there were no significant differences (p>0.05) in any of the comparisons in either
species (Fig. 7). These results are consistent with findings reported for both IA and PCF methods
that also observed no significant differences in phalangeal curvature across hand digits in both
hominoid and cercopithecoid primates (Stern, Jungers & Susman, 1995; Deane & Begun 2008).

More importantly, and for practical purposes, the lack of significant differences among digits

3 Post-hoc analyses show that variation between and among observers was not significant (p>0.05) but was
significant (p<0.05) when compared to total species variation.
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(when analyzed among individuals or analyzed within an individual) suggests that if necessary,
non-pollical proximal phalanges can be combined to increase sample sizes so that the 2DGM
methods presented in this study can be employed more broadly. This is particularly useful when
studying isolated fossil phalanges that may not necessarily come from the same digit as an

existing comparative sample (e.g., from digit 3 as emphasized in this study).

Figure 7 Here

3.3 Utility

The utility of any novel quantitative method needs to be assessed and we would interpret
our method to be useful if the PCAs resulted in group separations along known locomotor
behaviors (i.e., with a shape morphocline from most curved to least curved corresponding to
most suspensory/arboreal to least suspensory/arboreal and most terrestrial). Therefore, we
performed a comprehensive 2DGM analysis on the entire comparative sample of 378 mPP3s of
humans, apes, and monkeys (Table 1). The resulting PC scores were visualized using both
bivariate scatter plots and box-and-whiskers plots, and interspecific statistical difference was
assessed using ANOVA and post-hoc Tukey’s tests for pairwise comparisons. We predicted that
the more suspensory orangutans, gibbons, siamangs, and spider monkeys would plot near each
other on a given PC score distribution, thereby reflecting proximal phalanges with greater
curvature. In contrast, we predicted that humans and baboons would plot near each other on the
same PC score distribution reflecting proximal phalanges with less curvature. Finally, we
predicted that chimpanzees would be closer to the suspensory taxa (i.e., with more curved shape)
whereas gorillas and proboscis monkeys would be closer to the non-suspensory taxa (i.e., less
curved shape) of the resulting PC score distributions. In addition to comparing PC scores, species
average diaphysis shapes based on Procrustes coordinates were visualized and compared to the
sample mean shape.

The first two principal components accounted for ~92% of the total observed variation
(85.3% for PC1 and 6.6% for PC2). Variation along PC1 tracks degree of suspensory behavior:
highly suspensory primates were found on the negative side of the PC1 distribution and
demonstrate more curved shapes, bipedal humans and pronograde quadrupedal monkeys were

found on the positive side of the PC1 distribution and demonstrate flatter shapes, and African
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apes were in the middle (Figs. 8 & 10; the mean, maximum and minimum shapes for PC1 and
PC2 resulting from the 2DGM analysis are illustrated in Figure S3). ANOV As reveal that there
are significant differences in PC1 scores (F=123.00; df=12,365; p<0.0001) among the studied
taxa (Fig. 9). Post-hoc analyses (Table 2) of PC1 scores also reveal the following: both Pongo
species are significantly different from each other and from all other primates; hylobatids and
Ateles do not differ from each other; African apes differ from all other primates examined but not
each other; humans and Nasalis are not significantly different from each other; Papio is
significantly different from all other primates except Nasalis.

To investigate the potential effects of variation in size on shape differences among taxa,
we subsequently calculated the correlation between species mean PC1 scores and the natural log
(In) of dROI length (which was computed from the most proximal [#1] and distal [#100]
landmarks). While this correlation was significant (r=-0.607; p=0.028), further review reveals
that three groups, Pongo abelii and Pongo pygmaeus with absolutely the longest dROIs and
Papio spp. with absolutely the shortest dROIs were the primary influencers driving significance
in this analysis (see Figure S4A). When these three taxa are removed, and the correlation is
performed again (see Figure S4B), it is found to be not significant (r=0.163, p=0.653). Thus, the
latter demonstrates that species with similar mPP3 dROI lengths can exhibit quite different PC1
scores and therefore levels of phalangeal curvature, further supporting the general hypothesis
that differences in mPP3 curvature shape relate to locomotor behavior.

ANOVA reveals that there are significant differences among taxa in PC2 scores
(F=61.13; df=12,365; p<0.0001, Fig. 9). Post-hoc analyses of PC2 scores also reveal the
following: all three Gorilla species have significantly higher PC2 scores than all other taxa; the
smaller bodied hylobatids, Ateles, Papio and Nasalis have significantly lower PC2 scores, but do

not generally differ among each other; humans do not differ from either species of Pongo or Pan.

Figure 8 Here
Figure 9 Here

Figure 10 Here
Table 2 Here

The 2DGM method to quantify proximal phalanx diaphysis shape produces results that
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reflect dorsopalmar curvature and correspond with variation in known locomotor behaviors
among the studied primate taxa. Hence, this novel alternative approach will be useful for future
functional morphology studies. The results also show patterns of morphological variation that are
generally consistent, but not exactly the same, with other methods (but see below for additional
comparisons with A and PCF). Despite the relatively intuitive pattern in species mean shape
differences revealed by the PCA (Figs. 8-10) from more suspensory orangutans on one end of the
spectrum of curvature shape variation to terrestrial quadrupedal baboons on the other, there were
a few surprising results that did not match predictions, and which will require further inquiry.
Specifically, the following five unexpected patterns were found: African apes do not
significantly differ from each other in PC1 scores; the two species of orangutans are significantly
different from each other in their PC1 scores; Ateles which uses forelimb suspension and
quadrupedalism does not significantly differ from brachiating hylobatids; the two quadrupedal
monkeys (Papio and Nasalis) rather than bipedal humans have the flattest phalangeal curve
shapes; and all three gorilla taxa differ in their PC2 scores from all other primates studied here.

