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ABSTRACT

To clarify fossil hominid behavior and phylogeny, and to test the accuracy of basing these
studies on single bones, navicular measurements of Olduvai and Hadar hominids, Oreopithe-
cus, and a representative sample of humans and great apes were compared. The measurements
chosen for comparison quantify the relative orientation, articular area, and curvature of the
navicular facets. The measurements demonstrate that the OH 8 navicular belongs to a rigid
foot with an adducted hallux and a strong commitment to terrestriality. The Hadar naviculars
belong to a foot which lacked a fixed longitudinal plantar arch and had at least a degree of
hallucal opposability comparable to that of mountain gorillas. The Oreopithecus navicular
belongs to a mobile foot with a widely divergent hallux committed to arboreal behaviors.
Multiple discriminant and canonical variate analyses of navicular measurements emphasize
the uniqueness of Oreopithecus and the similarities between OH 8 and humans, and between
Hadar and African apes. The African apelike morphology of the Hadar naviculars contradicts
the alleged humanlike morphology of the Hadar pelvis and knee joints. This contradiction
underscores the fallacies inherent in constructing phylogenies on the basis of single bones
and/or fragmentary remains, and of reconstructing locomotor behaviors on the basis of local-
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ized anatomy.

INTRODUCTION

The hands and feet are those parts of the
integumentary and muscul oskeletal structure
which come directly into contact and interact
with the physical variables of the environ-
ment. As such, their morphology closely cor-
responds to these variables, responding di-
rectly both ontogenetically and phylogeneti-
caly to changes in use (i.e., changesin their
interactions with the physical variables of the
environment) over time (Sarmiento, 1985,
1988, 1994). Because hand and foot anatomy
reflect the animal’s environmental interac-
tions, they are excellent indicators of behav-
ior. Composed of alarge number of anatom-
ical elements that combine to produce the ap-
propriate morphology, hands and feet may
also provide insights into past behaviors and
are useful for reconstructing phylogenies
(Schaeffer,1947; Beigert, 1963; Lewis, 1969,
1974, 19804, b, c; Szalay and Decker, 1974;
Sarmiento, 1983, 1985, 1988, 1994; Beard et
al., 1988; Gebo and Dagosto, 1988). This es-
pecialy applies to the carpus and tarsus
where many anatomical elements interact to
provide the appropriate movements and dis-
tribute loads. The anatomical complexity of
the carpus and tarsus dictates that changesin
hand or foot use are achieved with relatively
minimal changes in structure, i.e., the organ-
ism makes the best use of its inherited anat-
omy (Sarmiento, 1985, 1988). Thus, the car-
pus and tarsus provide an anatomical record

of those past behaviors which have been
strongly selected for.

Despite their usefulness, carpal and tarsal
bones have been largely ignored by most pa-
|eoanthropol ogists when reconstructing early
hominid behaviors (Lovejoy, 1974, 1978,
1988; Robinson, 1972; Zihiman and Bunker,
1979; Stern and Susman, 1983; Latimer,
1991; McHenry, 1991; Susman and Stern,
1991; Fleagle, 1998) or phylogenies (Leakey
et al., 1964; Robinson, 1965; Wolpoff, 1974;
Skeleton et a., 1986; Olson, 1978, 1981,
1985; White et al., 1981; Chamberlain and
Wood 1987; Edelstein, 1987; Verhaegen,
1990, 1994; Tobias, 1991a, b; McHenry,
1996; Strait et al., 1997). Thisis all the more
surprising considering that carpal and tarsal
bones are often the best preserved and most
complete skeletal elements found at early
hominid fossil sites, and are well represented
in fossil collections. It is the object of this
study, therefore, to analyze the navicular of
humans, great apes, and some early ‘* homi-
nid” and hominoid fossils in both a func-
tional and phylogenetic context. Because the
great ape navicular articulates variably with
al of the tarsal bones (Lewis, 1980b, c; Sar-
miento, 1994), it should reflect functional
differences throughout the tarsus. The pres-
ence of complete naviculars at many of the
early hominid fossil sites (Day and Napier,
1964; Latimer et a., 1982; Clarke and To-
bias, 1995) should provide a phylogenetic
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perspective of changes in foot use over time.
In addition, analyses and comparisons of a
single bone should serve to test the accuracy
of reconstructing behavior or phylogeny
based on localized anatomy.

