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ABSTRACT OBJECTIVES: Comprehensive quantifi-
cation of the shape and proportions of the medial tibial
facet (MTF) of the talus (5astragalus) has been lacking
for Primates and their closest relatives. In this study,
aspects of MTF form were quantified and employed to
test hypotheses about their functional and phylogenetic
significance. The following hypotheses influence percep-
tions of primate evolutionary history but are due for
more rigorous assessment: 1) A relatively large MTF
distinguishes “prosimians” (strepsirrhines and tarsiers)
from anthropoids and non-primate euarchontans; 2) the
distinctive form of the “prosimian” MTF is a correlate
of locomotor tendencies that emphasize use of vertical
and small diameter supports in conjunction with
inverted, abducted foot postures; and 3) the
“prosimian” MTF form arose along the primate stem
lineage and was present in the euprimate common
ancestor.
METHODS: Three-dimensional (3D) scanning was used
to create scale digital models of tali (n 5 378 specimens,
122 species) from which three types of variables captur-
ing aspects of MTF form were computed: 1) MTF area
relative to body mass and ectal facet area; 2) MTF shape
(elliptical vs. non-elliptical); and 3) MTF dorsal restric-
tion on the talar body (i.e., extensive vs. minimal expo-
sure of non-articular area). Data were analyzed using
both phylogenetic and traditional comparative methods
including Phylogenetic Generalized Least Squares, Ordi-
nary Least Squares, ANCOVA, ANOVA, and Bayesian
Ancestral State Reconstruction (ASR).
RESULTS: Extant “prosimians” are generally distinct
from anthropoids and non-primate euarchontans in our
quantitative representations of MTF form. MTF area
(but not shape or dorsal restriction) correlates with fibu-

lar facet angle (FFa) of the talus, which has also been
argued to reflect habitual pedal inversion. Among strep-
sirrhines, taxa that engage in grasp-leaping more fre-
quently/effectively appear to have a relatively larger
MTF than less acrobatic taxa. Directional models of evo-
lutionary change better describe the phylogenetic distri-
bution of MTF variation than do other models. ASR
shows 1) little change in the MTF along the primate
stem, 2) independent evolution of relatively large and
dorsoplantarly deep MTFs in basal haplorhines and
strepsirrhines, and 3) re-evolution of morphologies simi-
lar to non-euprimates in anthropoids.
CONCLUSIONS: Results support the hypothesis that
differences in MTF form between anthropoids and
“prosimians” reflect greater use of inverted foot postures
and grasp-leaping in the latter group. Although fossil
“prosimians” do not have the extreme MTF dimensions
that characterize many extant acrobatic leapers, these
variables by themselves provide little additional behav-
ioral resolution at the level of individual fossils due to
strong phylogenetic signal. ASR suggests that some spe-
cialization for use of inverted foot postures (as required
in a fine-branch niche) and modifications for grasp-
leaping evolved independently in basal strepsirrhine and
haplorhine lineages. Am J Phys Anthropol 000:000–000,
2015. VC 2015 Wiley Periodicals, Inc.

The talus is the primary mechanical link between the
leg and the foot. As such, it is often responsible for
transmitting forces generated by the majority of an ani-
mal’s body mass, and enabling mobility and/or providing
stability during most locomotor and postural behaviors.
The talus articulates proximally with both the tibia and
fibula, two bones that rarely articulate with other (non-
talar) tarsals in primates. The complex morphology of
the talus, its relatively straightforward functional role in
the ankle joint, and its prevalence in the fossil record
make it a useful element for both functional and phylo-
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genetic inferences (e.g., Gebo, 1986; Beard et al., 1988;
Dagosto, 1988; Gebo, 1988, 1993, 2011; Marivaux et al.,
2003; Boyer et al., 2010; Boyer and Seiffert, 2013).

While talar morphology is frequently invoked in phyloge-
netic assessments of fossil taxa (Gebo, 1985, 1986; Beard
et al., 1988; Dagosto, 1988; Gebo, 1988, 1993, 2011; Fran-
zen et al., 2009; Boyer and Seiffert, 2013), there has been
relatively little quantification of the bone’s most important
distinguishing features (Dagosto, 1988; Gebo, 2011; Boyer
and Seiffert, 2013). With the aid of micro-computed tomo-
graphic (CT) scanning and three-dimensional (3D) digital
surface models, such quantification is now possible. For
instance, Boyer and Seiffert (2013) published a comprehen-
sive quantitative analysis of the talo-fibular facet slope
among primates. In this case, quantitative data largely
confirmed previous perspectives (e.g., Gebo, 1986), and
revealed a clear divide between extant haplorhines and
strepsirrhines in fibular facet orientation. Nonetheless,
this approach also uncovered some unexpected patterns.
For example, galagids have some of the shallowest talo-
fibular facet slopes (i.e., more “horizontal” facets) among
strepsirrhines, instead of an “intermediate” slope as sug-
gested by Gebo (1986). Additionally, the earliest adapi-
forms and omomyiforms were found to be fairly similar to
each other and exhibit haplorhine-like facet slopes, rather
than conforming to extant strepsirrhine and haplorhine
patterns, respectively (Gebo et al., 2012b).

The size and shape of the talar medial tibial facet
(MTF) are other features that have been frequently cited
as distinguishing “prosimians” and anthropoids (Gebo,
1986; Beard et al., 1988; Dagosto, 1988; Gebo, 1988,
1993) and as reflecting important functional variation,
but the complex shape of this facet has precluded precise
quantification. Gebo (1986, p. 423) originally noted the
“talar facet for the tibial medial malleolus is dorsoplan-
tarly narrow in anthropoids. In prosimians, the talar
facet extends to the edge of the plantar talar body.” He
further suggested the narrowing of the anthropoid MTF
is directly related to the distal migration of the talo-
tibial ligaments. Dagosto (1990, p. 125) put these obser-
vations into a broader taxonomic context:

“In most eutherians the medial talotibial facet is
dorsoplantarly shallow, and does not reach the plan-
tar edge of the talus [italics added]. Plesiadapiforms
and anthropoids also exhibit this condition, while in
nonanthropoid euprimates, the facet normally
extends plantad to the edge of the talus.”

Subsequent discussions have characterized the anthro-
poid MTF as simply “reduced” (Gebo, 1993; Gebo et al.,
2000, 2001; Gebo, 2011). Importantly, differences in MTF
form between “prosimians” and anthropoids have been
linked to postural differences. Gebo (1993, p. 191) wrote:

“In anthropoids, the reduced talar facet for the tibia
and the steep lateral facet for the fibula indicate
shorter bony prongs to hold the talus secure and
lessened capabilities for foot abduction relative to
tooth-combed prosimians.”

In reference to fossil remains attributed to Eocene
eosimiids, Gebo et al. (2000, p. 277) stated:

“The reduction of both the medial talotibial facet
and the calcaneocuboid joint surface suggests that

there was less stability in sustained habitually
inverted foot positions. This implies more frequent
use of horizontal foot postures and probably horizon-
tal supports in Eosimias than in prosimian
primates.”

Functional considerations

Despite frequent descriptions of MTF variation,
explicit biomechanical explanations for how differences
in behavior might select for noted differences in MTF
form have not been thoroughly addressed. Though it
seems clear that dorsoplantar depth of the MTF should
correlate with malleolar length and that longer malleoli
should lead to a more stable crurotarsal joint, it is
unclear why shorter “bony prongs” holding the talus
secure would reduce “stability in sustained habitually
inverted foot positions” specifically. Dagosto (1985)
focused on describing morphofunctional relationships of
the strepsirrhine medial malleolus and tibial facet. She
described how a medially rotated tibial malleolus with a
convex distal articular surface aids in abduction and
adduction during dorsiflexion and plantarflexion respec-
tively in strepsirrhines. She and others (e.g., Gebo,
1993) have explained the utility of this mobility on verti-
cal supports. However, a similarly detailed explanation
for a dorsoplantarly taller medial malleolus (and MTF)
is lacking.

Gebo (2011) proposed that the more horizontal (or
“shallowly sloping”) talofibular facet orientation in strep-
sirrhines improves the facet’s ability to transmit forces
generated by body mass. This increased ability to trans-
mit force may be particularly important when the fore-
limbs are not available to help distribute load, as in
orthograde postures. Boyer and Seiffert (2013) agreed
with Gebo’s (2011) proposal but suggested that behav-
ioral tendencies other than orthogrady were also rele-
vant. Specifically, Boyer and Seiffert (2013) emphasized
the importance of more frequent use of relatively small
diameter, midline supports in strepsirrhines compared
with haplorhines (Fig. 1). They suggested that locomo-
tion on narrow (and hence medially positioned) sub-
strates leads to postures in which the knee is positioned
laterally relative to the foot, and that some foot inver-
sion is accomplished by this lateral (outward) inclination
of the leg relative to the foot (note that such configura-
tions also imply flexed knees and flexed, abducted
thighs). Imagining a primate standing in a quadrupedal
posture on a relatively small diameter horizontal sup-
port: As its knees are flexed and abducted (so the legs
become more laterally inclined, and increasingly hori-
zontal), a more shallowly sloping fibular facet will main-
tain a weight-bearing role over a greater range of
inversion angles than a steeper one (Boyer and Seiffert,
2013: their Fig. 10).

If pedal inversion through leg rotation and thigh
abduction is a common configuration in strepsirrhines,
there are biomechanical implications for the medial mal-
leolus and MTF: lateral shear along the lateral talar
margin (expressed in the lateral tibial facet) and com-
pressive force on the medial talar margin (expressed in
the MTF) will both tend to be higher. In other words,
among strepsirrhines, we would expect facets on the lat-
eral margin of the talus to be transmitting proportion-
ally less force, and facets on the medial margin
(primarily the MTF) to be transmitting proportionally
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more force. Increasing the area of contact between the
medial malleolus and MTF would mitigate risks associ-
ated with both increased lateral shear and compressive
force. Referring to this tradeoff, Yapuncich and Boyer
(2014, p. 167) state that: “Explaining facet differences
between strepsirrhines and haplorhines as consequences
of habitual postural differences leads to the expectation
that the MTF should also be larger in strepsirrhines
than haplorhines at a given (body) size.” If this func-
tional explanation is correct, differences in facet area
should be observed primarily in relation to body mass.
Furthermore, just as use of inverted postures should
emphasize the role of the MTF in weight-bearing, the
use of more everted postures by anthropoids should
emphasize more laterally positioned facets (such as the
ectal [5posterior calcaneal] facet). Therefore, key differ-
ences between “prosimians” and anthropoids should be
observable in the relative areas of MTF and ectal facets
(EF).

Although predictions focusing on relative area of the
MTF are easiest to articulate using a biomechanical pre-
mise, this is not how distinctions in MTF morphology
between anthropoids and “prosimians” have previously
been described by Gebo, Dagosto, and others as quoted
above. Furthermore, our biomechanical premise may be
incomplete or inaccurate. Therefore, any study quantify-
ing variation in MTF morphology would be incomplete if
it only examined scaling relationships of facet areas rel-
ative to body mass. Gebo (1986) and Dagosto (1990) both
indicate that anthropoids have a more dorsoplantarly
narrow facet (suggesting a different facet shape), as well
as greater exposure of non-articular area on the medial
aspect of the talar body. These are features that can be

measured without direct reference to relative facet area
and are incorporated with facet area measurements in
the current study (see “Methods” section).

Evolutionary considerations

The functional variation described above has been
invoked in scenarios of primate and anthropoid origins.
Plesiadapiforms and non-primate euarchontans are gen-
erally characterized as differing from the earliest eupri-
mates in having a more anthropoid-like MTF pattern
(Dagosto, 1990), suggesting that these taxa lack
“prosimian”-like locomotor patterns. If the “prosimian”-
like MTF morphology was present in the common ances-
tor of extant primates, then euprimate origins may have
been marked by an increased reliance on relatively
smaller diameter and possibly more vertically oriented
supports. Such behaviors are frequently associated with
grasp-leaping (Napier and Walker, 1967; Szalay and
Dagosto, 1980; Dagosto, 2007; Gebo, 2011; Boyer et al.,
2013a,b) as exhibited by many extant “prosimians.” The
earliest known candidate stem anthropoids are middle
Eocene eosimiids from China (Beard et al., 1996). Tali
have been attributed to these taxa based on the presence
of a relatively small MTF, and other features such as a
steep-sided talo-fibular facet (Gebo et al., 2000, 2001;
Boyer and Seiffert, 2013). This morphology, in combina-
tion with apparently primitive “prosimian” retentions
(posterior trochlear shelf, narrow trochlea, and low neck
angle), has been marshaled as evidence supporting a
reversal to more pronograde quadrupedal locomotion in
early anthropoids (Gebo et al., 2001), which was then

Fig. 1. Foot postures of “prosimians” (left) and anthropoids (right). Note the inverted, abducted foot in Lepilemur using small-
diameter, inclined supports versus a more everted, adducted foot for Saimiri. In this study, we evaluate whether quantitative varia-
tion in the talar facets can be functionally correlated with such postural differences. Drawings by DMB.
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maintained to some degree in platyrrhines and catar-
rhines (Gebo, 1986, 1989a).

Addressing why early anthropoids may have switched
to pronograde quadrupedalism, Gebo (1986) suggested a
few alternative possibilities: 1) increased body size in
the anthropoid stem lineage (making vertical locomotion
more difficult [Hanna et al., 2008]), 2) a terrestrial
phase, or 3) different available habitats. In the interven-
ing decades, additional fossil evidence has helped rule
out the first two possibilities. Postcrania of the earliest
African anthropoids (Seiffert and Simons, 2001; Seiffert
et al., 2010) and stem anthropoid eosimiids (Gebo et al.,
2001) reveal characteristic anthropoid morphology in
animals that are of diminutive body size and clearly
arboreal. However, the Shanghuang fauna includes hap-
lorhine and stem anthropoid primates of such unexpect-
edly small size (Gebo, 2004; Gebo et al., 2012a) that
decreased body size should also be considered as a possi-
ble explanation for the development of anthropoid traits.
If the anthropoid stem lineage underwent prolonged evo-
lution toward smaller body size, then the supports that
earlier and larger-bodied anthropoids had typically used
would be relatively large when compared with the
smaller bodies of later “dwarfed” stem anthropoids; life
in such an arboreal environment might then translate
into tendencies toward using these relatively large sup-
ports. The use of relatively large supports would be
expected to reduce opportunities for strong hallucal
grasping, thereby diminishing its importance in locomo-
tor performance. Boyer and Seiffert (2013) argue that
fibular facet angle (FFa) is tied to relative support size
based on the finding that smaller bodied stepsirrhines
(e.g., Microcebus) have a significantly more “haplorhine-
like” facet slope and are obligated to use relatively large
supports compared with their larger-bodied relatives
(Gebo, 1987b, 2004).