Because chimpanzees, bonobos, and gorillas all have similar diaphysis shapes to each
other, and because they are significantly flatter in shape compared to the more habitually
suspensory taxa, the dorsopalmar curvature observed here in the African apes does not
necessarily reflect a suspensory adaptation alone or the significant differences in proportion of
time spent suspensory behaviors (see Carlson [2005] and referenced therein). What is more
likely is that their intermediate levels of curvature (as reflected by PC1 scores) better represents
adaptations for more diverse hand postures used in arboreal behaviors more generally, such as
vertical climbing, and may also reflect adaptations for quadrupedal locomotion with a knuckle-
walking hand posture, among others (e.g., Tuttle, 19701 Thompson et al., 2018). This possibility
is further supported by the fact that the quadrupedal cercopithecoid monkeys that use palmigrade
and digitigrade hand postures (e.g., Patel, 2010, and references therein) and are not stereotypical
orthograde vertical climbers have even flatter shapes than African apes. The large overlap among
the African apes (i.e., no significant differences among genera or species), however, may further
indicate that their phalangeal shapes may be due more to the lack of significant differences in the
proportion of time spent vertical climbing and its associated hand kinematics (e.g., Neufuss et
al., 2017), rather than the dramatic kinematic differences in knuckle-walking postures used

among African apes (e.g., Tuttle, 1970; Matarazzo, 2013).
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Sumatran orangutans (Pongo abelii) were found to have diaphysis shapes that are more
curved than Bornean orangutans (Pongo pygmaeus) (Figs. 9 and 10). Although previous studies
have not demonstrated differences in phalangeal curvature between orangutan species, this may
be because these studies either only included one orangutan species (e.g., Jungers et al., 1997,
Dean & Begun, 2008; Rein, 2011), or both species may have been combined into a more general
orangutan sample (e.g., Stern, Jungers & Susman, 1995). While the biological significance of
this difference in phalangeal curvature between orangutan species is uncertain, it may be related
to their different ecologies. Specifically, the Borneo orangutans (males in particular) frequent the
ground as part of their normal behaviors (Ancrenaz et al., 2014), whereas Sumatran orangutans
may use terrestrial substrates less frequently due to the presence of tigers on the island of
Sumatra (there are no known tigers on the island of Borneo as they likely have gone extinct;
Delgado & van Schaik, 2000). Thus, if the Bornean orangutan has had a longer recent
evolutionary history of descending to the ground compared to Sumatran orangutans, it may have
secondarily evolved flatter proximal phalanges (assuming high phalangeal curvature is ancestral
for the genus Pongo).

Among the monkeys studied here, spider monkeys (Ateles) are the only species that
habitually use forelimb suspensory locomotion and postural behaviors (e.g., Rein, 2011). Thus, it
is not surprising that Ateles phalanges are similar in diaphysis shape to those of gibbons and
siamangs (Figs. 9 and 10). Furthermore, considering that they do not significantly differ from
either hylobatid group, it confirms that suspensory behaviors have a greater influence on
increasing proximal phalangeal curvature than does a more generalized arboreal locomotor
repertoire (e.g., as seen in Nasalis). In contrast, the diaphysis shapes seen in Nasalis (an above-
branch arboreal quadruped) and Papio (a primarily terrestrial quadruped) are similar to each
other in this study and both represent the flattest phalangeal curvatures (of the taxa studied here).
It is not entirely clear why these two large bodied monkeys have similar shapes despite
differences in preferred substrates and quadrupedal hand postures (i.e., palmigrade for Nasalis
vs. digitigrade for Papio; Patel, 2010), but it may be possible that these levels of proximal
phalangeal curvatures are common to all cercopithecoids or simply because they do not engage
in any significant amount of suspensory locomotion. It is also equally likely that the curvature of
proximal phalanges is not sensitive enough for selection to act on subtle locomotor differences

among habitually pronograde quadrupeds like cercopithecoids, regardless of their degree of
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arboreality. Additional cercopithecoid taxa that use some form of suspensory locomotion (e.g.,
Pygathrix nameus; Byron and Covert, 2004) should be included in future analyses to assess this
possibility further. It is important to note that the similarity between Papio and Nasalis seen
here does contrasts previous studies using IA (e.g., Jungers et al., 1997) and PCF (Deane and
Begun, 2008) where both found Papio to have significantly flatter proximal phalanges than
Nasalis. Again, the addition of more data from monkeys is needed to better understand this
outcome.

The fact that both cercopithecoids included here also overlap with diaphysis shapes
exhibited by bipedal humans (which rarely use their hands for locomotion) was unanticipated
(Fig. 9). A number of plausible, but not mutually exclusive, reasons may account for this
overlap. First, there is enough fossil evidence demonstrating that the earliest hominins had
greater phalangeal curvature than modern humans thereby making it a primitive feature for the
group (e.g., Stern & Susman, 1983; Tocheri et al., 2008; Kivell et al., 2011; Stratford et al.,
2016; Prang et al., 2021). Thus, modern humans may simply have retained some degree of
phalangeal curvature from more ancestral hominin species that were adapted for arboreality.
Likewise, there may have been continued selection for moderate levels of phalangeal curvature
throughout human evolution as an adaptation to attenuate higher mechanical loads while using
powerful grips with large forces during stone tool production and use (e.g., Tocheri et al., 2008;
Harmand et al., 2015). Further studies of curvature shape of fossil proximal phalanges from the
Miocene, Pliocene and Pleistocene are needed to test these hypotheses further (e.g., Deane &
Begin, 2008; Stratford et al., 2016). Alternatively, it may be that the large cercopithecoid
monkeys (like Papio and Nasalis) have evolved to have flatter phalanges because their terrestrial
or above branch arboreal quadrupedal locomotion, respectively, may not benefit from greater
curvature (i.e., different mechanical loading regimes compared to below branch or vertical
climbing locomotion). Quadrupedal monkeys of varying size, especially in the smaller body
mass range, and substrate preference are needed to test this hypothesis further.