MATERIALS AND METHODS

Naviculars of Olduvai (OH 8) and Hadar
(AL 333-47, 333-36) hominids, Oreopithe-
cus (Basel #39), and a sample of naviculars
from each of the great ape species and of
humans were measured and compared for di-
mensions, curvature and relative orientation
of facets. Differences in the frequency of ter-
restrial behaviorsin Virungagorillas (Gorilla
b. beringei) relative to western gorillas (G.
g. gorilla) justified considering the two as
separate, although a specific designation for
Virunga gorillas is arguable (Sarmiento,
1994; Sarmiento and Butynski, 1996; Sar-
miento et al., 1996). Great ape naviculars are
from the skeletal collections at the following
institutions: American Museum of Natural
History, New York; Museum of Comparative
Zoology at Harvard University, Cambridge;
Field Museum of Natural History, Chicago;
National Museum of Natural History, Wash-
ington D.C.; Philadelphia Academy of Sci-
ences, Philadelphia; Powell Cotton Museum,
Birchington; Royal African Museum, Ter-
vuren; and Swedish Museum of Natural His-
tory, Stockholm. Human naviculars are from
the Dart collection in the Department of
Anatomy, University of the Witwatersrand,
and the Anthropology collections at the
American Museum of Natural History. Fossil
material is housed in the collections of the
National Museum of Tanzania, Dar es Sa-
laam (OH 8) and National Museum of Ethi-
opia, Addis Ababa (Hadar). Oreopithecus
fossil material was studied at the Museum of
Natural History, Basel; Istituto di Geologia
Universita de Firenze; and Ingtituto de Pa-
leontologia, Sabadell, Spain.

Lengths were measured to the nearest 0.1
mm using a digital caliper connected to a
computer and collected in a Lotus spread-
sheet. A carpenter’'s angle accurate to 0.5°
was applied to the articular surfaces to mea-
sure the cuboectocuneiform angle and hori-
zontal mesoectocuneiform angle. The re-
maining angles were arrived at by aligning
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wires to the articular surfaces and using the
carpenter angle to measure the angles made
by the wires. All measurements are of the
right navicular except for some (fossils) in
which only the left specimen was available.

Comparisons to body size relied on navic-
ulars of specimens with reported body
weights. For those specimens without re-
ported body weight, the sums of the midshaft
cross-sectional area of the femur and tibia
were used for comparisons. The length of the
femur (mm) times its midshaft cross-section-
al area plusthe length of the tibia (mm) times
its midshaft cross-sectional area were used to
compare lower-limb volume to correspond-
ing navicular measurements for each individ-
ual specimen. Measurements for lower-limb
long bone lengths are after Sarmiento (1985)
and Sarmiento et al. (1996). Cross-sectional
areas of lower-limb long bones were arrived
at by sguaring the midshaft circumference
and dividing it by 4mw. Measurements and the
indices formulated from them were chosen to
reflect mechanical concerns. Figure 1 sum-
marizes the length and angular measurements
taken on the navicular and the indices for-
mulated from these measurements. Tables 1—
10 summarize comparisons of the linear and
angular measurements. Figures 2—11 are bi-
variate plots of the proportions considered.

Functional interpretation of the navicular
of fossil forms relied on nearly 20 years of
studying foot use in humans and in free rang-
ing and captive great apes (Sarmiento, 1983,
1985, 1994; Sarmiento and Butynski, in
prep.). Articulation of human, great ape, and
fossil foot bones in close-packed positions
were used to gauge the orientation of the
pedal segments imparted by the set (i.e., rel-
ative orientation) of the navicular facets. Lig-
amentous preparations of the foot of humans,
western gorillas, common chimpanzees, and
orangutans were used to further verify the
relative orientations of articulated tarsals and
metatarsals. Notes on OH 8, Hadar, and Or-
eopithecus foot bones were used to corrob-
orate functional interpretations of fossil foot
use based on the navicular study.