Because the described differences in talar form influ-
ence perceptions of early primate evolution to such a
large degree, a strong quantitative framework verifying
these descriptions is needed. The major goal of this
study is to provide such a framework for the MTF. We
aim to accurately quantify surface areas and other
aspects of shape in a comprehensive sample of haplor-
hines, strepsirrhines, fossil primates, and outgroups,
and to examine this variation in a context that is explic-
itly phylogenetic and functional.

Hypotheses and predictions

Due to the functional-adaptive interpretations applied
to previous assessments of MTF variation (Gebo, 1986,
1993; Gebo et al., 2000; Yapuncich and Boyer, 2014), we
frame our hypotheses in terms of functionally significant
trade-offs.

H1. Strepsirrhines and tarsiers transmit relatively
more weight through their MTF and relatively less
weight through their lateral tibial and EF due to
increased utilization of small diameter and inclined or
vertical supports, leading to more habitually inverted
and abducted foot postures.

P1a. Relative to body mass, anthropoids have
smaller MTFs than strepsirrhines or tarsiers.
P1b. Relative to EF area, anthropoids have
smaller MTFs than strepsirrhines or tarsiers.
P1c. Because variation in FFa might be
explained by degree of habitual inversion of the

foot (Boyer and Seiffert, 2013), relative MTF
area will correlate with FFa.
P1d. Strepsirrhines and tarsiers will have a
more plantarly extensive medial malleolus as
inferred from the plantar extent of the MTF, as a
longer malleolus will reduce the potential for
joint dislocation due to more laterally directed
forces.
P1e. If the dorsoplantar shallowness of the
anthropoid MTF has been caused by migration of
talotibial ligaments to a more distal position
(Gebo, 1986), then anthropoids should have a
less circular margin to their MTFs than strepsir-
rhines and tarsiers (Fig. 2).

H2. Adapiforms and omomyiforms emphasized the use
of substrates that were similar in size and orientation to
those used by living strepsirrhines, whereas early
anthropoids utilized substrates similar to those
employed by living anthropoids.

P2a. Adapiforms and omomyiforms will resemble
strepsirrhines and tarsiers for variables repre-
senting MTF relative size, shape, and dorsoplan-
tar depth (focal variables of H1).
P2b. Fossil anthropoids will resemble modern
anthropoids for focal variables of H1.

H3. The strepsirrhine-like postural mode that has
been inferred for early adapiforms and omomyiforms is
a synapomorphy of euprimates that reflects a change in
locomotor behavior and substrate use compared with
more distal stem-primates during euprimate origins.

P3a. Stem primates exhibit patterns of MTF
variation that are more similar to anthropoids
than to strepsirrhines and non-anthropoid
haplorhines.
P3b. Extant primate relatives (Scandentia and
Dermoptera) exhibit patterns of MTF form that
are more similar to anthropoids than to strepsir-
rhines and non-anthropoid haplorhines.
P3c. Ancestral state reconstructions (ASRs) will
show substantial (if not significant) shifts from
proximal stem primate nodes to the euprimate
node so that values switch from more
anthropoid-like to more “prosimian”-like. An
oppositely directed shift in values will be seen
along the anthropoid stem-lineage.

MATERIALS

Sample

The sample used here largely overlaps with that of
Boyer and Seiffert (2013); however, it has been expanded
to improve both taxonomic sampling and sampling den-
sity of previously included species, as well as to include
subfossil lemurs. In total, we included 378 individuals
representing 122 species (Tables 1–4; and Supporting
Information tables).

Institutional abbreviations

AMNH, American Museum of Natural History, New
York, NY, USA; CGM, Egyptian Geological Museum,
Cairo, Egypt; DPC, Duke Lemur Center Division of Fos-
sil Primates, Durham, NC, USA; CM, Carnegie Museum
of Natural History, Pittsburgh, PA, USA; GU, H.N.B.
Garhwal University, Srinagar, Uttarakhand, India;
HTB, Cleveland Museum of Natural History, Hamann-
Todd non-human primate osteological collection,
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Cleveland, Ohio; ISE-M, Institut des Sciences de l’Evolu-
tion de Montpellier, Montpellier, France; IRSNB, Institut
Royal des Sciences Naturelles de Belgique, Brussels,
Belgium; IVPP, Institute of Vertebrate Paleontology and
Paleoanthropology, Chinese Academy of Sciences, Bei-
jing, China; MCZ, Museum of Comparative Zoology, Har-
vard University, Cambridge, MA; MNHN, Mus�eum
National d’Histoire Naturelle, Paris, France; NMB,
Naturhistorisches Museum Basel, Basel, Switzerland;
NYCEP, New York Consortium in Evolutionary Prima-
tology, New York, NY; SBU, Stony Brook University,
Stony Brook, NY; SDNHM, San Diego Natural History
Museum, San Diego, California; UCM, University of Col-
orado Museum of Natural History, Boulder, CO; UF,
University of Florida, Florida Museum of Natural His-
tory, Gainesville, FL, USA; UM, University of Michigan,
Ann Arbor, Michigan; USGS, U.S. Geological Survey,
Denver, Colorado; UNSM, University of Nebraska Sci-
ence Museum, Lincoln, NB, USA; USNM, United States
National Museum, Smithsonian Institute, Washington
DC, USA.

METHODS

Generation of digital models

All measurements were taken on 3D digital surface
models. These were created by various scanning modal-
ities. Most specimens were scanned using one of four
instruments: at SBU, two different ScancoMedical brand
machines (VivaCT 75, mCT40) and a medical CT scanner
were used; at the AMNH Microscopy and Imaging Facil-
ity, a Phoenix brand v/tome/x s240 was used; at Duke
University, a Nikon XTH 225 CT model was used; at
ISE, a SkyScan in-vivo 1076 was used; and for speci-
mens of Nasalis, Gorilla, Pan, and Pongo a GE eXplore
Locus SP machine was used at the Ohio University mCT
Facility. A small subset of specimens was created with a
Cyberware 3D scanner. These include the Homo sample
(from the New York medical collection housed in the
AMNH Department of Anthropology), the Hoolock hoo-
lock sample, and AMNH 106581 and AMNH 106584 of
the Symphalangus sample. Most specimens were
scanned at a resolution of 39mm or less. The highest

Fig. 2. Illustration of measurements taken using Tarsius (DPC 0127), Aotus (AMNH M 215056) and Propithecus (AMNH M
170474). (A) Two different facet areas were recorded using Avizo and Geomagic by highlighting the relevant surface and computing
its area. Indices of MTF area were created relative to the EF area and body mass. (B) MTF area was used in calculation of a shape
variable expressing how much MTF shape deviated from a circle. We did this by taking the ratio of the facet perimeter to the
square root of facet area. The more elliptical or complex the facet margin, the higher the value. (C) Measuring the ratio of MTF
depth to talar body depth was difficult to standardize. Ultimately, we took an approach that referenced the sustentacular facet and
the axis of the trochlea as decribed in the methods. Anthropoids, with larger non-articular areas on the medial side of the talus,
should have lower values than strepsirrhines, in which the facet may extend below the body.
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resolutions were 3–5mm for the smallest fossil speci-
mens. The scanning resolution was usually high enough
to result in an initial surface of 1–5 million faces (i.e.,
the surface resulting from creation of a “label field” rep-
resenting the boundary between the bone and air in the
image stack of raw microCT data using the software
Avizo 6.0–8.0 [Visualization Sciences Group, 2009], fol-
lowed by application of the “Surf-Gen” function with “no
smoothing”). All specimens were subsequently down-
sampled using the “Simplify” function in Avizo to
200,000–700,000 faces. More details on resolution and
scanner type used for the majority of this sample can be
found in Boyer and Seiffert’s (2013) appendix. Otherwise
details on scans used in this study can be found by
searching for specimen numbers in www.MorphoSource.
org.

Measurements

A total of seven values were measured or computed
for this study (Fig. 2, Tables 1 and 2). All were acquired
from digital models using either Geomagic Studio (3D
Systems Inc., 2013) or Avizo. For extant taxa, body mass
was collected from published sources (Smith and
Jungers, 1997; Rasoazanabary, 2010; Tacutu et al.,
2013).

Facet areas. MTF area (MTFa) and EF area (EFa)
were measured on each specimen (Fig. 2A, Tables 1 and
2) using Geomagic Studio (3D Systems Inc., 2013) or
Avizo. EFa measurement protocol is identical to Boyer
and Seiffert (2013, their Fig. 2). For the MTF, which
often has more ambiguous boundaries than the EF, the
mean value of three measurements taken independently
was used. A fourth and final replicate of MTF measure-
ments was recorded separately (Tables 1 and 2: MTFa*).
This value is associated with the recorded MTF perime-
ter (see below) and used for computation of the variable
(MTF-Perimeter)/(MTFa1/2) (see below).

Linear measures. Three linear measurements were
collected. Trochlear width was measured according to
the protocol of Boyer and Seiffert (2013, their Fig. 2),
and two measures quantifying the plantar extent of the
MTF were taken according to the following protocol: in
Avizo, using an orthographic viewing mode, each talus
was oriented roughly in medial view, then adjusted so
the medial and lateral trochlear rims were parallel and
overlapping (i.e., the axis of rotation of the trochlea was
parallel to the viewing axis and perpendicular to the
computer screen). The talus was then rotated around
this axis, so that the neck and head pointed more
upward or downward using the “camera trackball” tool
(which allows rotations in a single plane). The goal of
this rotation was to orient the sustentacular facet as
close to horizontal as possible. We used three variably
available reference features (measurement landmarks)
for this task (notably, the same result is obtained using
different subsets of these landmarks in taxa where all
three are available). Landmarks included A) the point of
contact between the navicular facet and sustentacular
facet, expressed as a depression in the plantar outline of
the bone (Fig. 2C), B) the proximodorsal termination of
the sustentacular facet (Fig. 2C), and third, the dorso-
medial margin of the sustentacular facet, which is not a
landmark per se, but a linear feature (Fig. 2C). When A
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and B were both available, they were the landmarks of
choice. A line was drawn through these landmarks in
Avizo. The additional two linear measures of this study
were then taken perpendicular to the line through these
landmarks. The first measure, “MTF height 1” (MTH1)
was taken from the dorsal-most point on the medial
trochlear rim to the line. The second measure (MTH2)
was taken from this same point, down to the plantar-
most extent of the MTF. Taxa with a dorsoplantarly nar-
row facet should have MTH1 > MTH2. In some taxa
point A is not directly visible. In this case, a line inter-
secting point B is oriented so that it is parallel to the
third reference feature, the dorsomedial margin of the
sustentacular facet. In others, point B was not visible
because it is obscured behind elements of the body. In
this case, point B was approximated with reference to
the dorsomedial margin of the sustentacular facet: spe-
cifically, where a line through it intersects the obscuring
structures of the body (Fig. 2C, Propithecus).

MTF-perimeter. If the whole talar body is compressed
dorsoplantarly, the comparison of linear measures above
may not sufficiently describe narrow facets. Therefore,
we collected facet perimeter measures to help quantify
facet shape (Fig. 2B). In Geomagic, all surface material
except the MTF was deleted from the digital file, and
any holes in the facet surface were filled (since internal
holes, if present, are included in Geomagic’s computation
of perimeter length). A curve was generated using the
“Create from boundary” function, and the “Maximum
Boundary Length” was recorded. To test whether scan
resolution and the number of vertices/triangles in the
surface mesh affected perimeter length, we used the
“Decimate” tool in Geomagic to generate coarser versions
of each facet surface mesh. For the six surfaces we
tested, surface resolution had to be decreased by more
than 85% (e.g., from �43,000 faces to 5,000 faces) before
maximum boundary length changed by more than 5%.
Because the majority of included specimens have similar
surface resolution, we used no down sampling or resolu-
tion standardization. The use of this measure for assess-
ing facet shape is described below.

Fibular facet angle. Hypothesis 1 generates predic-
tions about how MTF variation relates to variation in
FFa, so we included these data as well. Most FFa values
come directly from Boyer and Seiffert (2013, their tables
1 and 2, and their appendix). For specimens in our
expanded sample, FFa was computed using the method
illustrated in Boyer and Seiffert’s (2013, their figure 2)
(reported in Tables 3 and 4 of this article, as well as in
Supporting Information tables).

Computed variables

Since our goal is to assess the distinctiveness of
anthropoid and “prosimian” MTFs irrespective of abso-
lute size, the following potentially “size free” variables
were distilled from our measurements (Tables 3 and 4).

ln[(MTFa1/2)/(BM1/3)] and ln[(EFa1/2)/(BM1/3)]. The
natural logarithm of the ratio of the square root of spe-
cies mean MTFa or EFa to the cube root of species mean
body mass. These can only be assessed in extant taxa for
which body mass is reliably reported. Taxa with a larger
MTFa for their body sizes have a higher value;

T
A

B
L

E
4
.

C
on

ti
n

u
ed

H
ig

h
er

ta
x
on

T
a
x
on

n
F

IB
m

in
–
m

a
x

M
T

F
a
/E

F
a

m
in

–
m

a
x

P
m

tr
/M

T
F

m
in

–
m

a
x

M
T

H
-R

m
in

–
m

a
x

N
ot

h
a
rc

ti
d

a
e

N
ot

h
a

rc
tu

s
te

n
eb

ro
su

s
1
0

1
0
7
.8

(3
.7

)
1
0
1
.4

3
–
11

6
2

0
.0

6
(0

.0
5
)

2
0
.1

2
to

0
.0

2
1
.5

1
9
(0

.0
4
)

1
.4

6
–
1
.5

9
2

0
.0

8
2
(0

.0
7
)

2
0
.1

9
to

0
.0

4
N

ot
h

a
rc

ti
d

a
e

N
ot

h
a

rc
tu

s
v
en

ti
co

lu
s

3
1
0
2
.3

(6
.2

2
)

9
5
.6

–
1
0
7
.9

2
0
.0

4
5
(0

.0
5
)

2
0
.1

to
0
.0

1
1
.5

0
9
(0

.0
5
)

1
.4

7
–
1
.5

6
2

0
.1

6
9
(0

.0
4
)

2
0
.2

1
to

2
0
.1

4
N

ot
h

a
rc

ti
d

a
e

P
el

yc
od

u
s

ja
rr

ov
ii

1
9
9
.1

(–
)

–
–

–
1
.4

9
4
(–

)
–

2
0
.0

9
9
(–

)
–

N
ot

h
a
rc

ti
d

a
e

S
m

il
od

ec
te

s
g
ra

ci
li

s
2

1
0
8
.8

(1
.3

4
)

1
0
7
.8

–
1
0
9
.7

2
0
.0

0
4
(0

.0
5
)

2
0
.0

4
to

0
.0

3
1
.5

6
1
(0

.0
3
)

1
.5

4
–
1
.5

9
2

0
.1

2
(0

.0
4
)

2
0
.1

5
to

2
0
.0

9
P

le
si

a
d

a
p

if
o

r
m

e
s

C
a
rp

ol
es

ti
d

a
e

C
a

rp
ol

es
te

s
si

m
p

so
n

i
1

9
8
.2

(–
)

–
2

0
.4

6
5
(–

)
–

1
.8

4
2
(–

)
–

0
.5

6
7
(–

)
–

P
a
ro

m
om

y
id

a
e

Ig
n

a
ci

u
s

g
ra

yb
u

ll
ia

n
u

s
1

9
0
.6

(–
)

–
2

0
.3

3
5
(–

)
–

1
.6

7
5
(–

)
–

0
.4

4
7
(–

)
–

P
le

si
a
d

a
p

id
a
e

P
le

si
a

d
a

p
is

co
ok

ei
1

1
0
0
.4

(–
)

–
2

0
.3

2
9
(–

)
–

1
.6

7
5
(–

)
–

0
.5

5
(–

)
–

P
le

si
a
d

a
p

id
a
e

P
le

si
a

d
a

p
is

re
x

1
1
0
2
.7

(–
)

–
2

0
.2

2
8
(–

)
–

1
.6

4
7
(–

)
–

0
.3

7
6
(–

)
–

S
ta

n
d

a
rd

d
ev

ia
ti

on
in

p
a
re

n
th

es
es

.