Finally, all three Gorilla taxa separated on PC2 in the full taxonomic analysis of
diaphysis shape (Fig. 9). Upon closer inspection of the maximum and minimum shapes relative
to the mean shape on PC2 (see Figure S3), and species mean shape relative to the sample mean
shape (Fig. 10), it appears that gorillas differ from the other primates studied here in the location

of the dROI’s curvature main inflection point. For gorillas with higher PC2 scores, the curvature
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inflection point appears to be slightly distal to the midpoint whereas in other taxa it is closer to
the midpoint or slightly more proximal. It is difficult to say why the dROI curvature inflection
point would differ between gorillas and other primates, but we do not think this is related to
habitual locomotor behavior, substrate preference, or even body size of these great apes.
Moreover, since PC2 accounts for ~6% of the total variation, it is unclear how, if at all,
biologically and biomechanically meaningful the unusual gorilla pattern really is. But this may
warrant further consideration in the future especially if it successfully separates African ape

genera (Gorilla vs. Pan) from each other.

3.4 Comparability

The primary motivation for this project was to find an alternative to both IA and PCF
methods to quantify proximal phalangeal curvature based on 3D morphology of the bone’s
longitudinal central axis. One way to assess comparability between the different methods is with
correlation analyses. Here we correlated PC1 scores from the 2DGM analysis of the entire
comparative sample of 378 specimens with each specimen’s [A and PCF a coefficient.
Specifically, both IA and a were calculated in Excel software (Microsoft) from the same set of
100 2D landmarks identified from the dROI used in the 2DGM shape analysis (see Figure S5).
Three of the landmarks — proximal [#1], middle [#50], and distal [#100] — were used to compute
IA following modified equations presented in Jungers et al. (1997). Note that IAs calculated
from our landmark data will not yield the same I[As as those obtained in other studies based on
different protocols (Stern, Jungers & Susman, 1995; Matarazzo, 2008; Rein, 2011) and thus
should not be directly compared. All 100 landmarks were used to fit a second-degree polynomial
in order to determine the a coefficient following Deane, Kremer & Begun (2005). One important
difference between Deane, Kremer & Begun’s (2005) study and the present one is that the
second-degree polynomial was applied to the dorsal surface of the phalanx’s diaphysis in the
former study whereas the second-degree polynomial was applied to the bone’s longitudinal
central axis in the present study (compare Figure 2B with Figure S5). Pearson correlations were
assessed for two whole-sample comparisons: PC1 vs. IA and PC1 vs. a. Both correlations were
significant (p<0.05), but the r value for the correlation between PC1 and TA (r=-0.940; Fig. 11)
was much higher than that for the correlation between PC1 and a (r=-0.753; Fig. 12).

These results demonstrate that the 2DGM approach presented here to quantify diaphysis
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shape of proximal phalanges reflecting longitudinal dorsopalmar curvature produces results that
are more in line with measures of included angle (and thus a portion of a circle) as championed
by Stern, Susman & Jungers (1995) rather than a second-degree polynomial (and hence a
parabola) as proposed by Deane, Kremer & Begun (2005). Despite the higher correlation, it is
particularly important to emphasize that our assessment of curvature shape in PC scores is not
the same as IA and thus does not specifically reflect a portion of a circle. In fact, the approach
presented here using 2DGM is not based on any a priori shape for phalangeal curvature. In
comparing PC1 scores, IA values, and a coefficients for each specimen by taxon (see Figure S6),
it is clear that the PC1 scores from the 2DGM analysis and IA values yield better results in
differentiating extant taxa by their habitual locomotor modes, whereas the a coefficient primarily
works well to discriminate only highly suspensory primates (i.e., Pongo, hylobatids, and Ateles)
from all others. That is to say, using the a coefficient derived from PCF as implemented in this
study does a relatively poorer job distinguishing among habitually arboreal and terrestrial
quadrupeds, as well as bipedal humans. We therefore recommend not using PCF methods in

more diverse phylogenetic and functional sampling of primates.

Figure 11 Here
Figure 12 Here

But which of these three methods correlates best with quantified levels of suspensory
locomotion (i.e., with real-world behavioral data)? To assess this, we performed non-parametric
Spearman correlations of mean PC1 scores, IA values and a coefficients (again from the same
100 landmark datasets obtained in this study) with mean time spent suspensory as a proportion of
total locomotor behavior (reported in Rein, 2011) at the genus level for a subset of our sample
(Table 3). Recognizing the small sample size in this comparison, results did show that the
proportion of time a genus has been reported to be suspensory was not significantly correlated
with the a coefficient (rs=0.618; p=0.153), but was with IA (r:=0.946; p=0.005) and PC1 scores
(rs=-0.982; p=0.002). Note that the correlation with PC1 scores was slightly higher than the
correlation with IA values, again suggesting that the 2DGM analysis does a better job than the
IA method in identifying suspensory taxa. The latter finding in particular may further influence

functional morphologists and paleoanthropologists to adopt this novel alternative method to
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quantitatively assess phalangeal curvature in their future research.