To complement results from the functional
analysis and provide insights into phylogeny,
a multiple discriminant and canonical variate
analysis was run employing 13 linear mea-



4 AMERICAN MUSEUM NOVITATES NO. 3288

Fig. 1. Proxima (A), distal (B), lateral (C) and dorsal (D) views of the OH 8 navicular showing
the measured lengths, and proximal (E), distal (F), lateral (G) and dorsal (H) views of a left gorilla
navicular showing the measured angles; a = talar facet major axis (dorsoplantar) diameter, b = talar
facet minor axis (mediolateral) diameter, c = ectocuneiform facet dorsoplantar diameter, d = ectocu-
neiform facet mediolateral diameter, e = mesocuneiform facet dorsoplantar diameter, f = mesocuneiform
facet mediolateral diameter, g = entocuneiform facet mediolateral diameter, h = entocuneiform facet
dorsoplantar diameter, i = navicular maximum length, j = cuboid facet dorsoplantar diameter, k =
cuboid facet mediolateral diameter, | = depth of talar facet along major axis, m = depth of talar facet
along minor axis;, 1 = frontal talocuboid angle, 90° - 2 = navicular torsion, 3 = frontal mesoectocu-
neiform angle, 4 = entoectocuneiform angle 5 = sagittal taloectocuneifrom angle, 6 = transverse me-
soectocuneiform angle, 7 = transverse cuboectocuneiform angle. In all cases the lines chosen for angular
measurements bisect facets into approximately equal halves. For comparative purposes the major bi-
secting axes of the talar head and cuneiform facets are referred to in the text as the dorsoplantar axes.
In neither great apes nor humans do all these axes have a dorsoplantar orientation, but are held in
varying inclination to a dorsoplantar axis according to talar head and navicular torison and the frontal
mesoectocuneiform angle. The cross-sectional area of the talar, ectocuneiform, mesocuneiform entocu-
neiform and cuboid facets are given by the products of aand b, cand d, e and f, g and h, and j and k,
respectively. Relative cross-sectional area for each facet is compared as a percentage of the sum of all
of the navicular facets. The subtended angle of curvature and the radius of curvature of the talar facet
along the dosoplantar (major) and mediolateral (minor) axes are given by 4 arctan(2l/a) and (12 + &/4)/
2l, and 4 arctan(2m/b) and (m? + b?%4)/2m, respectively.

surements and 6 angles using PC SAS 6.12. be accurately measured in any human spec-
Only human specimens with a distinct cu- imen and was dropped from the analysis. Re-
boid facet (N = 14) were included in this  sults from these analyses are summarized as
analysis. Due to small and irregular cuboid M ahalanobis distancesin table 11 and figures
facets, the frontal talocuboid angle could not 12-14.
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TABLE 1
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Sagittal Taloectocuneiform, Transverse Mesoectocuneiform, and Transverse Cuboectocuneiform

Angles (degrees) in Humans, Great Apes, and Some Hominoid Fossils
Mean * standard deviation and range; sample size in parentheses.

Sagittal Transverse Transverse
taloectocuneiform mesoectocuneiform cuboectocuneiform

P. pygmaeus 60.7 £ 6.77 (20) 116.7 = 9.55 (20) 112.8 + 10.93 (20)
45.0-75.0 103.0-135.0 70.0-124.0

P. troglodytes 59.6 = 7.46 (22) 136.0 = 6.10 (22) 106.8 = 7.98 (22)
37.0-70.0 126.0-150.0 85.0-118.0

P. paniscus 65.1 = 5.44 20y 136.8 = 3.56 (20) 96.4 = 7.01 (20)
52.0-74.0 130.0-147.0 76.0-112.0

G.g. gorilla 543 £ 577 (19) 136.5 = 7.07 (19) 1135 + 861 (19)
45.0-68.0 123.0-150.0 95.0-127.0

G. g. beringei 61.5 *+ 537 (20) 138.1 = 5.78 (20) 117.5 = 557 (20)
53.0-69.0 120.0-148.0 110.0-132.0

Homo 30.8 + 6.26 (24) 1523 + 4.14 (24) 120.1 = 7.05 (16)
16.0-41.0 142.0-159.0 105.0-127.0

OH 8 30.0 160.0 112.0

Hadar 585+ 2.12 (2) 1415 £ 2.12 (2) 102 + 2.83 (2)
57.0-60.0 140.0-143.0 100.0-104.0

Oreopithecus 63.0 136.0 105.0

TABLE 2

Navicular Torsion, and Entoectocuneiform, Frontal Talocuboid, and Frontal Mesoectocuneiform

Angles (degrees) in Humans, Great Apes, and Some Hominoid Fossils
Mean = standard deviation and range; sample size in parentheses.