EVOLUTION OF POSTURAL DIVERSITY IN PRIMATES 13

American Journal of Physical Anthropology



“prosimians” are expected to have higher values than
anthropoids.

ln[(MTFa1/2)/(EFa1/2)]. The natural logarithm of the
ratio of the square root of individual MTFa to the square
root of EFa. It can be assessed in all specimens for
which both facets are complete. Taxa with a larger
MTFa relative to their EFa have a higher value;
“prosimians” are expected to have higher values than
anthropoids.

ln[(MTF-perimeter)/(MTFa1/2)]. The natural loga-
rithm of the ratio of length of the MTF perimeter to the
square root of the MTFa. It can be assessed in all speci-
mens that have a complete MTF. Taxa with a narrower
facet should have a greater perimeter relative to facet
area; anthropoids are expected to have higher values
than “prosimians.”

ln[(MTH1)/(MTH2)]. The natural logarithm of the
ratio of the “MTF height 1” to “MTF height 2.” It can be
measured in all specimens that have intact trochlear
rims, the plantar-most margin of the MTF, and some
amount of the talar neck. Taxa with a more dorsally
restricted MTF will have a higher ratio; anthropoids are
expected to have higher values than “prosimians.”

Analyses

Measurement error. To evaluate the degree to which
measurement error influences patterns in our data, we
selected a 30 specimen subsample encompassing the
diversity of talar morphs in the complete dataset. On
each specimen, we repeated the same measurement on
separate days or with sufficient time intervening to
ensure little memory of previous measurement events.
Error on FFa has been previously reported (Boyer and
Seiffert, 2013) and the methods have not changed for
that variable. All other variables were checked for error
rates. To quantify error, we computed percentage error
of the three replicates (White and Folkens, 2010). We
did this by subtracting each replicate from the mean of
all three and taking the absolute value. We then took
the average of these deviations, divided them by the
mean, and multiplied the result by 100.

Regression of shape variables against body
mass. Though shape ratios are dimensionless and thus
potentially “size free,” if there is a strong biomechanical
basis for variation in MTF shape, then it is possible that
some of these variables will exhibit allometry. If allomet-
ric effects are uniform and strong, they can potentially
be subtracted by using residuals (Kay, 1975; Fleagle,
1985; Demes and G€unther, 1989; Boyer et al., 2013a; but
see Freckleton, 2009). On the other hand, if allometric
effects are weaker or restricted to certain clades, the
variables may remain diagnostic without accounting for
size in general. In that case, any particular instances of
clade specific size correlations can be used as further
tests of functional explanations for differences between
taxa (Boyer and Seiffert, 2013).

To check for allometric trends, we regressed all com-
puted shape variables against body mass. Species mean
values for all shape variables were computed for all

extant taxa in our analyses (Supporting Information
Table S1) and regressed against weighted species mean
body masses (body mass was analyzed as the natural
logarithm of the cube root) using phylogenetic general-
ized least squares (PGLS). Weighting of a species mean
body mass was accomplished by: 1) taking sex specific
body mass from the literature (see references above) and
applying it to each specimen of a known sex. Individuals
of unknown sex were assigned a body mass representing
the average of male and female values for species with
less than 10% sexual dimorphism (n 5 35). A few extant
specimens (n 5 25) were of unknown sex and repre-
sented species with greater than 10% sexual dimor-
phism; data from these individuals were not incorporated
into means for PGLS regressions. 2) A species mean was
computed by averaging all specimens with assigned body
masses; the species mean is therefore weighted by the
number of males and females in our dataset. Analyses
were conducted using caper (Orme et al., 2011) in R. The
phylogenetic tree used for this analysis was downloaded
from the 10 K trees website, version 3.0 (Arnold et al.,
2010) and edited in Mesquite (Maddison and Maddison,
2011) to include non-primate euarchontans. Branch
lengths for scandentians and dermopterans came from
Roberts et al. (2011) and Janečka et al. (2007), respec-
tively. The tree is provided in the Supporting Informa-
tion documents (Tree1.nex). We employed ordinary least
squares (OLS) regressions whenever 1) Pagel’s lambda
(k), the measure of phylogenetic signal, had a maximum
likelihood value equal to zero, 2) the confidence limits of
k included zero, or 3) the relationship was non-
significant (i.e., no allometry detected).

ANCOVA of facet area (dependent) on body mass
(covariate). Another method for dealing with allome-
try (instead of using shape indices and/or residuals) is to
use body mass as a covariate in analyses of covariance
(ANCOVA) (Yapuncich and Boyer, 2014) with other meas-
ures reflecting absolute dimensions. A slightly modified
dataset (Supporting Information Table S2) is used for
these regressions. Instead of using species mean (as
required in PGLS approaches), we attempted to account
for high levels of sexual dimorphism in some species. If
the difference between male and female body masses was
less than 10% of average body mass (low sexual dimor-
phism), species-mean body mass was used. If the differ-
ence between male and female body masses was greater
than 10% of average body mass (high sexual dimorphism),
then sex-specific body masses were used (Supporting
Information Table S2). As above, individuals of unknown
sex were only included in body mass regressions if they
were from species of low sexual dimorphism. The group-
ings are presented in Supporting Information Table S4.

We test whether “prosimians” have a larger natural
logarithm of square root MTFa (dependent) than anthro-
poids for a given natural logarithm of cube root body
mass (covariate). We also test whether “prosimians”
have a smaller natural logarithm square root EFa
(dependent) than anthropoids for a given natural loga-
rithm cube root body mass (covariate). ANCOVAs were
conducted in JMP 11.0.0 (SAS Institute Inc., 1989-2013).
In order for ANCOVAs to meaningfully address these
questions, two preliminary tests must be passed: the
samples must exhibit equal variance (homoscedasticity)
and have non-significantly different slopes: heterogene-
ous slopes render ANCOVAs inappropriate (Engqvist,
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2005). Because we were wary of Type II error in these
preliminary analyses, we also ran OLS regressions of
MTFa and EFa on body mass for the groups of interest
(Supporting Information Table S2). While phylogenetic
ANCOVA (PhyANCOVA) methods are available (Bayes-
Traits) we feel that purposefully dividing the sample
along clade lines (as we needed to do given our ques-
tions) reduces the effectiveness of this approach.

ANOVA of MTF variables using clade groups. To
assess the major predictions of our hypotheses, we used
one-way analysis of variance (ANOVA) in PAST (Ham-
mer et al., 2006). We considered this more appropriate
than PhyANOVA. Results of a PhyANOVA run using
PGLS can be expected to diverge from standard ANOVA
when there are consistent differences (offsets) between
major clades represented by taxa in the sample, or
based on interactions between clade offsets and inter-
clade diversity differences. One of the primary reasons
one might consider applying PhyANOVA is to assess
categorical effects in which taxa come from broadly dif-
ferent clades and phylogenetic signal is suspected (Win-
chester et al., 2014). This, however, is not the data
structure for our questions since they are focused on
clade-level comparisons. To control for different species
sample sizes we use species mean values in our analy-
ses (Tables 3 and 4), though individual data points used
in the calculations can be found in Supporting Informa-
tion Table S3.

Regression of MTF variables against FFa. If both
FFa and relative MTFa are related to foot inversion as
a habitual locomotor and postural behavior, then a cor-
relation should exist between FFa and relative MTFa.
Therefore, we used PGLS to assess the correlation
between FFa and each of the focal variables. These
were performed on species mean data in Tables 3 and
4, except for regressions of FFa and ln[(MTFa1/2)/(BM1/3)]
which were run on data in Supporting Information
Table S1. Supporting Information Table S1 also gives
the taxonomic inclusion for the eight different subsam-
ples used. The tree associated with it was already
referred to (Tree1.nex). However, the tree for species
lists of Tables 1–4 (Tree2a.nex) was constructed using
a more involved procedure described below (and Sup-
porting Information Table S4 gives the taxonomic inclu-
sion for sub-clades associated with this tree and Tables
(1–4)). We also computed one additional MTF variable
to regress against FFa: the first principal component
score resulting from a principal components analysis
using a correlation matrix based on all MTF variables
except ln[(MTFa1/2)/(BM1/3)], as taken from the species
mean dataset of Tables 3 and 4 (PC1 score is given in
Supporting Information Table S4). PAST was used to
execute this analysis and output PC scores. PC1 has
an eigenvalue of 2.15 and represents 72% of the var-
iance. All variables loaded roughly equally (20.5812 for
ln[(MTFa1/2)/(EFa1/2)], 0.5237 for ln[(MTF-Perimeter)/
(MTFa1/2)], and 0.6228 for ln[(MTH1)/(MTH2)]). While
any one of our MTF variables conceivably represents
an incomplete description of the functionally and phylo-
genetically significant information perceived qualita-
tively by previous authors (e.g., Gebo, 1986; Dagosto,
1990), the principal axis of all three may more closely
approximate a complete description.

Phylogenetic comparative analyses: modeling
character evolution and ASR

Construction of phylogenetic trees for studies of
character evolution. Reconstructing broad-scale pat-
terns of evolution in the shape and relative size of the
MTF over the course of primate evolution requires a tax-
onomically broad phylogeny of living and extinct prima-
tes. No single phylogenetic analysis of morphological
data has sampled the gamut of taxonomic diversity in
our dataset, and so we use Matrix Representation with
Parsimony (MRP), a method that allowed us to combine
the phylogenetic results of several independent analyses
that densely sampled various primate clades (e.g., pla-
tyrrhines, hominins). The character matrix of Marig�o
et al. (in review) provided the “core evidence” for rela-
tionships among early primates, onto which the results
of other smaller-scale analyses were incorporated to
form a new composite “supertree”; that “core” matrix
now includes 391 morphological characters and 108
taxa, of which 87 are fossil, and 84 are Paleogene in age
(see Supporting Information document). Earlier versions
of this matrix have also been employed in the phyloge-
netic analyses of Kirk and Williams (2011), Marig�o et al.
(2013), and as the “core matrix” of Boyer et al. (2013a).
Parsimony analysis of the matrix was undertaken using
PAUP 4.0b10, with 10,000 random addition-sequence
replicates and a molecular “scaffold” (sensu Springer
et al., 2001) enforced, based on the results of Springer
et al. (2012). Some of the multistate characters in that
matrix were treated as ordered, and steps between poly-
morphisms and adjacent “fixed” states were weighted as
one half-step, so that all transitions between “fixed”
states in the analysis were equal to one step.

Two additional analyses were run and constrained in
ways similar to those used in Boyer et al. (2013a): one
constrained Tarsius and extant anthropoids to be more
closely related to each other than to any fossil
“omomyiform” (cf. Kay et al., 1997)—that is, a constraint
that enforced the monophyly of the so-called “strict
tarsier-anthropoid clade.” The other constrained adapi-
forms to be more closely related to Tarsius and extant
anthropoids than to extant strepsirrhines (cf. Franzen
et al., 2009). MRP analyses (run in PAUP) were then
used to combine the results of these analyses with those
of Springer et al. (2012) and Janečka et al. (2007) for
extant euarchontans, Bloch et al. (2007) for basal fossil
euarchontans, Tornow (2008) and Rose et al. (2011) for
omomyiforms, Gunnell (2002) for notharctine adapi-
forms, Kay (2015) for living and extinct platyrrhines,
and Strait and Grine (2004) for early hominins. The
details of this approach closely followed Boyer and Seif-
fert (2013) and Boyer et al. (2013a). In order to time-
scale the phylogenetic tree, we again closely followed
Boyer et al. (2013a), who used the divergence dates
recovered by Springer et al.’s (2012) analysis with inde-
pendent rates and soft bounds to date splits among
extant taxa, and placed extinct clades along stem line-
ages at 1 Ma intervals, working down from crown nodes
(terminal branches for extinct taxa were at least 1 Ma in
length, or longer if sister taxa were geologically older;
see Boyer et al. [2013a] for additional details). In addi-
tion, two isolated hominin tali of early Pleistocene age
and uncertain specific attribution (KNM-ER 1464 and
KNM-ER 813; see Gebo and Schwartz [2006]) were
grafted onto the tree as terminal branches between
Homo habilis and Homo sapiens. See Figure 3 for the
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Fig. 3. Phylogenetic tree showing all included taxa. This tree also represents the operational taxonomic units, connectivity and
branch lengths used for some phylogenetic comparative analyses (i.e., tree 2a in Supporting Information text). Species box and
whisker plots to left display variance in MTFa/EFa ratios. Boxes represent 25%–75% quartiles. Horizontal line represents median.
Whiskers extend at most to 1.5 times the interquartile range beyond the boxes. Points more distant are shown as outliers. The
light gray boxes encompassing groups of species represent taxonomic groups used in within-strepsirrhine and within-anthropoid
ANOVAs (Fig. 4, Table 10), while the gray boxes encompassing these represent groups for all-Euarchonta ANOVAs (Fig. 4, Table
10). Abbreviations for taxonomic groups given in Figure 4 caption.
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primary time-scaled topology, and Supporting Informa-
tion Figures S2 and S3 for alternative constraints (i.e.,
strict Tarsius-Anthropoidea clade, and adapiform-
haplorhine clade, respectively). See Supporting Informa-
tion documentation for nexus files of these trees.