Table 3 Here

4. Summary and Conclusions

A number of different metrics have been employed to assess and compare phalangeal
curvature in living and fossil primates. The most common are the included angle (measured in
degrees; Stern, Jungers & Susman, 1995) which assumes that the proximal phalanx represents a
portion of an arc of a circle (Fig. 2A), and the a coefficient of a second-degree polynomial (via
polynomial curve fitting or PCF; Deane, Kremer & Begun, 2005) which assumes that the bone
represents the shape of a parabola (Fig. 2B). Although not identical, both methods and metrics
generally produce similar results (Fig. 2C) with an acceptable amount of discriminatory power
between primate taxa that are highly suspensory (i.e., with more curved proximal phalanges) and
taxa that are more terrestrial and quadrupedal (i.e., with flatter proximal phalanges) (Fig. 1; Rein,
2011; Deane & Begin, 2008). However, both methods also have a number of drawbacks. One is
the high degree of inter-study variability in published included angle values for several
commonly studied primates like chimpanzees and macaques (Patel & Maiolino, 2016). Also
notable is the fact that as currently implemented, PCF quantifies only the dorsal contour of the
proximal phalanx’s diaphysis (Deane, Kremer & Begun, 2005) which is less biomechanically
meaningful than the curvature of its central longitudinal axis (e.g., Richmond, 2007).
Additionally, both approaches often yield some counterintuitive results based on predicted form-
function relationships. For instance, calculating included angles from lateral view photographs,
often results in no significant differences between gorillas (terrestrial quadrupeds/climbers) and
bipedal humans (e.g., Prang et al., 2021). Similarly, brachiating gibbons are not significantly
different from arboreal quadrupedal monkeys and African apes (e.g., Béhme et al., 2019) when
calculating the a coefficient with PCF from lateral view photographs of the diaphysis’ dorsal
contour. Because phalangeal curvature has been an important variable to assess locomotor and
positional behavior in paleoanthropological research (e.g., Stern & Susman, 1983; Jungers et al.,
1997; Deane & Begun, 2008; Zhang, Harrison, & Ji, 2020), especially in fossil hominins and
fossil non-human apes, it is necessary to consistently and more accurately (i.e., track known

behavioral lines) assess curvature across a diverse range of primates.
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The present study was conducted to develop and test a new alternative method - that is
repeatable and biomechanically meaningful using geometric morphometric (GM) techniques - to
quantify proximal phalanx diaphysis shape that reflects dorsopalmar curvature. The 2DGM
method presented here is not sensitive to inter- and intra-observer error or the digit studied
(mPP2 vs. mPP3 vs. mPP4 vs. mPP5). Even the overall quality of the 3D model did not have a
major impact on the results (see Supplemental Information) as long as it has a surface mesh of at
least 100,000 triangles that does not contain any erroneous spikes, depressions, or holes
(including the removal of any naturally occurring nutrient foramina). Accordingly, the source of
the 3D surface data (e.g., photogrammetry, laser scan, CT scan, pCT scan) matters little, thus
making the method applicable to many more users in the research community (see also Tocheri
et al., 2011; Robinson & Terhune, 2017; Shearer at et al., 2017). However, users of this 2DGM
method should be mindful to orient the virtual phalanx prior to any subsequent steps using our
‘gold standard’ orientation (as described above; Fig. 3A). The latter is particularly important if
users want to use the complete set of landmark data provided in the online Supplemental
Information.

Overall, the results of our 2DGM analyses demonstrate that differences in diaphysis
shape reflective of dorsopalmar curvature across taxa derive from real biological inter- and
intraspecific variation. Specifically, assessing curvature shape of the dROI (i.e., the bone’s
central longitudinal axis excluding proximal and distal articular ends) proves to be useful as PC1
scores (which accounted for >80% of total sample variation) distinguish extant taxa along known
locomotor behavioral lines. The most suspensory primates such as orangutans, gibbons,
siamangs, and spider monkeys still clearly have more curved proximal phalanges compared to
stereotypical quadrupedal species (both arboreal and terrestrial) such as proboscis monkeys and
baboons, as well as bipedal humans. However, in the new 2DGM approach, different orangutan
species can be differentiated, gorilla proximal phalanges are now observed to be significantly
more curved than humans, and gibbon proximal phalanges are now observed to be significantly
more curved than African apes and monkeys (except suspensory spider monkeys). Therefore, we
contend that the 2DGM approach offers even greater discriminating power compared to using IA
and PCF especially with regards to degree of forelimb suspension used by living primates.
Whether this approach can better differentiate habitually arboreal vs. terrestrial quadrupedal

monkeys, however, needs further testing. Additionally, while PC1 scores were significantly
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correlated with both the included angle and the a coefficient of a second-degree polynomial
fitted to the same landmark datasets, PC1 scores had a significantly higher correlation with
included angles suggesting that a circle model for phalangeal curve shape might be more
appropriate than a parabola model. But, we do emphasize that PC scores are not equivalent to TA
(measured in degrees) and cannot be used interchangeably.

Compared to using A as is currently implemented (e.g., lateral view photographs,
Microscribe point digitizer), some readers of this technical note may consider the 2DGM method
presented here too complex and time intensive given that it yields results generally similar to
those obtained from other methods. We acknowledge that our approach has more steps and using
IA as currently implemented still has some value. For example, limiting comparisons between
closely related taxa that are behaviorally different like bipedal humans, quadrupedal
chimpanzees and suspensory orangutans (e.g. Stern, Susman & Jungers, 1995; Wallace, Burgess
& Patel, 2020) produces results that could be used to generalize the locomotor behaviors of some
fossil hominins (e.g., Stratford et al., 2016). But similar comparisons that include more
phylogenetic and behavioral diversity of extant and fossil primates often produce results that do
not clearly reflect with known or inferred locomotor behaviors (Prang et al., 2021).