Frontal Frontal
Torsion Entoectocuneiform talocuboid mesoectocuneiform
P. pygmaeus 51.4 = 9.87 (20) 46.6 + 9.87 (20) 224 *12.77 (20) 46.2 + 16.88 (20)
35.0-70.0 26.0-70.0 6.0-40.0 15.0-83.0
P. troglodytes 59.4 = 9.49 (22) 32.00 £ 9.09 (22) 239 =947 (22) 31.77 £ 751 (22)
40.0-78.0 15.0-48.0 5.0-54.0 17.0-43.0
P. paniscus 58.2 = 5.82 (20) 39.1 = 9.16 (20) 24.1 691 (17 31.5 + 553 20)
46.0-70.0 25.0-62.0 11.0-35.0 16.0-40.0
G.g. gorillu 60.0 = 11.14 (19) 350 11.14 (19) 22.4 = 7.37 (19) 28.2 = 8.84 (19)
41.0-85.0 15.0-59.0 10.0-32.0 15.0-42.0
G. g. beringei 659 * 8.63 (20) 34.6 + 8.63 20 12.15 = 8.51 (20) 22.1 = 9.90 (20)
45.0-79.0 26.0-50.0 0.0-23.0 12.0-38.0
Homo 61.0 = 8.40 (24) 203 = 8.40 (24) — 37.5 £ 1233 (24)
48.0-82.0 3.0-34.0 10.0-60.0
OH 8 76.0 6.0 14.0 38.0
Hadar 725 2354 (2) 45,5 + 3.54 (2) 125 = 12.02 (2) 41.0 + 424 (2)
70.0-75.0 43.0-48.0 4.0-21.0 38.0-44.0
Oreopithecus 48.0 58.0 28.0 23.0




TABLE 3

AMERICAN MUSEUM NOVITATES

Central Angle (degrees) Subtended by the
Dorsoplantar and Mediolateral Curvature of
the Talar Facet in Humans, Greats Apes,

and Some Hominoid Fossils

Mean * standard deviation and range;
sample size in parentheses.

Dorsoplantar angle

Mediolateral angle

P. pygmaeus
P.troglodytes
P. paniscus
G. g. gorilla
G. g. beringei
Homo

OH 8
Hadar

Oreopithecus

108.6 = 18.64 (20)
69.8-141.8

112.9 = 8.88 (22)
96.8-128.4

126.5 * 8.42 (28)
110.4-140.8

113.3 £ 1212 (19)
81.9-140.7

113.8 + 7.00 (20)
100.5-125.2

86.7 = 4.81 (24)
69.7-94.9

87.0

129.8 = 3.89 (2)
127.0-132.5

92.0

77.7 £ 11.02 (20)
50.9-91.0

53.7 = 13.28 (22)
26.2-749

65.4 = 9.74 (28)
39.4-85.9

43.8 = 12.08 (19)
27.4-66.4

36.5 = 11.81 (20)
16.3-59.0

55.5 * 8.93 (24)
43.1-73.7

41.5

71 =990 (2)
64.0-78.0

64.0

NO. 3288

RESULTS
CANONICAL ANALYSES

Multiple discriminant analysis distin-
guished humans and the living great apes,
with genera (i.e., Homo, Gorilla, Pan, and
Pongo) showing much larger differences
than species of the same genus. Mahalanobis
distance summarizes the difference between
any two groups as a single statistic and can
be used as a test of significance between
groups (table 11), and as a distance measure
for clustering groups (figs. 12—14).

Repeated attempts to reduce the number of
measured variables in the discriminant anal-
ysis, including stepwise discrimination al-
ways led to aless distinctive pattern than the
one arrived at when all the variables were
considered. When grouped separately, nei-
ther the angles nor the length measurements
gave patterns comparable to the combined
data. Although the number of measured var-
iablesisrelatively high compared to the sam-
ple size for each group, this is the strongest
case one of us (LM) has seen where all of
the chosen variables have considerable im-
portance in discriminating among groups.