Modeling character evolution and ASR. The meth-
ods employed for reconstruction of ancestral values closely
followed those described by Boyer and Seiffert (2013) and
Boyer et al. (2013a), and will only be briefly discussed. We
used BayesTraits version 2 (Pagel and Meade, 2013) to

Fig. 4. (A–C) Plots of group means for MTFa/EFa that were compared with ANOVAs and reported in Table 10. (D–F) Plots of
group means for MTFa/BM compared with ANOVAs and reported in Table 11. (G–I) Plots of group means for EFa/BM reported in
Table 11. Abbreviations below box plots indicate included taxa. Number in parentheses below abbreviations are number of species
per group. In A–C, dashed line represents value where a taxon’s MTFa 5 EFa. Abbreviations in A, D, G: DCL, Daubentonia, Cheir-
ogaleidae, Lepilemuridae. Abbreviations in B, E, F: H, Hominidae; Hy, Hylobatidae; Cr, Cercopithecoidea; At, Atelidae; Cl, Callitri-
chidae; Cb, Cebinae/Aotinae; P, Pitheciidae. Remaining abbreviations: Np, Non-primates; NHNA, Non-hominid, non-atelid
anthropoids; T, tarsiers; ILGL, Indriidae, Lemuridae, Galagidae, Lorisidae; NCA, Non-callitrichine anthropoids; LmIG, Lemuridae,
Indriidae, Galagidae; DCL-L, “DCL” 1 Lorisidae; NLS, Non-lorisid strepsirrhines.
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determine which model (random walk or directional) and
phylogenetic scaling parameters (delta, kappa, lambda, or
none) best fit the distribution of the MTF-related traits
evolving across each of the alternative trees described
above. The maximum likelihood values for the trees, given
each model/scaling parameter combination, were calcu-
lated in BayesTraits, and the combination that provided
the highest log likelihood was then used in a Markov Chain
Monte Carlo (MCMC) sampling run in order to create
model files that would be used for ASRs. For each MCMC
analysis, the rate deviation parameter was automatically
tuned by BayesTraits to give acceptance rates of about
30%. MCMC analyses that were undertaken to create
model files were run for 10,050,000 generations, with a
burn-in period of 50,000 generations. Those model files
were then employed in longer MCMC sampling runs
(20,050,000 generations) to develop distributions for trait
values at various nodes in the primate tree. The means
and 95% highest posterior density intervals for each node
were calculated in Tracer v1.5 (Rambaut and Drummond,
2009), and reported in Table 15 and Supporting Informa-
tion Tables S7 and S8. Ancestral values were calculated at
nodes of interest for FFa, ln[(MTFa1/2)/(EFa1/2)], ln[(MTF-
Perimeter)/(MTFa1/2)], and ln[(MTH1)/(MTH2)], but not
ln[(MTFa1/2)/(BM1/3)], because reliable fossil body mass
values were unavailable.

RESULTS

Measurement error

We found low percentage error rates in all variables. On
average, no variables showed error rates that would cause
concern (Table 5). The highest average values for any
measurement were less than 3%, with standard devia-
tions lower than the average in most cases. Supporting
Information Tables 5 and 6 provide more details. Tables 1
and 2 present another opportunity for estimating error in
MTFa. The species means of MTFa (average of three
replicated measures for each individual) can be compared
with species means of MTFa* (a fourth replicate associ-
ated with reported perimeter values). The average species
mean percent error between MTFa and MTFa* over the
whole sample is 2.35% with a standard deviation of 1.74%
and range of 0.1%–8% for the entire sample.

Regression of shape variables against body
mass

Using PGLS, we checked four shape variables for cor-
relations with the natural log of the cube root of body
mass. Regressions were performed on several subclades.

Because shape variables should be “size free,” no signifi-
cant correlation with body mass or a particular slope
coefficient was expected. Results are presented in Table
6. In general, shape variables were not found to be cor-
related with body mass; however, FFa is correlated
within the strepsirrhine, lemuriform, and platyrrhine
subclades. These results are similar to those recovered
by Boyer and Seiffert (2013) who regressed FFa on EFa
(a facet highly correlated with body mass: Yapuncich
and Boyer, 2014). However, Boyer and Seiffert (2013)
found a significant relationship within lemuriforms but
not within strepsirrhines. The major differences between
their approach and ours are: 1) species means are
slightly different due to inclusion of additional individu-
als; 2) we included two additional Eulemur species; 3)
this study uses body mass rather than a body mass
proxy. For ln[(MTFa1/2)/(BM1/3)] we found significant cor-
relations with body mass for the lemuriform group. For
ln[(MTFa1/2)/(EFa1/2)], significant correlations with body
mass were found for haplorhines, anthropoids, and pla-
tyrrhines. For ln[(MTH1)/(MTH2)], a significant correla-
tion with body mass was found only for haplorhines.
Finally, for ln[(MTF-Perimeter)/(MTFa1/2)], no significant
correlations with body mass were found.

ANCOVA of facet areas (dependent) on body
mass (covariate)

Predictions 1a and 1b relate MTFa to body mass and
EFa size respectively. These predictions produce the cor-
ollary that differences in EFa relative to body mass
should also exist. ANCOVA results (Tables 7–9) compar-
ing “prosimians” and anthropoids for MTFa versus body
mass show equal variance and no treatment interaction
(equal slopes). Additionally, anthropoids have a signifi-
cantly lower intercept for MTFa than prosimians, as pre-
dicted (Tables 7–9). In contrast, comparisons between
these same two groups for EFa returned violations of
assumptions required for intercept comparison, due to a
positively allometric slope in anthropoids and a signifi-
cantly different isometric slope in “prosimians.”
Regrouping taxa as haplorhines and strepsirrhines
returns equal slopes and significantly different inter-
cepts for EFa vs. body mass, with haplorhines exhibiting
a higher intercept than strepsirrhines (Tables 7–9). In
contrast, using haplorhine/strepsirrhine groupings for
MTFa returns unequal slopes (Tables 7–9). In this case,
strepsirrhines exhibit positive allometry, while the hap-
lorhine slope is isometric. Finally, using a strepsirrhine/
anthropoid dataset (leaving tarsiers out) reveals equal
variance and slopes for the two groups using either
MTFa or EFa against body mass. For both of these anal-
yses, the intercepts are unequal, with strepsirrhines
having a higher MTFa intercept, but a lower EFa inter-
cept than anthropoids. Comparisons of MTFa (depend-
ent) to EFa (covariate) result in different slopes among
all sets of groups compared, prohibiting comment on
whether the intercepts differ in the predicted directions.

ANOVA of MTF variables using clade groups

Though our hypotheses refer to a comparison of
anthropoids and “prosimians” as discrete groups, we
began this assessment by plotting all values for all indi-
viduals by species, and then visually assessing the num-
ber of behaviorally and phylogenetically cohesive groups.
We chose this approach to avoid missing meaningful
inter-specific variation (Fig. 3), as overlap in values of

TABLE 5. Error tests showing average percentage error (x%)
documented by three replicates per specimen for 30 specimens

and the standard deviation (r%) in percentage error over those
thirty specimens

Variable N Rep/case x% error r% error

MTH1 30 3 2.32 1.82
MTH2 30 3 1.68 1.11
TrochW 30 3 1.80 0.94
MTFa 30 3 2.44 1.40
EFa 29 3 1.70 1.11
MTFpmtr 30 3 1.81 1.10
MTH1/MTH2 30 3 2.30 1.61
(MTFa/EFa)1/2 29 3 1.49 0.74
MTFpmtr/(MTFa)1/2 30 3 1.97 1.44
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any strepsirrhine taxa with any anthropoid taxa could
imply corresponding functional and behavioral overlap.
We were unable to begin by comparing all pairs of
extant species with t-test or ANOVA as post hoc error
rate correction becomes over-conservative. Therefore,
upon observing the individual variation at the species
level in ln[(MTFa1/2)/(EFa1/2)] (Fig. 3), we recognized five
strepsirrhine groups (1: Daubentonia, Cheirogaleidae,
and Lepilemur “DCL” [n 5 6 species]; 2: Lemuridae [n 5
7 species]; 3: Indriidae [n 5 4]; 4: Galagidae [n 5 4]; 5:
Lorisidae [n 5 4]), one tarsier group (n 5 3), and seven
anthropoid groups (1: Hominidae [n 5 4]; 2: Hylobatidae
[n 5 3]; 3: Cercopithecoidea [n 5 7]; 4: Atelidae [n 5 6];
5: Callitrichinae [n 5 7]; 6: Cebinae/Aotinae [n 5 6]; 7:
Pitheciidae [n 5 5]). These groups were used as the ini-
tial ANOVA groups for all variables.

ln[(MTFa1/2)/(EFa1/2)]. ANOVA (followed by post hoc
comparisons using Tukey’s Q in PAST) of the five identi-
fied strepsirrhine groups shows significant differences
between the DCL group and all other strepsirrhine
groups, while none of the other strepsirrhine groups are
differentiated (Table 10). All species in the DCL group
have a negative value for ln[(MTFa1/2)/(EFa1/2)] (Table 3;
Fig. 4A), indicating that EFa is larger than MTFa. The
remaining strepsirrhine species mean values are positive
(indicating a larger MTFa). Going back to the individual
data (Fig. 3; Supporting Information Table S3B), two
individuals of Loris and Perodicticus, one Varecia, and
one Eulemur have negative values, but again the mean
values for these species are positive (Figs. 3, 4A; Table
3). Galagidae has values that are higher than and non-
overlapping with those of Lemuridae despite the fact
that they are not distinguished in post hoc comparisons;
however, individual data (Fig. 3; Supporting Information
Table S3) reveal substantially more overlap between
these two groups. As a group, lorisids span a large range
of values with some genera (Arctocebus and Nycticebus)
being more galagid-like and other genera (Perodicticus
and Loris) looking more lemurid-like. Based on these
patterns, strepsirrhines are distilled into two groups for
further analyses: 1) the DCL group (Figs. 3, 4AC), and
2) Indriidae, Lemuridae, Galagidae and Lorisidae as the
“ILGL” group (Figs. 3, 4A; 4C).

ANOVA of anthropoid groups shows that hominids
and atelids are indistinguishable, while both are signifi-
cantly different from the remaining groups, which in
turn are indistinguishable from each other (Table 10).
While the similarities shared by non-hominid, non-atelid
anthropoids are plausibly due to primitive retention of
the ancestral anthropoid pattern, the hominid and atelid
patterns are most likely convergent. Therefore, we cre-
ated three groups of anthropoids: 1) hominids (Figs. 3,
4B; 4C); 2) atelids (Figs. 3, 4B; 4C); and 3) hylobatids,
cercopithecoids, and non-atelid platyrrhines as a single
group (non-hominid, non-atelid anthropoids, abbreviated
“NH-NA-A”) (Figs. 3, 4B; 4C).

The final ANOVA for ln[(MTFa1/2)/(EFa1/2)] included
six groups of primates and one group of non-primates
(NP). The analysis returned significant among-group
variance in which Tukey’s Q post hoc comparisons distin-
guish DCL from all groups except tarsiers and NH-NA-A
(Table 10). Remaining strepsirrhines (“ILGL”) are distin-
guished from all anthropoids and tarsiers, while tarsiers
are distinguished from all remaining groups except NH-
NA-A. NH-NA-A are significantly different from all
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remaining groups except non-primates, which in turn
are different from all other groups. In terms of size dif-
ferences, atelids and hominids have the smallest MTFa
relative to EFa. Taxa in the NP and NH-NA-A groups
have significantly larger MTFa relative to EFa. Dauben-
tonia, cheirogaleids, Lepilemur, and tarsiers have even
larger MTFa, though on an individual level MTFa is
rarely ever larger than EFa in these groups. Finally, gal-
agids, lorisids, lemurids, and indriids exhibit the largest
MTFa relative to EFa, with the former facet nearly
always outsizing the latter.

ln[(MTFa1/2)/(BM1/3)] and ln[(EFa1/2)/(BM1/3)]. For
ln[(MTFa1/2)/(BM1/3)], using the initial five strepsirrhine
groups described above1 results in lorisids and the DCL
group being significantly different from indriid, lemurid
and galagid groups (Fig. 4D, Table 11). Therefore we
used a group composed of Daubentonia, cheirogaleids,
lorisids, and Lepilemur (DCL-L), and a group composed
of lemurids, indriids, and galagids (LmIG) for the com-
bined ANOVA. The anthropoid ANOVA shows differen-
ces between callitrichines as compared with
cercopithecoids, cebines/aotines, and pitheciids, but no
other significant differences (Fig. 4E, Table 11). There-
fore, we recognized a callitrichine group (Cl) and a non-
callitrichine anthropoid group (NClA). ANOVA of the
two strepsirrhine, two anthropoid, tarsier, and non-
primate euarchontan groups reveals significant differen-
ces between most groups (Fig. 4F, Table 11). However,
the DCL-L group is not distinguishable from either
anthropoid group, tarsiers are not distinguishable from
non-callitrichines or the LmIG group, and callitrichines
and non-primates are not distinguishable from one
another.

For ln[(EFa1/2)/(BM1/3)], using the same initial five
strepsirrhine groups for ANOVA results in lorisids being
distinguished from all other groups (Fig. 4G; Table 11).
Cheirogaleus medius has an exceptionally small
ln[(EFa1/2)/(BM1/3)] ratio as well and plots in the lorisid
range, but otherwise Daubentonia, cheirogaleids, lepile-
murids, lemurids, indriids, and galagids broadly overlap
with each other. We thus recognized two groups of strep-
sirrhines for further analyses: a lorisid (L) group and a
non-lorisid strepsirrhine (NLS) group.

Among anthropoids, initial plots show Homo sapiens
to be an extreme outlier to the rest of the distribution
(Fig. 4H). We therefore excluded it from the analyses as
this difference is likely functionally related to bipedalism
(see discussion). Running the analysis on the remaining
anthropoid taxa using the initial groups described at the
beginning of the ANOVA section, we find that only calli-
trichines differ from other groups including hominids,
atelids, cebines, aotines, and pitheciids (Table 11).
Therefore we recognized two anthropoid groups: a calli-
trichine (Cl) group and a non-callitrichine anthropoid
(NClA) group. For the combined analysis (Fig. 4I, Table
11), lorisids are differentiated from all other taxa, while
callitrichines and non-primates are additionally differen-
tiated from non-callitrichine anthropoids and tarsiers.
The comparison between non-lorisid strepsirrhines and
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1We could not determine ANOVA groups using individual variation as
was done for ln[(MTFa1/2)/(EFa1/2)] due to the fact that these ratios
can only be computed for species means when incorporating body
mass.
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non-callitrichine anthropoids approaches, but does not
reach, significance.

ln[(MTF-Perimeter)/(MTFa1/2)]. Both ANOVAs of
initial strepsirrhine and anthropoid groups returned sig-
nificant results (Figs. 5 and 6; Table 12). Post hoc com-
parisons showed that lorisids are significantly different
from lemurids and galagids. Among anthropoids, atelids
are significantly different from cebines/aotines and pith-
eciids. Based on these results we consolidated the strep-
sirrhine sample into two groups: a non-lorisid
strepsirrhine (NLS) group and lorisids. The anthropoid
sample was consolidated into a catarrhine group (Ct), an
atelid group (At), and a non-atelid platyrrhine group
(NAP). ANOVA including these five groups, the non-
primate euarchontan group, and the tarsier group

returned significant results. Non-primates differ from all
“prosimians” and atelids. Non-lorisid strepsirrhines dif-
fer from all haplorhines except tarsiers and atelids. NLS
differ from atelids and all “prosimians.” Catarrhines dif-
fer only from non-lorisid strepsirrhines (as implied
above) and tarsiers (Table 12).

ln[(MTH1)/(MTH2)]. Neither ANOVA of initial strep-
sirrhine or anthropoid groups returned significance
(Figs. 7 and 8; Table 13). Therefore, we consolidated all
initial strepsirrhine groups into a single subgroup (Str),
did the same for all anthropoid subgroups (An), and
included these groups along with a tarsier group and a
non-primate euarchontan group in a final ANOVA with
four groups. This resulted in significant differences
between strepsirrhines and non-primates, as well as
between strepsirrhines and anthropoids. Tarsiers were
not differentiated from any other group, probably due to
power limitations in the case of their comparison to non-
primates.