In summary, we maintain that our 2DGM approach is a worthwhile alternative to assess
dorsopalmar curvature because: 1) 2DGM does not assume a priori portion of an arc of a circle
or parabola model; 2) the developed method has very low intra- and inter-observer variation
relative to the variation seen within and among taxa; 3) resulting PC scores show improved
extant group separation along known behavioral lines; and 4) resulting PC scores have higher
correlation with quantified behavioral data than other metrics. Finally, one other benefit of our
landmark-based approach is that the derived 100 landmarks can still be used to quantify IA and a
coefficient if a researcher still prefers these metrics over PCA on shape coordinates, but with the
added benefit that now both IA and a metrics will be derived from the more biomechanically
relevant central longitudinal axis of the phalanx. To conclude, the outcomes of this technical
study demonstrate that proximal phalanx diaphysis shape reflecting longitudinal dorsopalmar
curvature determined from 2DGM methods should prove to be useful for addressing additional
questions on the functional morphology of primate hands, as well as future paleoanthropological

research that involves reconstructing behavior in the fossil record.
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Figure Legends

Figure 1. Primate proximal phalanges. Representative 3D surface models (top; silver color)
and mid-sagittal planes (bottom; black color) of manual proximal phalanges of digit 3 (mPP3) in
medial views. The proximal ends of the phalanges are to the left and the distal ends are to the
right. All bones are from the right side or have been mirror-imaged to depict right side elements
(as noted in Table S1). One hundred landmarks (yellow filled spheres) within the mid-sagittal
plane show the central proximodistal axis and illustrates diaphysis shape reflecting its
dorsopalmar curvature. Abbreviations: POA, Pongo abelii (USNM-143598; female); POP,
Pongo pygmaeus (USNM-145306; female; mirror-imaged); SS, Symphalangus syndactylus
(USNM-143579; female); HY, Hylobates agilis (AMNH-103667, male); PT, Pan troglodytes
(USNM-176228; male); PP, Pan paniscus (RMCA-20881; male; mirror-imaged); GG, Gorilla
gorilla (AMNH-54355; male); GBB, Gorilla beringei beringei (USNM-545041; male; mirror-
imaged); HS, Homo sapiens (USNM-437R; female); AT, Ateles paniscus (USNM-361027; male;
mirror-imaged); PAP, Papio cynocephalus (USNM-452509; male); NL, Nasalis larvatus
(AMNH-106275; male). All individuals have been scaled to the same interarticular length of the
mid-sagittal plane. Scale bars for each individual are below its surface model and equal 1 cm.
The 3D surface models of each specimen illustrated are available for further study on

www.MorphoSource.org (see Appendix Table 1 for more details).

Figure 2. Current methods to measure phalanx curvature. A) Included angles - an arc of a
circle model of curvature - shown for a highly curved proximal phalanx of Pongo abelii (top; ®';
red dashed line half-circle) and a straight proximal phalanx of Homo sapiens (bottom; ©?; red
solid line half-circle); note that @' > @?. B) Second-degree polynomials — a parabola model of
curvature - shown for a highly curved proximal phalanx of Pongo abelii (top; a'; blue dashed
line parabola) and a straight proximal phalanx of Homo sapiens (bottom; a?; blue solid line
parabola); note that a' > a?. C) Bivariate scatter plot of mean included angles (from Rein, 2011)
vs. median polynomial curve fitting a coefficients (from Dean & Begun, 2008) in a sample of

extant apes and monkeys showing close, but less than ideal, correlation.

Figure 3: 2D landmark acquisition. A) 3D surface model of a manual proximal phalanx of
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digit 3 in Pongo abelii (USNM-143598) shown in the standardized anatomical orientation (i.e.,
the ‘gold’ standard orientation) as defined in the text. B) Illustration depicting a hollow surface
mesh being voxelized (i.e., virtually filled) and resliced yielding 1000 evenly spaced binary
slices along the length of the entire bone. C) The 1000 binary slices are cropped to create a new
region of interest of the diaphysis (dROI; pink shaded region) as defined in the text, from which
a new hollow surface mesh is created of the dROI, and subsequently the dROI is again voxelized
and resliced yielding 100 evenly spaced binary slices. D) The centroid of each of the 100 binary
slices of the dROI is determined using the Max Inscribed Circle plugin for ImagelJ software as
defined in the text. The y- and z-coordinates of the centroids ultimately serve as the landmarks

for the 2DGM analyses to quantify diaphysis shape.

Figure 4: Error analysis — specimen orientation. Procrustes distances between the gold
standard specimen and 60 variants of different orientation plotted against change in degrees in
reference to the gold standard specimen. The insert shows a manual proximal phalanx of digit 3
in Pongo abelii (USNM-143598) rotated about its central axis of rotation between 1-10 degrees
from its ‘gold standard’ orientation (as defined in the text and shown in Figure 3A) in the dorsal,
palmar, medial, lateral, clockwise, counterclockwise directions. Among the 60 variants,
Procrustes distances differed inconsequentially when the specimen moved from the gold
standard in medial, lateral, clockwise, and counterclockwise directions, but Procrustes distances
increased linearly when the oriented bone was incorrectly positioned in the dorsal and palmar

directions.

Figure S: Error analysis — dROI determination. Box-and-whiskers plots of Procrustes
distances of intra- and inter-observer error evaluating specimen dROI determination. Blue and
red boxes show intra-observer Procrustes distances (n=45 comparisons for each) and the purple
box shows inter-observer Procrustes distances (n=100 comparisons) for the tested Pongo abelii
specimen (Pongo abelii USNM-143598). The gray box shows Procrustes distances between all
Pongo abelii specimens (n=136 comparisons). Horizontal lines within each box illustrate the
median of the distribution. Boxes envelop the inter quartile range (50% of values) of the sample
distribution, and whiskers encompass the range excluding outliers. Filled circles beyond

whiskers indicate outliers. Overall species variation (gray box) indicates that any minor
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differences in cropping (as defined in the text and shown in Figure 3) within and between

observers of a single specimen is negligible in larger scale comparisons within and among taxa.