Regression of MTF variables and FFa

The ln[(MTFa1/2)/(EFa1/2)] was found to be significantly
correlated with FFa for the total sample, for the primate-
only sample, and for all “prosimian” sub-groups checked.
However, the correlation is not significant when the sam-
ple is limited to haplorhines, anthropoids, or platyrrhines
(Table 14). ln[(MTFa1/2)/(BM1/3)] is also generally corre-
lated with FFa. However, the correlation breaks down in
different places. Strepsirrhine and “prosimian” subgroups
do not show significant correlations, while the haplorhine
subsample is correlated. Platyrrhine ln[(MTFa1/2)/(BM1/

3)] is not correlated with FFa. In contrast, the other two
MTF variables, ln[(MTH1)/(MTH2)] and ln[(MTF-Perime-
ter)/(MTFa1/2)], show no significant correlation with FFa,
nor does the MTF PC1 variable. Nonetheless, ln[(MTFa1/

2)/(EFa1/2)] is strongly correlated with ln[(MTH1)/
(MTH2)] and shows limited correlation with ln[(MTF-
Perimeter)/(MTFa1/2)] (Table 14).

Position of fossil taxa

Figure 9 illustrates variation among extant and fossil
taxa.

ln[(MTFa1/2)/(EFa1/2)]. Separation of fossil taxa into
groups for statistical comparison is not straightforward,
since many taxa are represented by fewer than three
individuals and their phylogenetic positions are often
tenuous. Therefore this section takes a mainly descriptive
approach. For ln[(MTFa1/2)/(EFa1/2)], plesiadapiforms
have a relatively small facet and are restricted to the low
end of the range of extant taxa. Adapiforms and omomyi-
forms are characterized by values that overlap with both
extant strepsirrhines and anthropoids (Table 4; Fig. 3),
though their range is relatively narrow: no adapiform or
omomyiform obtains values as high as certain members of
Indriidae, Lemuridae, Lorisidae, or Galagidae. Most extant
anthropoid groups include individuals with values lower
than exhibited by any fossil “prosimian”. As a group,
ln[(MTFa1/2)/(EFa1/2)] values for adapiforms and omomyi-
forms most closely approximate living Daubentonia, cheir-
ogaleids, lepilemurids, and tarsiers. There is nothing
unusual or unexpected about MTF proportions of the old-
est euprimates Teilhardina and Cantius, in contrast to the

TABLE 10. ANOVA and post hoc comparison tests for
ln[(MTFa/EFa)1/2]

ANOVA Strepsirrhine Anthropoid Combined Combined (w Np)

df (B, W) 4, 21 6, 31 5, 61 6, 63

MSE (B,W) 0.039, 0.003 0.049, 0.004 0.329, 0.004 0.277, 0.004

F 11.7 12.27 88.57 73.91

P (same) <<0.0001 <<0.0001 <<0.0001 <<0.0001

Tukey’s Q DCL/Lm H/Hy H/At H/Np

* *** 0.6613 ***

DCL/I H/Cr H/NH-NA-A H/At

** *** *** 0.7982

DCL/G H/At H/T H/NH-NA-A

*** 0.8345 *** ***

DCL/L H/Cl H/DCL H/T

*** *** *** ***

Lm/I H/Cb H/ILGL H/DCL

0.6849 *** *** ***

Lm/G H/P At/NH-NA-A H/ILGL

0.1667 *** *** ***

Lm/L Hy/Cr At/T At/Np

0.2932 0.9714 *** **

I/G Hy/At At/DCL At/NH-NA-A

0.8335 ** *** ***

I/L Hy/Cl At/ILGL At/T

0.9544 1.0000 *** ***

G/L Hy/Cb NH-NA-A/T At/DCL

0.9969 0.9958 * ***

Hy/P NH-NA-A/DCL At/ILGL

0.9992 0.0566 ***

Cr/At NH-NA-A/ILGL NH-NA-A/Np

*** *** 0.9996

Cr/Cl T/DCL NH-NA-A/T

0.9884 1.0000 0.1013

Cr/Cb T/ILGL NH-NA-A/DCL

1.0000 *** 0.1168

Cr/P DCL/ILGL NH-NA-A/ILGL

0.9994 *** ***

At/Cl T/Np

** *

At/Cb T/DCL

** 1.0000

At/P T/ILGL

** **

Cl/Cb DCL/Np

0.9991 *

Cl/P DCL/ILGL

0.9999 ***

Cb/P ILGL/Np

1.0000 ***

*P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations for treat-
ment groups are given in Figure 4 caption and main text.
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latter’s unexpectedly low FFa values (Boyer and Seiffert,
2013).

Eosimias has MTF proportions outside the range of
any fossil or living “prosimian” (with the exception of
Megaladapis) and overlaps only extant anthropoids and
non-primate euarchontans. NMMP 39, attributed to
Pondaungia or Amphipithecus (e.g., Marivaux et al.,
2003), has values higher than, but close to, Eosimias.
The Shanghuang “protoanthropoid” talus IVPP 12306 is
similar to NMMP 39 in this regard.

Surprisingly, other early anthropoids (including Para-
pithecidae, Proteopithecus, and some fossil platyrrhines)
have unusually high values compared with living
anthropoids and appear more characteristic of
“prosimians” in the sample. On the other hand, basal
catarrhines Aegyptopithecus and Catopithecus plot
within the range of extant anthropoids.

Among fossil hominins, KNM-ER 1464 and KNM-ER
813 plot with modern Homo sapiens, while AL 288-1
(Australopithecus afarensis) has a much larger
ln[(MTFa1/2)/(EFa1/2)] value in the range of chimpanzees.
The value for Homo habilis (OH8) is unusually high, but
this is likely due to a severely abraded EF.

ln[(MTF-perimeter)/(MTFa1/2)]. This variable exhib-
its substantial intraspecific variability and a large
amount of overlap among extant strepsirrhines, tarsiers,
and anthropoids. Still, the former group tends to have
lower values indicating more circular facets, while
anthropoids have higher values indicating more elliptical
ones. Plesiadapiforms again match extant non-primate
euarchontans and anthropoids, though they also overlap
with some extant strepsirrhines (Fig. 5). Adapiforms and

TABLE 11. ANOVA and post hoc comparison tests for ratios between facet area and body mass

Ln[(MTFa)1/2/(BM)1/3] ANOVA Ln[(EFa)1/2/(BM)1/3] ANOVA

ANOVA Strep. Anth. Combined Strep. Anth. Combined

df (B, W) 4, 25 6, 34 5, 72 4, 25 6, 34 5, 72
MSE (B,W) 0.125, 0.006 0.036,0.007 0.239, 0.007 0.125, 0.006 0.036,0.007 0.231, 0.008
F 20.8700 5.1340 34.3000 20.8700 5.1340 27.5400
P (same) <<0.0001 0.0008 <<0.0001 <<0.0001 0.0008 <<0.0001
Tukey’s Q DCL/Lm H/Hy Np/Cl DCL/Lm H/Hy Np/Cl

*** 0.9997 0.5929 0.2389 0.1926 0.9135
DCL/I H/Cr Np/NCA DCL/I H/Cr Np/NCA
*** 0.9951 *** 0.1515 0.3233 ***
DCL/G H/At Np/T DCL/G H/At Np/T
*** 0.6915 *** 0.1308 1.0000 ***
DCL/L H/Cl Np/LmIG DCL/L H/Cl Np/NLS
1.0000 0.0827 *** *** *** 0.2300
Lm/I H/Cb Np/DCL-L Lm/I H/Cb Np/L
0.8219 0.9781 *** 0.9990 0.5739 **
Lm/G H/P Cl/NCA Lm/G H/P Cl/NCA
0.2129 0.9941 * 0.9971 0.5114 **
Lm/L Hy/Cr Cl/T Lm/L Hy/Cr Cl/T
*** 0.9419 *** *** 0.9999 *
I/G Hy/At Cl/LmIG I/G Hy/At Cl/NLS
0.7878 0.8941 *** 1.0000 0.2817 0.8171
I/L Hy/Cl Cl/DCL-L I/L Hy/Cl CL/L
*** 0.1874 0.1352 *** 0.1715 ***
G/L Hy/Cb NCA/T G/L Hy/Cb NCA/T
*** 0.8715 0.1649 *** 0.9902 0.9992

Hy/P NCA/LmIG Hy/P NCA/NLS
0.9360 *** 0.9956 0.1551
Cr/At NCA/DCL-L Cr/At NCA/L
0.3105 0.9346 0.4431 ***
Cr/Cl T/LmIG Cr/Cl T/NLS
* 0.2402 0.0931 0.3083
Cr/Cb T/DCL-L Cr/Cb T/L
1.0000 * 0.9995 ***
Cr/P LmIG/DCL-L Cr/P NLS/L
1.0000 *** 0.9999 ***
At/Cl At/Cl
0.8362 ***
At/Cb At/Cb
0.2169 0.7078
At/P At/P
0.2994 0.6470
Cl/Cb Cl/Cb
* *
Cl/P Cl/P
* *
Cb/P Cb/P
1.0000 1.0000

*P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations for treatment groups are given in Figures 4 and 6 captions and main text.
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omomyiforms are characterized by values that overlap
with both extant strepsirrhines and anthropoids (Table 4;
Fig. 5), but they are in no way distinguished from extant
“prosimians” as a group. There is nothing unusual about
MTF shape of Teilhardina or Cantius.

Mirroring the pattern of ln[(MTFa1/2)/(EFa1/2)] values,
Eosimias has a MTF shape that extends outside the range of
any fossil or living “prosimian” (with the exception of Megala-
dapis) into values that include only extant anthropoids and
non-primates. Nonetheless, Eosimias is almost completely
overlapping with the stem strepsirrhine Anchomomys fronta-
nyensis. NMMP 39 has a value in the range of Eosimias,
while IVPP 12306 has lower values. These two probable
haplorhines also broadly overlap “prosimians.”

Though Parapithecidae, Proteopithecus and some fossil
platyrrhines exhibit “prosimian”-like ln[(MTFa1/2)/(EFa1/2)]
values, their MTF shape overlaps with Eosimiidae and
most anthropoid groups. The basal catarrhines Aegypto-
pithecus and Catopithecus again plot within the range of
extant anthropoids.

Turning to fossil hominins, KNM-ER 1464, KNM-ER
813, and OH8 are fairly similar to each other and have
relatively dorsoplantarly narrow MTFs that plot well
outside the range of extant African apes and Homo sapi-
ens, but among extant orangutans. AL 288-1 (Australo-
pithecus afarensis) has a more circular MTF and comes
close to the range of Homo sapiens.

ln[(MTH1)/(MTH2)]. This variable tends to separate
anthropoids and strepsirrhines cleanly. Overlapping
exceptions include Cheirogaleus medius, Mirza, some
Perodicticus, and many of the subfossil lemurs, which
exhibit a dorsoplantarly shallower MTF with more non-
articular area exposed on the medial aspect of the body.
Likewise, our sample (albeit small) of Tarsius tarsier
and Tarsius syrichta show these taxa to have modest
non-articular exposure in contrast to Tarsius bancanus
and the general strepsirrhine condition. Some individu-
als of Lagothrix, Ateles, Saimiri, and Macaca have
MTFs that extend plantad to the sustentacular facet
(Fig. 7). Plesiadapiforms again look like extant non-
primate euarchontans, particularly dermopterans, and
they do not overlap with any “prosimians” except Mega-
ladapis. Adapiforms and omomyiforms (including Teil-
hardina and Cantius) exhibit values well within the
range of extant “prosimians” (Table 4, Fig. 7).

Eosimias, Parapithecidae, Proteopithecus, fossil platyr-
rhines, Aegyptopithecus and Catopithecus all plot in the
middle of the anthropoid range. NMMP 39 and
“protoanthropoids” IVPP 12306 and IVPP 12305 exhibit
values that are more “prosimian”-like.

Fossil hominins AL 288-1, KNM-ER 1464, and KNM-
ER 813 are fairly similar to one another and in the
range of Homo sapiens, while OH8 has a more dorsoven-
trally extensive MTF.

Modeling character evolution and ASR

The favored models for ancestral reconstructions were
the same for each variable across all three trees (the
“unconstrained” parsimony tree, as well as trees con-
strained to recover a tarsier-anthropoid clade to the
exclusion of omomyiforms, or an adapiform-haplorhine
clade to the exclusion of extant strepsirrhines). FFa was
the only variable for which the random walk model
(model “A” in BayesTraits) best fit the data given the

tree, with the phylogenetic scaling parameter Pagel’s
lambda (k). Analysis of all other variables employed the
directional model (model “B” in BayesTraits), with the
phylogenetic scaling parameter kappa for ln[(MTFa1/2)/
(EFa1/2)], and the phylogenetic scaling parameter
lambda for ln[(MTF-Perimeter)/(MTFa1/2)] and
ln[(MTH1)/(MTH2)]. Means and upper and lower 95%
HPDs are presented in Table 15 and Supporting Infor-
mation Tables S7 and S8, and plots of nodal reconstruc-
tions through time on the “unconstrained” tree are
provided in Figure 10.

The ancestral reconstructions for FFa (Fig. 10A)
closely match those recovered by Boyer and Seiffert
(2013), with a clear divide between haplorhines and
strepsirrhines and no large shifts in any of the major
clades considered. We recovered an ancestral mean value
of 99.8� for crown Primates, very close to the value of
99.5� recovered by Boyer and Seiffert (2013).

Ancestral reconstructions for ln[(MTFa1/2)/(EFa1/2)]
(Fig. 10B) indicate there were independent early shifts
in haplorhines and strepsirrhines away from the ances-
tral primate condition toward higher values (i.e.,
toward relatively larger MTFa). These trends continue
in tarsiiforms and strepsirrhines, and are further exag-
gerated in lorisiforms, whereas anthropoids show no
further increase along the stem lineage leading to the
node shared with Eosimias. There is an increase
between the node shared with Eosimias and that
shared with parapithecoids, followed by parallel
decreases in platyrrhines and catarrhines (particularly
hominoids). The only strepsirrhine group to show a
slight reduction of MTFa relative to EFa is the Microce-
bus-Mirza clade (“mouse lemurs” in Fig. 10), which also
shows a slight shift toward a more haplorhine-like fibu-
lar facet orientation.