Figure 6. Error analysis — complete protocol. Box-and-whiskers plots of Procrustes distances
of intra- and inter-observer error evaluating the complete protocol. Blue and red boxes show
intra-observer Procrustes distances (n=45 comparisons for each) and the purple box shows inter-
observer Procrustes distances (n=100 comparisons) for the tested Pongo abelii specimen (Pongo
abelii USNM-143598). The gray box shows Procrustes distances between all Pongo abelii
specimens (n=136 comparisons). Horizontal lines within each box illustrate the median of the
distribution. Boxes envelop the inter quartile range (50% of values) of the sample distribution,
and whiskers encompass the range excluding outliers. Filled circles beyond whiskers indicate
outliers. Overall species variation (gray box) indicates that any minor differences in
implementing the complete protocol (as defined in the text and shown in Figure 3) within and
between observers of a single specimen is trivial in larger scale comparisons within and among

taxa.

Figure 7. Inter-digit variation. Box-and-whiskers plots of PC1 scores for the analysis
evaluating curvature shape across manual proximal phalanges of digits 2-5 (PP2-PP5) in Pongo
abelli (left, filled boxes) and Homo sapiens (right, open boxes), two species with curved and flat
phalanges, respectively. Horizontal lines within each box illustrate the median of the distribution.
Boxes envelop the inter quartile range (50% of values) of the sample distribution, and whiskers
encompass the range excluding outliers. Filled circles beyond whiskers indicate outliers. Despite
some variation across digits there were no significant differences (p>0.05) in any of the

comparisons in either species.

Figure 8: Evaluating 2DGM variation. Bivariate scatter plot of PC1 vs. PC2 scores for the
2DGM analysis evaluating diaphysis shape of manual proximal phalanges in the comparative
sample. PC1 accounted for 85.3% of the total variation and represents the overall curvature
shape of the bone’s diaphysis. Specimens that are more curved are negative on the PC1 axis and
those that are flatter are positive (see also Figure 10). The maximum and minimum shapes for

PC1 are shown on the left and right sides, respectively (black filled circles are the max and min
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shapes; gray filled circles are mean shapes). The maximum and minimum shapes for PC2 are
shown in Figure S3. Abbreviations: HS, Homo sapiens; PT, Pan troglodytes; PP, Pan paniscus;
GG, Gorilla gorilla; GBB, Gorilla beringei beringei; GBG; Gorilla beringei graueri; POA,
Pongo abelii; POP, Pongo pygmaeus; SS, Symphalangus syndactylus; HY, Hylobates spp.; PAP,
Papio spp.; NL, Nasalis larvatus; AT, Ateles spp. See Table 1 for additional information about

the comparative sample.

Figure 9: Evaluating 2DGM utility. Box-and-whiskers plots of PC1 scores (top panel) and PC2
scores (bottom panel) for the 2DGM analysis evaluating diaphysis shape of manual proximal
phalanges in the comparative sample. Specimens that are more curved have smaller (and
negative) PCI scores and those that are flatter have higher (and positive) PC1 scores. Horizontal
lines within each box illustrate the median of the distribution. Boxes envelop the inter quartile
range (50% of values) of the sample distribution, and whiskers encompass the range excluding
outliers. Filled circles beyond whiskers indicate outliers. Specimens ordered from left to right
based on mean PC1 score. Abbreviations: HS, Homo sapiens; PT, Pan troglodytes; PP, Pan
paniscus; GG, Gorilla gorilla; GBB, Gorilla beringei beringei; GBG; Gorilla beringei graueri;
POA, Pongo abelii; POP, Pongo pygmaeus; SS, Symphalangus syndactylus; HY, Hylobates spp.;
PAP, Papio spp.; NL, Nasalis larvatus; AT, Ateles spp. See Table 1 for additional information

about the comparative sample.

Figure 10. Species mean shapes. Plots of species mean shapes relative to the sample mean for
the 2DGM analysis evaluating manual proximal phalanx diaphysis shape. Black filled circles are
species mean Procrustes coordinates; gray filled circles represent the sample mean Procrustes
coordinates. The proximal ends of the phalanges are to the left and distal ends are to the right.
The dorsal sides of the phalanges are to the top and the palmar sides are to the bottom.
Abbreviations: HS, Homo sapiens; PT, Pan troglodytes; PP, Pan paniscus; GG, Gorilla gorilla;
GBB, Gorilla beringei beringei; GBG; Gorilla beringei graueri; POA, Pongo abelii; POP,
Pongo pygmaeus; SS, Symphalangus syndactylus; HY, Hylobates spp.; PAP, Papio spp.; NL,
Nasalis larvatus; AT, Ateles spp. See Table 1 for additional information about the comparative

sample.
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Figure 11. 2DGM vs. included angle. Bivariate scatter plot of PC1 scores vs. included angles
(in degrees) evaluating the correlation between different methods of assesses proximal
phalangeal curvature in a sample of humans, non-human apes, and monkeys. The correlation is
significant (r=-0.940) and higher than the correlation observed between PC1 scores and PCF a
coefficients (see Figure 12). Abbreviations: HS, Homo sapiens; PT, Pan troglodytes; PP, Pan
paniscus; GG, Gorilla gorilla; GBB, Gorilla beringei beringei; GBG; Gorilla beringei graueri;
POA, Pongo abelii; POP, Pongo pygmaeus; SS, Symphalangus syndactylus; HY, Hylobates spp.;
PAP, Papio spp.; NL, Nasalis larvatus; AT, Ateles spp. See Table 1 for additional information

about the comparative sample.

Figure 12. 2DGM vs. PCF. Bivariate scatter plot of PC1 scores vs. PCF a coefficients
evaluating the correlation between different methods of assessing proximal phalangeal curvature
in a sample of humans, non-human apes, and monkeys. The correlation is significant (r=-0.753)
but is lower than the correlation observed between PC1 scores and included angles (see Figure
11). Abbreviations: HS, Homo sapiens; PT, Pan troglodytes; PP, Pan paniscus; GG, Gorilla
gorilla; GBB, Gorilla beringei beringei; GBG; Gorilla beringei graueri; POA, Pongo abelii;
POP, Pongo pygmaeus; SS, Symphalangus syndactylus; HY, Hylobates spp.; PAP, Papio spp.;
NL, Nasalis larvatus; AT, Ateles spp. See Table 1 for additional information about the

comparative sample.
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1. Adults vs. subadults
As indicated in the main text, the majority of all mPP3 specimens in this study were considered

skeletally adult and had fully fused proximal epiphyses. However, in order to augment sample
sizes, a handful of non-human sub-adult specimens were also included in this study if the
proximal epiphysis was in the process of fusion and could not be manually separated from its
diaphysis. The taxa that included skeletally sub-adult specimens were Pongo abelii (n=7), Pongo
pvgmaeus (n=1), Gorilla gorilla (n=1), Gorilla beringei beringei (n=1), Pan troglodytes (n=3),
Symphalangus syndactylus (n=2), Hylobates spp. (n=4), and Ateles spp. (n=2) (see Table 1 in
main text for additional details). For adult specimens, the most biomechanically relevant region
of interest of the diaphysis (dAROI) was defined between the palmar-most aspect of the proximal
palmar tubercles and the inflection point between the distal trochlea and the diaphysis on the
palmar side. For sub-adult specimens, the proximal end of the dROI was defined as the point just
distal to the zone of epiphyseal fusion which is always just slightly distal to the palmar tubercles.
The distal end of the dROI was the same for adults and subadults. Specimens characterized as
subadults were combined with adult specimens in all the 2DGM analyses. As seen in the box-
and-whiskers plots, PC1 scores of sub-adults for each taxon are within the ranges of variation
observed for their adult counterparts (Fig. S1). Therefore, for those taxa studied here, skeletal
subadults (as defined here) do not have proximal phalangeal diaphysis shapes that reflect greater
or lesser curvature than skeletal adults with fully fused proximal epiphyses. It is important to
acknowledge that the current study did not look at shape in very young individuals including
infants and juveniles that lack any fusion of the proximal epiphyses (e.g., Richmond, 1998),
therefore additional testing and sensitivity analyses would be needed to confirm if the methods
implemented in this study can be used on these specimens and combined with older individuals.
The same applies for incomplete and broken proximal phalanges which can be of interest to
paleoanthropologists given the fragmentary nature of the fossil record (e.g., Deane & Begun,

2008).

Figure S1: Adults vs. subadults. Box-and-whiskers plots of PC1 scores for the 2DGM analysis
evaluating manual proximal phalanx diaphysis shape in the comparative sample. Adult
specimens (with complete epiphyseal fusion) are shown in solid black circles and subadults (with

incomplete and partial epiphyseal plate fusion) are shown in solid red diamonds. Note that



subadult specimens for each taxon have PC1 scores, and thus diaphysis shapes, that are within
their respective total adult variation observed here. Horizontal lines within each box illustrate the
median of the distribution. Boxes envelop the inter quartile range (50% of values) of the sample
distribution, and whiskers encompass the range excluding outliers. Filled circles beyond
whiskers indicate outliers. Specimens ordered from left to right based on mean PC1 score.
Abbreviations: HS, Homo sapiens; PT, Pan troglodytes; PP, Pan paniscus; GG, Gorilla gorilla;
GBB, Gorilla beringei beringei; GBG; Gorilla beringei graueri; POA, Pongo abelii; POP,
Pongo pygmaeus; SS, Symphalangus syndactylus; HY, Hylobates spp.; PAP, Papio spp.; NL,
Nasalis larvatus; AT, Ateles spp. See Table 1 in main text for additional information about the

comparative sample.



2. Surface mesh triangle count
As noted in the main text, mPP3 surface data derived from a variety of surface scanning and X-
ray technologies, as well as researchers, can yield different quality 3D meshes, including
different numbers of triangles in the final surface intended for analyses. Ultimately, all our
surfaces were either decimated or refined to contain a mesh triangle count of approximately
250,000 triangles. To some readers, this could appear as arbitrary, or possibly as either too high
or not enough in number, to ensure accurate results. To assess this issue, we took one orangutan
specimen (Pongo abelii AMNH-143598) and created 18 variants of its surface mesh ranging
from 2,500 to 2,000,000 triangles (Fig. S2A), thereby mimicking outputs from low-resolution
laser surface scans to high-resolution uCT scans, respectively. We then performed all the
landmark acquisition and 2DGM procedures outlined in the main text on these variants without
altering any other parameter or inputs (i.e., same specimen orientation, same dROI dimensions,
etc.). The resulting PC1 (31.1% of the variation) and PC2 (22.4% of the variation) scores of each
of the 18 variants of the 2DGM analysis were then subjected to a visualization of convergence to
assess the relationship with surface mesh triangle count. Among the 18 variants, those with a
surface mesh of >100,000 triangles begin to converge in both PC1 and PC2 scores (Fig. S2B and
S2C). Based on these observations, we concluded that our ‘gold standard’ defined as a surface
mesh with a count of ~250,000 triangles is sufficiently higher than is necessary, but also without

being too excessive.

Figure S2: Surface mesh triangle count. A) 3D surface models of the manual proximal phalanx
of digit 3 (mPP3) in medial view of a Pongo abelii (USNM-143598) with varying numbers of
surface mesh triangles (top to bottom: 2,500 triangles; 20,000 triangles; 250,000 triangles;
1,000,000 triangles). Notice that the quality of mesh visually improves after reaching >20,000
triangles. B) Bivariate scatter plot of surface mesh triangle count vs. PC1 score. Notice that
variation in PC1 scores begin to stabilize after a model has 100,000 triangles. C) Bivariate scatter
plot of surface mesh triangle count vs. PC2 score. Notice that variation in PC2 scores begin to
stabilize after a model has 100,000 triangles. The number of surface mesh triangles for all
specimens of all taxa ultimately used in this study approximated 250,000 (seen here as the gold

diamond for USNM-143598).