Our data suggest that the evolution of ln[(MTF-Perim-
eter)/(MTFa1/2)] (Fig. 10C) was characterized by inde-
pendent shifts toward lower values (i.e., more circular
facets) in stem strepsirrhines and stem haplorhines, fol-
lowed by a strong reversal of those trends along the
anthropoid stem lineage, with less circular facets being
acquired through the Eocene. Oddly, the ancestral crown
Strepsirrhini node shows a strong positive shift and sub-
sequent gradual decrease; this might be due largely to
the inclusion of high (anthropoid-like) values for the Dje-
belemur (Table 4).

Finally, the evolution of ln[(MTH1)/(MTH2)] on the
unconstrained tree (Fig. 10D) once again shows conver-
gent evolution of lower values (i.e., dorsoventrally deeper
facets relative to medial talar body height) in tarsiiforms
and strepsirrhines, and a reversal toward higher values
(dorsoventrally shallow facets) in anthropoids; this trend
continues gradually in stem catarrhines and stem and
crown hominoids. Lemuriforms deviate very little from
the ancestral condition that was established very early
in the Paleogene, whereas lorisiforms and adapids grad-
ually evolve even deeper facets.

DISCUSSION AND CONCLUSIONS

We begin this section by revisiting our initial hypoth-
eses and predictions. We follow with a discussion of fac-
tors considered while interpreting results of the
various analyses performed. We conclude with a syn-
thetic discussion of the implications of our results for
hypotheses bearing on adaptive scenarios for primate
origins.
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Hypotheses and predictions

H1. The hypothesis that strepsirrhines and tarsiers
transmit proportionally more weight through their
MTFs than anthropoids is largely supported due to the
fact that most of its predictions were borne out by our
data.

P1a. Relative to body mass, anthropoids have a
smaller MTFa than strepsirrhines and tarsiers.
ANCOVA of MTFa on body mass shows a signifi-
cantly higher intercept in both strepsirrhines
and “prosimians” compared with anthropoids
(Tables 7–9). Furthermore, most strepsirrhines
also have a higher MTFa to BM ratio than any
extant anthropoids. Strepsirrhines having rela-

tive facet sizes that broadly overlap those of
anthropoids include Daubentonia, cheirogaleids,
Lepilemur, and lorisids.
P1b. Relative to EFa, anthropoids have a
smaller MTFa than strepsirrhines and tarsiers.
ANCOVA of EFa on body mass shows a lower
intercept for strepsirrhines than anthropoids
(Tables 7–9), which—if considered together with
the ANCOVA results for MTFa—suggests a
smaller EFa relative to MTFa in strepsirrhines.
Furthermore, the comparison between
ln[(MTFa1/2)/(EFa1/2)] shows substantial differen-
ces between all strepsirrhines (except lorisids)
and anthropoids (Fig. 4). Though tarsiers and
the DCL group are not significantly different
from NH-NA-A group, this likely reflects insuffi-
cient power rather than real similarity.
P1c. If variation in FFa can be explained by
degree of habitual inversion of the foot (Boyer
and Seiffert, 2013), relative MTFa will correlate
with FFa. This prediction was borne out for the
total sample and “prosimian” groups that were
previously shown to have significant correlations
between FFa and body size (Table 14), which
Boyer and Seiffert (2013) (among others) suggest
should correlate with support size and inversion
requirements.
P1d. Strepsirrhines and tarsiers will have a
more plantarly extensive medial malleolus as
inferred from the plantar extent of the MTF, as a
longer malleolus will reduce the potential for
joint dislocation due to laterally directed forces.
This prediction was borne out by ANOVA com-
paring strepsirrhine and anthropoid groups for
ln(MTH1/MTH2) (Fig. 8). Tarsiers appear inter-
mediate, but their range does not overlap exten-
sively with that of anthropoids.
P1e. If the dorsoplantar shallowness of the
anthropoid MTF has been caused by migration of
talotibial ligaments to a more distal position
(Gebo, 1986), then this should result in a less

TABLE 13. ANOVA and post hoc comparison tests for
ln(MTH1/MTH2)

MTH1/2

ANOVA Strepsirrhine Anthropoid Combined

df (B, W) 4, 21 6, 31 3, 66
MSE (B,W) 0.055, 0.020 0.016, 0.015 0.77, 0.020
F 2.819 1.08 38.96
P (same) 0.051 (ns) 0.40 (ns) <<0.0001
Tukey’s Q – – Np/Str

*
Np/T
0.98
Np/An
0.27
Str/T
0.1
Str/An
***
T/An
0.13

*P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations for treat-
ment groups are given in Figures 4 and 8 captions and main
text.

TABLE 12. ANOVA and post hoc comparison tests for ln[(MTF
Pmtr)/(MTFa)1/2]

Pmtr/MTFa

ANOVA Strepsirrhine Anthropoid Combined

df (B, W) 4, 21 6, 31 6,63
MSE (B,W) 0.0072,0.0017 0.013,0.004 0.058,0.003
F 4.172 3.73 20.97
P (same) 0.012 0.007 <<0.0001
Tukey’s Q DCL/Lm H/Hy Np/NLS

0.29 0.9900 ***
DCL/I H/Cr Np/L
0.55 0.99 **

DCL/G H/At Np/T
0.23 0.49 ***

DCL/L H/Cl Np/Ct
0.77 0.99 0.17
Lm/I H/Cb Np/At
0.99 0.77 ***

Lm/G H/P Np/NAP
0.99 0.51 0.99

Lm/L Hy/Cr NLS/L
* 0.9419 0.31

I/G Hy/At NLS/T
0.97 0.65 0.99
I/L Hy/Cl NLS/Ct

0.084 0.98 *
G/L Hy/Cb NLS/At

* 0.62 0.72
Hy/P NLS/NAP
0.35 ***

Cr/At L/T
0.82 0.36
Cr/Cl L/Ct
0.92 0.88

Cr/Cb L/At
0.43 0.99
Cr/P L/NAP
0.21 *
At/Cl T/Ct
0.21 *

At/Cb T/At
* 0.78

At/P T/NAP
* ***

Cl/Cb Ct/At
0.97 0.49
Cl/P Ct/NAP
0.83 0.51
Cb/P At/NAP
0.99 **

*P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations for treat-
ment groups are given in Figures 4 and 6 captions and main
text.
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circular outline for the anthropoid medial talo-
tibial facet. Though our measure of this feature
exhibits substantial scatter at the level of indi-
viduals (Fig. 5), species-level analyses showed
general support for this assessment, with the
exception of lorises which likely have a less cir-
cular facet due to a dorsoplantarly shallow
body.

H2. The hypothesis that adapiforms and omomyiforms
were “prosimian”-like in locomotor and postural behavior
(while early anthropoids were not) is supported since all
of its predictions were borne out by our data.

P2a. Adapiforms and omomyiforms will resemble
strepsirrhines and tarsiers for variables repre-
senting MTF relative size, shape and dorsoplan-
tar depth. Though we could not test the pattern
of MTFa size relative to body mass for the fos-
sils, other measures generally revealed the fos-
sils to resemble “prosimians” more than
anthropoids. Exceptions include Afradapis, Dje-
belemur, Anchomomys, Ourayia and Hemiaco-
don, which have values indicating a more
anthropoid-like facet shape (Fig. 5). It is also
worth noting that for ln[(MTFa1/2)/(EFa1/2)], the
fossil taxa overlapped most extensively with the
extant “prosimians” least distinct from anthro-
poids (Daubentonia, cheirogaleids, Lepilemur,
and Tarsius).
P2b. Fossil anthropoids will resemble modern
anthropoids for focal features of H1. This was
generally true with the exception of parapithe-
cids, Proteopithecus, and Proteropithecia for
ln[(MTFa1/2)/(EFa1/2)]. Furthermore, NMMP 39
(cf. Amphipithecidae) and Shanghuang
“protoanthropoids” had a more “prosimian”-like
dorsoplantar extent of the MTF.

H3. Though both P3a and P3b are supported by our
data, P3c is not, so the hypothesis that a “prosimian”-
like postural mode is a homologous synapomorphy of
euprimates is not supported. ASRs suggest a basal
anthropoid-like postural mode is primitive for eupri-
mates (see further discussion below).

P3c. ASRs will show substantial (if not signifi-
cant) shifts from proximal stem primate nodes to
the euprimate node so that values become less
anthropoid-like and more “prosimian”-like.
Another shift in values will be seen along the
anthropoid stem-lineage. In contrast to this pre-
diction, only very minor shifts occurred between
the last stem primate and ancestral euprimate
nodes. Thus our reconstruction of the ancestral
euprimate posits a distinctly non-“prosimian”-
like morphology (either treeshrew-like, anthro-
poid-like, or plesiadapiform-like) for this taxon
(Fig. 10, Table 15 and Supporting Information
Tables S7 and S8). Interestingly, both haplorhine
and strepsirrhine descendent lineages show par-
allel trends toward more “prosimian”-like values,
so a certain degree of reversal along the stem-
anthropoid lineage is still implied. This scenario
is more complex than previously envisioned. Pos-
iting a monophyletic “prosimian” clade as a sister
to an anthropoid clade would reduce the com-
plexity of morphological transitions by avoiding
reversals within the anthropoid lineage. How-
ever, this topology is not justified by current
cladistic evidence.
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Fig. 5. Phylogenetic tree with Pmtr/MTFa species boxplots (see Fig. 2b). Detailed explanations of tree, boxplot representation and
other components from Figure 3 are applicable here. Abbreviations for taxonomic groups can be found in captions of Figures 4 and 6.

EVOLUTION OF POSTURAL DIVERSITY IN PRIMATES 29

American Journal of Physical Anthropology



Regression of shape variables against body
mass

This analysis revealed that there is generally little varia-
tion driven by body size alone. Exceptions to this generality
provide insight on functional contingencies. For ln[(MTFa1/

2)/(BM1/3)], lemuriforms show a significant positively allo-
metric relationship, with larger-bodied taxa having higher
values. This result is consistent with previous work (and
ANCOVA results in Tables 7–9) suggesting differences in
facet scaling between strepsirrhines and haplorhines:
Yapuncich and Boyer (2014) argued that facets receiving a
greater proportion of body mass during positional behaviors
should exhibit stronger positive allometry in area (within
groups of species exhibiting sufficient variation in body
mass) than facets receiving a smaller or more inter-
specifically variable proportion of body mass. If use of
inverted foot postures in lemuriforms results in a greater
proportion of weight being transmitted through the MTF
than it does in anthropoids, then the functional demands on
this facet should be impacted more significantly by absolute
body mass in lemuriforms than in anthropoids.

One might expect ln[(MTFa1/2)/(EFa1/2)] to show similar
correlations with size. In this case at least two causal fac-
tors can be envisioned: 1) lemuriforms might be expected
to exhibit reduced allometry in EFa scaling compared with
haplorhines due to force transmission tradeoffs with the
MTF (described above); this relationship would accentuate
the ln[(MTFa1/2)/(EFa1/2)] ratio in larger-bodied animals
compared with smaller ones; 2) all groups in which degree
of inversion varies with body size might be expected to
show a correlation between ln[(MTFa1/2)/(EFa1/2)] and
body mass. Boyer and Seiffert (2013) reasoned that larger-
bodied members of a relatively behaviorally uniform clade
should exhibit greater degrees of inversion due to reduced
availability of large supports. Their FFa data support this
idea by showing a shallower angle with increasing body
mass in lemuriforms and platyrrhines. If this reasoning is
correct, larger taxa should have greater MTFa relative to
EFa than smaller taxa. However, the only correlations we
found are among haplorhines, anthropoids, and platyr-
rhines, in which the sign of the relationship is opposite of
the prediction. That is, in these groups, larger members
have a proportionally smaller MTFa relative to EFa. This
suggests degree of inversion is not the cause of body mass

correlated variation in ln[(MTFa1/2)/(EFa1/2)] for the signifi-
cant groups. We suggest that anthropoids exhibit this
“reverse from expected” pattern due to increased force dis-
tribution on the lateral margin of the talus during locomo-
tion (Yapuncich and Boyer, 2014). For these haplorhine
groups, the demands for a proportionally hypertrophied
EFa among larger-bodied taxa may overwhelm any shift
in weight distribution toward the medial side due to use of
inverted postures that are more pronounced or more fre-
quent in larger taxa. It could be argued that increased
inversion requirements would not hold with increasing
body size in catarrhines because many species are terres-
trial while others use bridging or suspensory behavior in
the trees [though suspensory postures often involve
highly inverted ankle configurations, only inversion dur-
ing pronogrady is expected to influence FFa - see Boyer
and Seiffert (2013) for more explanation]. The same
argument could be made for platyrrhines, for which the
largest members (atelids) utilize more bridging and sus-
pensory behaviors; however, Boyer and Seiffert’s (2013)
data show these taxa to have the most strepsirrhine-like
talofibular facet angles, suggesting increased importance
of inversion during pronograde quadrupedalism. For
ln[(MTH1)/(MTH2)], a significant correlation with body
mass is found only for haplorhines, but any trend found
in haplorhines (but not anthropoids) must be driven by
tarsiers, a taxon that presents a coincidence of small
body size and low MTH1/MTH2 values.

ANCOVA of facet areas (dependent) on body
mass (covariate)

After running a number of analyses our results sup-
port the hypothesis that strepsirrhines load their MTFs
with a greater proportion of body mass than anthro-
poids, while anthropoids load EFs more than strepsir-
rhines. This was borne out by intercept and slope
differences between the clades when comparing the scal-
ing of facet size to body mass. The functional affinities of
tarsiers appear somewhat ambiguous since results of
some analyses were more intuitive when tarsiers were
included in the haplorhine group, while in other analy-
ses a “prosimian” group remained distinct from anthro-
poids. Specifically, finding that “prosimians” have larger
MTFa for body mass (greater intercept) and that

Fig. 6. Plots of group means for Pmtr/MTFa that were compared with ANOVAs and reported in Table 12. Figure symbology
explanations and most abbreviations can be found in Figure 4 caption. New abbreviations include: Ct, Catarrhines; NAP, Non-
atelid platyrrhines.
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strepsirrhines exhibit a higher slope of MTFa to body
mass suggests relatively higher force transmission
through MTF. As a corollary, the finding that strepsir-
rhines have smaller EFa for their body mass and that
“prosimians” exhibit lower slope of EFa to body mass

suggests less weight transmission through the lateral
part of the talus. Ignoring tarsiers and comparing
anthropoids and strepsirrhines directly for MTFa scal-
ing returns equivalent slopes and a higher intercept for
strepsirrhines, which supports the hypothesis that

Fig. 7. Phylogenetic tree with MTH1/MTH2 species boxplots (see Fig. 2c). Detailed explanations of tree, boxplot representation,
and other components from Figure 3 are applicable here. Abbreviations for taxonomic groups can be found in Figures 4 and 8.
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strepsirrhines transmit more weight through their
MTF.

MTF proportional variables

ln[(MTFa1/2)/(EFa1/2)]. This variable represents the
relative size of the MTF compared with the EF. Our
logic for using this variable assumes that 1) joint surfa-
ces transmitting more force will be larger than those
transmitting less in order to balance joint stress, and 2)
that inverted foot postures on narrow supports will
direct more stress through the MTF, while everted pos-
tures on larger substrates will direct more force through
the lateral side of the talus, and hence through the EF.
If “prosimians” use more inverted foot postures, then our
results support the suggestion that the distinctive mor-
phology of the “prosimian” MTF facilitates this behav-
ioral tendency. Some of the exceptions tend to help
“prove the rule” here. In particular, Daubentonia and
members of Cheirogaleidae have relatively low values.
Daubentonia is not committed to using a hallucal grasp
on small supports to the same extent as other strepsir-
rhines since its claws allow alternative mechanisms of
gripping the substrate. Being small-bodied, cheirogaleids
encounter relatively larger diameter supports and more
varied support orientations than larger strepsirrhines,
which may lead to less frequent use of inverted foot pos-
tures. The low values in Lepilemur are not as easily
explained. Given that it is substantially larger than
most cheirogaleids, and (as far as we know) typical
among strepsirrhines in its use of hallucal grasping, we
would have expected it to exhibit values closer to the
Lemuridae, Indriidae, or Lorisiformes.

An alternative explanation for values of Lepilemur
comes from consideration of its phylogenetic context and
from fossil “prosimians”. Recent phylogenetic assess-
ments place Lepilemur as the sister to Cheirogaleidae
(Springer et al., 2012). Thus, the low values it exhibits
may be a primitive retention inherited from its common
ancestor with cheirogaleids. Likewise, the low values in
Babakotia, Archaeolemur, and Megaladapis may indicate
that smaller MTFs are primitive for both Indrioidea and
Lemuridae. The idea that major lemuriform groups had
primitive members with smaller MTFs also is consistent
with the interpretation of Daubentonia’s low value as a

primitive retention, and this state being homologous
with that exhibited by fossil “prosimians” of the sample.
This interpretation would suggest parallel increase in
relative facet area in extant Indriidae, Lemuridae, and
Lorisiformes. Such a pattern is supported by our ances-
tral reconstructions (Fig. 10B). As discussed in more
detail below, it seems likely that demands both for greater
specialization for inverted foot postures on small diameter
supports and more emphasis on leaping from such postures
could explain such parallelism.

Though leaping was not considered as an influence on
MTF proportions in our primary hypotheses, variation
in ln[(MTFa1/2)/(BM1/3)] and ln[(EFa1/2)/(BM1/3)] values
appear to correspond to leaping to some degree. As a
clade, strepsirrhines have larger MTFa relative to body
mass, but this difference is not ubiquitous when using
proportional ratios for the assessment. Only indriids,
lemurids, and galagids are distinguished from anthro-
poids by larger MTFa relative to body mass. In contrast,
lorises have some of the smallest MTFa. Rather than
reflecting how much weight is borne by the MTF in par-
ticular, this value may better reflect the overall load
experienced by the hindlimbs. Because lorises rarely
move quickly or leap (and thus do not highly accelerate
their masses), it seems likely that they transmit a
smaller proportion of body mass through their ankle
joints. The equivalence in ln[(MTFa1/2)/(BM1/3)] among
Daubentonia, cheirogaleids, and most anthropoids would
suggest that stress loads of this facet relative to body
mass are fairly well matched among these taxa (allomet-
ric considerations aside). The large ln[(MTFa1/2)/(BM1/3)]
in lemurids, indriids and galagids suggests increased
forces relative to body mass. More frequent use of acro-
batic grasp-leaping is the most straightforward explana-
tion for why these groups would experience greater
stress. The ln[(EFa1/2)/(BM1/3)] ratio provides support for
the hypothesis that facet size relative to body mass rep-
resents the proportion of body mass transmitted through
the hind limbs, because lorises again have exceptionally
small EFs. Other strepsirrhines have higher ln[(EFa1/2)/
(BM1/3)] ratios but are much less differentiated from
each other, suggesting that variation in the degree of
acrobatic behavior among strepsirrhines leads mainly to
proportional variation in forces transmitted by the MTF.

The small MTFa of Lepilemur is potentially contrary
to this idea. The observation that Microcebus is an adept

Fig. 8. Plots of group means for MTH1/MTH2 that were compared with ANOVAs and reported in Table 13. Figure symbology
explanations and most abbreviations can be found in Figure 4 caption. New abbreviations include: An, Anthropoidea; Str, Strepsirrhini.
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Fig. 9. Images of select tali showing MTF shape, and relationships between MTF, EF, and sustentacular facet. Views are dorsal,
medial, and plantar. (A) Non-primate, fossil taxa and tarsiiforms. (B) Extant and subfossil strepsirrhines. (C) Extant and fossil
anthropoids. Scale bars equal 3 mm. Note that some specimens have been inverted to make observation of morphological variation
more straightforward.
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and frequent leaper with a small MTFa may also cast
doubt on this explanation. However, it seems likely that
for small-bodied taxa, highly acrobatic leaping does not

stress the joints as much as it does for larger-bodied
ones. The fact that lemuriforms are the only group to
have a significant correlation between ln[(MTFa1/2)/

Fig. 9. (continued).
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(BM1/3)] and BM (Table 6) would support our suggestion
that allometry is part of the explanation here (further
support is detailed below).

Among anthropoids, the only taxa that stand out as
having consistently odd facet proportions are callitri-
chines, which generally have fairly small facets for their

Fig. 9. (continued).
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Fig. 10. ASR for select basal nodes of euarchontan tree. (A) FFa. (B) MTFa/EFa. (C) Pmtr/MTFa. (D) MTH1/MTH2. Values
shown here and their confidence intervals can be found in Table 15. Time scale is based on divergence dates from Springer et al.
(2012). See Methods and Supporting Information trees 2a–c. Stem primate nodes, the ancestral euprimate node, and the crown
haplorhine node are represented by black boxes; stem and crown strepsirrhine nodes are represented by black circles; stem and
crown tarsiiform nodes are represented by gray circles; stem anthropoid and catarrhine nodes are represented by white circles;
stem and crown platyrrhine nodes are represented by white circles enclosing black dots. Abbreviations: Adap, Adapinae; Anth,
crown Anthropoidea, Cat, crown Catarrhini, Cerc, crown Cercopithecoidea; Cheir., Cheirogaleus; Eul., Eulemur; Glgd, crown Gala-
gidae; Haplo, crown Haplorhini; Hmnd, crown Hominoidea; Hmnn, crown Homininae; Ind, crown Indriidae; Lmrd, crown Lemuri-
dae; Lmrf, crown Lemuriformes; Lrsd, crown Lorisidae; Lrsf, crown Lorisiformes; Micro/Tars, Microchoerinae 1 Tarsius; ML,
mouse lemurs; Plat, crown Platyrrhini; Prop., Propithecus; Strep, crown Strepsirrhini.
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body mass, and Homo sapiens, which has an exception-
ally large EFa. Given that H. sapiens is an extreme out-
lier to the rest of primates in its value for ln[(EFa1/2)/
(BM1/3)], it seems safe to conclude that this is a func-
tional correlate of striding bipedality. Evaluating this
quantity with well-constrained body mass estimates for
fossil hominins in the context of our comparative dataset
would be interesting.

If an exceptionally large MTFa is a functional corre-
late of specialized grasp-leaping, the less-than-extreme
values in Tarsius also require some explanation. Previ-
ous studies have noted various ways that joint mechan-
ics and myological configurations of the tarsier foot
differ from strepsirrhines (Jouffroy et al., 1984; Gebo,
1987a); this alternate anatomy may result in a different
stress environment despite similar positional behaviors.
In particular, Gebo (1987a) explains how foot inversion
in Tarsius is accomplished without calcaneocuboid trans-
lation. Foot inversion, instead, appears to be primarily
accomplished through “navicular rotation” and move-
ments among unusually mobile naviculo-cuneiform
joints. Therefore, the focus of inversion movements is
shifted distally in tarsiers such that the stress environ-
ment of the talus is probably less affected by foot rota-
tion. Maintaining ankle configurations that minimize
force transmission through the MTF is probably aided
by a long midtarsal region, which dictates that smaller
angular excursions in abduction-adduction are needed to
shift the foot a given distance from the midline.

If a moderately high ln[(MTFa1/2)/(EFa1/2)] ratio indi-
cates use of inverted foot postures, while an exceptionally
large MTF relative to body mass and/or EF reflects leaping
specialization, then by these criteria it would be hard to
argue for extreme leaping proclivity in any fossil
“prosimians,” since none exhibit the extreme proportions
seen in indriids, lemurids, and galagids (though their
ranges do overlap in some cases). However, the lack of
extreme values in Lepilemur may indicate that there is
strong phylogenetic signal in this trait relative to func-
tional demand, as has been shown for calcaneal elongation
(Boyer et al., 2013a). In that case, we would not expect a
one-to-one mapping between behavioral tendencies and
morphology among clades or between extant taxa and fos-
sils. Furthermore, if any fossil taxa are like Tarsius in
using grasp-leaping without strong inversion at the lower
ankle joint or do not utilize abducted limb postures to
achieve inversion (Boyer and Seiffert, 2013), then extant
strepsirrhine morpho-functional patterns may not extend
to them. This is a likely possibility for omomyiforms.

ln[(MTF-Perimeter)/(MTFa1/2)]. Higher values of this
trait indicate a less circular facet. Anthropoids are tradi-
tionally characterized as having a less circular, more dorso-
plantarly narrow facet; “prosimians” a more circular one.
This perspective is upheld relatively well by our analyses.
Some of the exceptions can be explained relative to known
nuisance parameters. Lorisids have a narrower facet
(higher value) than other strepsirrhines, but this is prob-
ably a correlate of also having a shallow body (Gebo,
1989b). The fact that atelids and hominids tend to have
more circular facets than most other anthropoids, and thus
appear more “prosimian”-like, might at first seem to be
explained by allometry: they are the biggest members of
their respective clades and have more circular facets.
Though this idea is not supported by allometry tests in
Table 6, the lack of a correlation between facet shape and
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body size may be influenced by fossil hominins KNM-ER
813 and KNM-ER 1464, which do not show circular facets
despite being relatively large (Fig. 5). This variable may
also reflect range of motion differences in flexion and
extension, with a less circular facet in non-atelids reflect-
ing a more proximodistally elongated facet and a greater
range of mobility. However, given the scope of this study, it
is difficult to move beyond speculation for this hypothesis.
It is prudent to review Figure 5, which shows that despite
average differences among species, there is substantial
intraspecific variation and overlap among most groups. We
would thus caution against overly general explanations for
the apparent differences between atelids, hominids, and
other anthropoids at this time. A much larger sample for
all taxa involved would probably be necessary to identify
meaningful differences within anthropoids or within non-
lorisid strepsirrhines confidently, given the large intraspe-
cific variation in our quantification of this feature.

The variation in this feature is not well correlated with
proportional variation in MTFa or FFa (Table 14). This
suggests an alternative, yet complementary, functional
explanation. Gebo (1986) suggested the more elliptical
shape in anthropoids is a consequence of distal migration
of the deltoid ligament, possibly as a result of the liga-

ment becoming more extensive or robust. If compressive
stresses centered on the MTF are reduced among anthro-
poids compared with strepsirrhines, then potentially dis-
locating tensile stresses may be more frequent. In this
case, a more extensive network of collateral ligaments
would be beneficial to anthropoids and other taxa utiliz-
ing everted foot postures in which the animal’s mass and
movements do not maintain compressive loading along
the medial margin of the talus.

ln[(MTH1)/(MTH2)]. MTH1 is a measure of the dorso-
plantar depth of the medial side of the talar body, while
MTH2 is a measure of the dorsoplantar depth of the MTF.
In cases where the MTF extends onto the neck, it is possible
for MTH2 to be greater than MTH1. This variable seems to
have the clearest phylogenetic signal at the level of
“prosimians” versus anthropoids, as these two groups are
mostly non-overlapping (Figs. 7 and 8). Furthermore,
though this variable is strongly correlated with both
ln[(MTFa1/2)/(EFa1/2)] and MTF shape (Table 14), it is not
correlated with FFa and does not differentiate any groups
within Strepsirrhini or Anthropoidea. Therefore, it would
appear to reveal little about diversity in functional demands

Fig. 11. Plot of species mean values of FFa (x-axis) and MTFa/EFa (y-axis). Note that although fossil taxa are also represented
by species means when possible, they are more often represented by single individuals and may therefore display a different level
of variance than extant data points. Abbreviations: TARS, tarsiiforms; OMFM, omomyiforms; ADFM, adapiforms; LRFM, lorisi-
forms; LMFM, lemuriforms; HYLO, hylobatids; PLAT, platyrrhines; CERC, cercopithecoids; HMND, hominoids. Phylogenetically
corrected regression analysis of these two variables is broadly significant except when analyses are restricted to anthropoid groups
(Table 14). Note that these two seemingly functionally correlated variables overlap most broadly among omomyiforms and adapi-
forms potentially indicating the region of overlap as the euprimate primitive condition. Alternatively, if one considers the similarity
of the treeshrew Ptilocercus, stem-anthropoid Eosimias, and plesiadapiforms, their morphology can also be parsimoniously
explained by primitive retention. In which case omomyiforms, adapiforms, and strepsirrhines may represent respectively independ-
ent derivations toward more “prosimian”-like morphology. ASRs are consistent with this latter interpretation. The mean value for
the euprimate ancestral node is represented by a bold cross. The 95% bayesian highest probability density interval for the ances-
tral values on both variables is given by the gray bounding box.
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on the ankle within major radiations, unlike ln[(MTFa1/2)/
(EFa1/2)], ln[(MTFa1/2)/(BM1/3)], and ln[(MTF-Perimeter)/
(MTFa1/2)]. It seems more likely that variation in this fea-
ture is only indirectly related to function and driven more
directly by correlated traits. Interestingly, several species of
anthropoids consistently evoke strepsirrhine-like values,
mainly two macaque species. Visual inspection of these
bones reveals indeed the MTF to be so plantarly extensive
that it broadly contacts the sustentacular facet (Fig. 9c).
Qualitative examination of several cercopithecoids not
measured in this study reveal the condition also character-
izes at least some individuals of Miopithecus.