3. Shape variation along PC1 and PC2
Figure S3: Maximum and minimum manual proximal phalanx diaphysis shapes (black filled
circles) derived from the Principal Component Analysis conducted on Procrustes coordinates for
the comparative sample (see Figure 8 in the main text). Sample mean shapes (gray filled circles)
compared to A) maximum PC1 shape, B) minimum PC1 shape, C) maximum PC2 shape, and D)

minimum PC2 shape.



4. Size Correlation
Figure S4. Size Correlation. Bivariate scatter plot of mean natural log (In) dROI length vs.
mean PC1 score evaluating possible size correlation. A) All taxa analysis (n=13) has a
significant correlation (r=-0.607; p=0.028). B) With Pongo and Papio removed (n=10) the
correlation is not significant (r=0.163; p=0.653). Abbreviations: HS, Homo sapiens; PT, Pan
troglodytes; PP, Pan paniscus; GG, Gorilla gorilla; GBB, Gorilla beringei beringei; GBG;
Gorilla beringei graueri; POA, Pongo abelii; POP, Pongo pygmaeus; SS, Symphalangus
syndactylus; HY, Hylobates spp.; PAP, Papio spp.; NL, Nasalis larvatus; AT, Ateles spp. See

Table 1 for additional information about the comparative sample.



5. Method to calculate IA and a from 2DGM landmarks
PC1 scores from the 2DGM analysis of the entire comparative sample of 378 specimens were
correlated with each specimen’s included angle (IA; measured in degrees) and its second-degree
polynomial a coefficient. Both IA and a were determined from the same set of 2D landmarks of
the dROI needed for the 2DGM shape analysis (Fig. S5). Three of the landmarks — proximal
[#1], middle [#50], and distal [#100] — were used to calculate IA from overall length (L) and
midshaft height (H) following modified calculations presented in Jungers et al. (1997). All 100
landmarks were used to fit a second-degree polynomial to determine the a coefficient following
Deane, Kremer & Begun (2005). Calculations for both IA and a were performed in Excel
software. One important difference between Deane, Kremer & Begun’s (2005) study and the
present one is that the second-degree polynomial was applied to the dorsal surface of the
phalanx’s diaphysis in the former study whereas the second-order polynomial was applied to the
bone’s longitudinal proximodistal central axis in present study (compare Fig. S5 below with Fig.
2B in the main text); the approach used here in the present study is more biomechanically

appropriate.

Figure S5: Method to calculate IA and a from 2DGM landmarks. Methodology to quantify
the included angle and the second-degree polynomial a coefficient from the 100 2D landmarks
used in the 2DGM analysis described in the main text. The included angle and a coefficient for
each specimen were then correlated with its PC1 score to assess comparability between methods
used to assess proximal phalangeal curvature and proximal phalanx diaphysis shape (see also

Figures 11 and 12 in the main text; see also Fig. S6).



6. 2DGM vs. IA vs. PCF
Figure S6: 2DGM vs. IA vs. PCF. Box-and-whiskers plots of PC1 scores (top, blue), included
angles in degrees (middle, red), and PCF a coefficients (bottom, black) derived from the same
100 landmark datasets as described in the main text (see also Fig. S5). Note that PC1 scores and
included angles do a better job in discriminating between taxa based on habitual locomotor
modes, whereas PCF a coefficients are only good at distinguishing highly suspensory taxa (i.e.,
Pongo, hylobatids, and Ateles) from all other groups. Horizontal lines within each box illustrate
the median of the distribution. Boxes envelop the inter quartile range (50% of values) of the
sample distribution, and whiskers encompass the range excluding outliers. Filled circles beyond
whiskers indicate outliers. Specimens ordered from left to right based on mean PC1 score.
Abbreviations: HS, Homo sapiens; PT, Pan troglodytes; PP, Pan paniscus; GG, Gorilla gorilla;
GBB, Gorilla beringei beringei; GBG; Gorilla beringei graueri; POA, Pongo abelii; POP,
Pongo pygmaeus; SS, Symphalangus syndactylus; HY, Hylobates spp.; PAP, Papio spp.; NL,
Nasalis larvatus; AT, Ateles spp. See Table 1 in main text for additional information about the

comparative sample.




7. R code for 2DGM analysis

library(geomorph)

#Read morphologika files

#Morphologika files should be in one folder with the read.multi.morphologika support code available on
Github:

https://github.com/EmSherratt/MorphometricSupportCode/blob/master/read. multi.morphologika.R
filelist <- list.files(pattern = "*.txt")

mPP <- read.morphologika(filelist)

dimnames(mPP)[[3]] <- gsub(".txt","" filelist)

#Perform Generalized Procrustes Analysis

mPP.gpa <- gpagen(mPP, PrinAxes=TRUE, max.iter=NULL, Proj=TRUE, print.progress=TRUE)

#Examine outliers

plotOutliers(mPP.gpa$coords)

#Perform Principal Component Analysis & export table of PC scores
PCA <- gm.prcomp(mPP.gpaS$coords)

summary(PCA)

write.table(PCAS$x, "PCScores.txt", sep="\t")

#Visualize shapes at extremes of principal component axes
ref<-mshape(mPP.gpa$coords)

PClmin <- plotRefToTarget(ref,PCAS$shapes$shapes.comp1$min, method="points")
PClmax <- plotRefToTarget(ref,PCAS$shapes$shapes.comp1$max, method="points")
PC2min <- plotRefToTarget(ref, PCAS$shapes$shapes.comp2$min, method="points")
PC2max <- plotRefToTarget(ref,PCAS$shapes$shapes.comp2$max, method="points")



8. Morphologika Data
Landmark data files in Morphologika format for the entire comparative sample of humans, apes, and
monkeys (n=378) are available on journal's website to download as Zip file. The Zip file also contains a
single .cvs file with specimen classifier information and the "read.multi.morphologika" as noted above in

#7.
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