Regression of shape variables and fibular facet
against each other

We originally predicted that if MTF proportional vari-
ables were related to use of inverted foot postures, then
they should correlate with FFa. This prediction was
based on the findings of Boyer and Seiffert (2013) who
concluded that FFa variation is related principally to
variation in demands for inverted postures between hap-
lorhines and strepsirrhines, as well as between small-
bodied and large-bodied primates. Broadly speaking,
ln[(MTFa1/2)/(EFa1/2)] and FFa show the predicted pat-
tern of correlation for the hypothesis that both are
explained by relative emphasis on inverted foot postures.
The lack of a correlation in haplorhines, anthropoids, and
platyrrhines is probably explained by the observations
above that these groups also exhibit the “reverse from
expected” correlation between ln[(MTFa1/2)/(EFa1/2)] and
body mass. Again, the expectation stems from the hypoth-
esis that variation in ln[(MTFa1/2)/(EFa1/2)] is driven by
inversion demands. The lack of correlation between FFa
and ln[(MTFa1/2)/(EFa1/2)] among anthropoids would sug-
gest FFa is the more faithful reflector of pronograde inver-
sion differences in Anthropoidea and its component clades
than ln[(MTFa1/2)/(EFa1/2)] or other MTF variables.

The pattern of correlations between ln[(MTFa1/2)/
(BM1/3)] and FFa tells a more complex story. Generally
speaking, these variables are significantly correlated,
which would appear to support a functional link in the
sense that taxa using more inverted postures have both
a larger MTF and a more obtuse FFa. However, because
this correlation breaks down for “prosimians” and strep-
sirrhines, it may be that other behavioral and possibly
allometric demands influence the pattern. As discussed
above, cheirogaleids, Daubentonia, Lepilemur (the
“DCL” group), and lorisids, have ln[(MTFa1/2)/(BM1/3)]
ratios that are not different from most anthropoids.
Only galagos, indriids and lemurids exhibit elevated
values. We suggest that the correlation breaks down in
strepsirrhines (and as a result among “prosimians”) due
to 1) differences in acrobatic hind limb driven leaping
(which we argue above is driving MTFa beyond the
effects of inversion); and 2) allometry (Table 6) (as dis-
cussed above as potentially explaining small MTFs in
Lepilemur and Microcebus despite their proclivity for
leaping).

Implications for adaptive trends in primate
evolution

Results of recent comparative studies suggest greater
parallelism in certain key primate characters than previ-
ously thought. While these results may indicate reduced
phylogenetic valence for the traits in question, the new
patterns often have tangible functional–adaptive impli-

cations that enrich understandings of primate evolution.
Boyer and Seiffert (2013) and the current study show
the ancestral euprimate to a have haplorhine- or
plesiadapiform-like FFa, suggesting the “shallowly
sloping” strepsirrhine condition is derived. These find-
ings are not particularly surprising and largely confirm
early qualitative works. More novel was Boyer and Seif-
fert’s (2013) suggestion that a shallowly sloping fibular
facet potentially evolved convergently in notharctine
adapiforms, extant strepsirrhines, and other groups
based on a haplorhine-like condition in basal notharc-
tines. This pattern may suggest multiple increases of
inverted foot postures in early primates, possibly associ-
ated with increasing body mass or increasing fine-branch
niche specialization. In another example, Boyer et al.
(2013a) showed repeated trends of allometrically-
corrected elongation of the distal calcaneus that began
among stem-primates and continued in parallel among
strepsirrhine and haplorhine lineages. They argued these
trends in ankle elongation reflect a consistent selective
pressure for improved leaping during early primate evolu-
tion among multiple primate lineages.

Prior to the publication of these studies, it was reason-
able to propose that low FFa is adaptive for, among
other things, leaping (Gebo, 2011), and that calcaneal
elongation is driven by demands of foot inversion and
use of a fine-branch niche (Moy�a-Sol�a et al., 2011). These
hypotheses are now apparently refuted if Boyer et al.
(2013a) have correctly identified evidence of a leaping
signal in calcaneal elongation. If FFa was also explained
by leaping, its pattern of variation in the primate clade
should closely match that of calcaneal elongation, but it
does not (Boyer and Seiffert, 2013; Fig. 10).

According to ASRs, the variables examined here covary
more strongly with calcaneal elongation than FFa does.
All three variables of this study show a parallel shift in
basal strepsirrhines and haplorhines relative to the
ancestral euprimate node, that indicate increasingly
“prosimian” morphologies. The logic of Boyer et al.
(2013a) suggests that these morphological trends repre-
sent adaptive responses to similar sets of functional
demands in lineages that exhibit them. In discussion
above, we are led to interpret our results as indicating
that increased MTFa is a correlate of more inverted foot
postures, with an added effect of increasing leaping pro-
clivity within strepsirrhines, predicated on their habitual
utilization of more strongly inverted postures.2 A parallel
morphological shift in haplorhines and strepsirrhines
indicates that both were relying on inverted foot postures
to an important degree. There are several additional
potential behavioral explanations for these parallel mor-
phological shifts, including 1) shifts into a fine-branch
niche, 2) increasing specialization within a fine-branch
niche, 3) increases in leaping, or 4) increasing body size
that exaggerated the support size differential. Because
there is little evidence for a change in body size within
these basal lineages (Boyer et al., 2013a), fine-branch

2Admittedly, this interpretation should ultimately be tested more rig-
orously by coding leaping proclivity for taxa in the sample—as done by
Boyer et al. (2013a)—and including an interaction term between leap-
ing proclivity and FFa in a general linear model for MFa/BM variation.
Given difficulties in coding behavior in an adaptively meaningful way,
and due to limited power inherent in statistical analyses relying on the
taxonomic and behavioral diversity of primates, we do not, however,
see the hypotheses outlined in the discussion to follow as hinging on
the results of such an analysis.
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niche specialization and leaping increases are more likely
alternatives, especially considering congruent evidence of
the calcaneus (Boyer et al., 2013a). Nonetheless, the rec-
ognition of multiple ecological changes with similar
functional-adaptive consequences presents the possibility
that parallel morphological trends may reflect different
ecological transitions in haplorhines and strepsirrhines.
Unless character displacement fortuitously accentuated
similar functional tendencies for different ecological
demands in basal, sympatric haplorrhine and strepsir-
rhine lineages, it seems that at least this initial morpho-
logical parallelism is more likely to be reflective of
behavioral parallelism. Future studies executing ASR of
additional traits with different patterns of functional vari-
ation can help test this speculation.

If the ancestral euprimate occupied a fine-branch
niche, and MTFa and calcaneal elongation have
responded similarly to demands for leaping, we would
expect broad correlation between the two variables.
However, there is some important discordance between
trends in calcaneal and MTFa data when more basal lin-
eages on the tree are considered. Unlike the results for
calcaneal elongation, MTF variables do not show a con-
sistent trend on the branch leading from stem-primates
to the ancestral euprimate node, as we would expect in
response to increased (specialization for) leaping. PGLS
regressions in caper (Orme et al., 2011) of MTF variables
against calcaneal elongation values reported by Boyer
et al. (2013a) are not significant whether the whole sam-
ple or just “prosimians” are analyzed, supporting the
perspective that these variables are effectively decoupled
in the stem primate lineage, at least.

Furthermore, we reconstruct the ancestral euprimate as
having ln[(MTFa1/2)/(EFa1/2)] proportions similar to some
plesiadapiforms, extant non-primate euarchontans, eosi-
miids, and most anthropoids. The absence of a trend in
MTFa in the stem primate lineage and a relatively small
MTFa at the euprimate ancestral node suggest that
despite increases in leaping along the primate stem line-
age (as indicated by calcaneal elongation), the talus did
not reflect this behavioral trend. We postulate that the
talus was not affected by these initial behavioral changes
due to a lack of strongly inverted foot postures when leap-
ing and landing prior to the radiation of crown primates.
That this interpretation emerges is surprising, as it sug-
gests that stem primates would have locomoted in an envi-
ronment where larger supports and more everted foot
postures could usually be relied upon. If primates did not
inhabit environments requiring habitually inverted foot
postures prior to the radiation of crown lineages, then par-
allel morphological trends in basal haplorhines and strep-
sirrhines can be explained as reflecting a transition to a
fine branch niche (and potentially an increase in leaping
as well), rather than as “refinements” to an already occu-
pied terminal branch niche. To be clear, we do not mean to
suggest that stem-primates were incapable of or did not
utilize inverted foot postures. Strong evidence of this
comes even from the most basal plesiadapiforms (Chester
et al., in press). However, as for modern arboreal sciurids
and scandentians, inversion was most likely critical
mainly for hind foot reversal during downclimbing of large
tree trunks (Jenkins, 1974). This interpretation may also
imply that fine-branch grasping adaptations of the plesia-
dapiform Carpolestes simpsoni (Bloch and Boyer, 2002)
were acquired in parallel to those in euprimates.

The increase in MTFa/EFa from the anthropoid node
shared with Eosimias to that shared with parapithecoids

is actually similar in magnitude to that between crown
Haplorhini and Tarsiiformes, and could similarly be cor-
related with a shift toward greater inversion and/or
leaping in early African anthropoids, perhaps reflecting
adaptation to arboreal habitats the structure of which
was different from those that were available to more
basal anthropoids in Asia. Among early African stem
anthropoids, both Proteopithecus (Simons and Seiffert,
1999; Seiffert and Simons, 2001) and Apidium (Fleagle
and Simons, 1995) have been interpreted as adept leap-
ers, and appear to be consistent with this hypothesis,
though analysis of semicircular canal size suggests that
Apidium might have been more slow-moving than its
postcranial morphology would imply (Ryan et al., 2012).

Based on our results and other recently published
studies, we propose the following scenario for primate
adaptive origins, assuming that Euarchonta and prima-
tes are primitively arboreal radiations (Bloch et al.,
2007; Chester et al., in press): 1) Proximal stem- and
basal eu-primates experienced selection for more acro-
batic locomotor capabilities and responded by increasing
ankle elongation (manifested in the calcaneus). Due to
retention of an acute FFa and small MTFa as revealed
by ASRs of this study, these basal taxa likely did not
rely upon small diameter supports and inverted foot pos-
tures in a manner or degree comparable to extant strep-
sirrhines. 2) In haplorhines and strepsirrhines, a shift to
relatively smaller diameter supports led to the need for
more inverted foot postures and improved hallucal
grasping, while benefits of improved leaping were still
important, as suggested by continued trends of ankle
elongation as well as increasing MTFa. Fine branch
clinging and leaping may have led to increased length
and robustness of the hallux and increased pressure for
improved foot prehensility, necessitating the shift to a
tarsifulcrumating foot. Elongate metatarsals in the basal
Teilhardina-like tarsiiform, Archicebus (Ni et al., 2013)
and new evidence of similar proportions in Teilhardina
belgica (Gebo et al., in press) suggest that increased
robustness and length of the hallux preceded reduction
in non-hallucal metatarsal lengths. While tarsiiforms
remained small at this stage, adapiforms began to
exploit a large-bodied niche, at which point they experi-
enced selection for a more concave MTF, rotated medial
malleolus, and more obtuse fibular facet (Dagosto, 1985).

As in our previous work (Boyer et al., 2013a), the pri-
mary biological role of improvements in acrobatics is not
indicated by our study and thus we can only speculate
on it. Predator escape seems the most generally defensi-
ble role (Crompton and Sellers, 2007); however, it would
not be surprising if prey capture also drove improved
agility in the primate stem and early haplorhines (Boyer
et al., 2013b). Our ASRs show the anthropoid lineage
would have split from the tarsiiform lineage before the
latter obtained a fully “prosimian”-like ln[(MTFa1/2)/
(EFa1/2)] value (Fig. 10). This suggests that other fea-
tures implicated in this transition, such as the full
expression of “prosimian” hallucal metatarsal morphol-
ogy (Szalay and Dagosto, 1988) or a tarsifulcrumating
foot, were not present at this stage either. Thus, these
reconstructions support the notion that anthropoids are
postcranially primitive in some aspects of their pedal
morphology rather than convergently similar to non-
primate euarchontans. To clarify, our results suggest
that eosimiids are unlikely to be derived from a taxon
with a fully omomyiform-like talus and calcaneus, even
though eosimiid talar morphology has been described as
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intermediate between anthropoids and tarsiiforms in
some respects (Gebo et al., 2001) (Fig. 11).

Furthermore, our data and interpretations suggest
that small-bodied, dentally primitive asiadapines with
strongly obtuse FFa and relatively large MTFa (Table 4)
are not a good model for the ancestral euprimate, since
ASRs predict more acute FFa and relatively small
MTFa. Additionally, because asiadapines seem to be gen-
eralized arboreal quadrupeds occupying a fine-branch
niche, they do not match the behavioral repertoire pro-
posed for the ancestral euprimate based on our data.
This is surprising since asiadapines are quite early
occurring and primitive in other respects. It may suggest
a particularly rapid initial radiation of euprimates, a sig-
nificant ghost lineage, or that our scenario is incorrect.
In contrast to MTFa/EFa ratios, ASR suggests that
ln[(MTH1)/(MTH2)] and ln[(MTF-Perimeter)/(MTFa1/2)]
do undergo a “full” reversal in anthropoid origins.
Though Shanghuang “protoanthropoid” tali (IVPP
V12305 and V12306) and an amphipithecid talus
(NMMP 39) were not included in our ASR analyses, they
support this hypothesis (if they are indeed basal mem-
bers of the anthropoid lineage) by virtue of having lower
(and more “prosimian”-like) ln[(MTH1)/(MTH2)] values
than eosimiids or other anthropoids.

Perhaps the most provocative implication of our sce-
nario is that basal anthropoids and basal euprimates
were similar in their postcranial adaptations while
many “prosimian” features evolved in parallel among
strepsirrhines and tarsiiforms (including omomyiforms).
The fact that both stepsirrhine and haplorhine stem lin-
eages show a shift toward a more “prosimian”-like bau-
plan before anthropoids reverse or stop the trend speaks
strongly to the role of available substrates (habitat
geometry), which may be determined for a taxon as
much by its body size as by substrate size and spatial
arrangement. Previous scenarios for anthropoid origins
positing the defining ecological context as a transition to
a diurnal activity pattern in a small-bodied, previously
nocturnal lineage that maintained its vision-guided,
predatory dietary lifestyle (Ross, 1996) are not impacted
by our results. Ross (1996) applied his scenario to the
haplorhine stem lineage due to the implication that the
common ancestor of tarsiers and anthropoids had
already made this transition on account of the retinal
foveas exhibited by both groups. The presence of small
orbits in Teilhardina (Ni et al., 2004) may indicate that
this shift happened very basally along the haplorhine
stem (clearly even if Teilhardina was diurnal, other
omomyiforms later radiated back into nocturnal niches
[Rosenberger, 2011]). The loss or cessation of accrual of
“prosimian”-like features may be explainable with
regard to these shifts between diurnal and nocturnal
lifestyles, if such shifts imposed different substrates, for-
aging opportunities, or predator risks. Alternatively, it is
possible that changes in body size and habitat geometry
explain the initial loss of incipiently “prosimian”-like fea-
tures in the anthropoid stem, particularly if the stem
lineage evolved smaller body mass compared with the
last common ancestor with tarsiiforms as possibly indi-
cated by the Shanghaung primate fauna (e.g., Gebo,
2004; Gebo et al., 2001, 2012a).
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