TABLE 4

Length of the Radii (mm) of the Dorsoplantar (major) and Mediolateral (minor) Curvatures
of the Talar Facet and of Differences between these Two Lengths, in Humans,

Great Apes, and Seme Hominoid Fossils

Mean = standard deviation and range; sample size in parentheses.

Dorsoplantar Mediolateral Difference
P. pygmaeus 13.53 £ 2.58 (20) 11.72 = 1.91 (20) 1.81 =26
10.17-19.59 8.46-15.53 —2.8210 8.61
P. troglodytes 14.68 = 1.37 (22) 20.30 * 6.46 (22) 5.62 £6.23
12.22-17.55 13.16-38.35 —1.96 to 24.36
P. paniscus 13.06 = 1.09 (28) 14.29 = 2.00 (28) 123 =222
10.99-15.16 10.78-20.81 —1.95t0 8.63
G.g. gorilla 19.84 = 2.56 (19) 30.98 + 8.83 (19) 11.14 = 7.62
14.50-25.64 17.89-49.98 —0.26 to 24.33
G. g. beringel 19.88 = 1.92 (20) 3531 = 1598 (20) 1543 + 15.31
15.88-24.49 15.44-73.59 —1.51 to 52.74
Homo 2047 = 1.81 (24) 2323 = 3.16 (24) 2.76 = 3.39
17.14-23.97 17.31-28.94 —2.59109.61
OH 8 17.04 23.16 —6.12
Hadar 13.68 = 0.078 (2) 13.56 = 2.19 (2) 0.116 = 2.27
13.62-13.73 12.01-15.11 -1.49t0 1.72
Oreopithecus 12.15 10.41 1.74
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TABLE 5

SARMIENTO AND MARCUS: OS NAVICULAR OF HOMINIDS

Cross-Sectional Areas of the Ectocuneiform, Mesocuneiform, and Entocuneiform Facets as
Percentages of the Total Cross-Sectional Facet Area of the Navicular Bone in

Humans, Great Apes, and Some Hominoid Fossils
Mean + standard deviation and range; sample size in parentheses.

Ectocuneiform Mesocuneiform Entocuneiform
P. pygmaeus 16.64 = 1.37 (20) 13.50 = 1.93 (20) 1641 =220 (20)
13.83-18.66 9.72-16.79 12.84-20.86
P. troglodytes 12.93 = 1.48 (22) 14.55 £ 1.98 (22) 21.28 £ 3.13 (22)
10.98-15.78 11.51-19.07 15.07-26.07
P. paniscus 1420 = 1.19 (28) 15.16 = 1.93 (28) 16.80 = 1.98 (28)
12.70-16.69 9.63-19.81 11.75-20.09
G.g.gorilla 11.77 £ 0.898 (19) 14.68 = 2.10 (19) 21.63 = 2.45 (19)
10.12-13.90 11.60-18.01 18.01-26.57
G. g. beringei 12.41 *= 1.48 (20) 16.01 = 1.18 (20) 20.49 * 3.22 (20)
10.19-15.13 14.32-17.98 14.75-26.75
Homo 14.63 = 2.41 (24) 19.37 £ 2.24 (24) 21.07 £ 2.19 (24)
11.29-20.31 15.1-23.95 17.00-25.57
OH 8 17.50 17.43 13.33
Hadar 1436 = 2.04 (2) 18.45 = 3.40 (2) 17.72 = 0.09 (2)
12.91-15.80 16.04-20.85 17.65-17.78
Oreopithecus 14.37 14.48 17.14
TABLE 6 It is very difficult to interpret the contri-

Cross-Sectional Areas of Talar and Cuboid Facets
as Percentages of Total Cross-Sectional Articular
Area of Navicular in Humans, Great Apes,

and Some Hominoid Fossils

Mean * standard deviation and range;

sample size in parentheses.

Cuboid Talar

P. pygmaeus 13.68 £ 1.98 (20) 39.78 = 2.72 (20)
9.13-16.73 34.80-44.53

P. troglodytes 7.97 £ 1.70 (22) 43.26 + 3.00 (22)
5.07-11.54 37.1249.30

P. paniscus 1071 = 145 (28) 43.13 = 3.15 (28)
8.26-13.58 37.40-52.30

G.g.gorilla 851 = 1.62 (19) 4343 =241 (19)
4.21-10.97 38.01-47.55

G. g. beringei 7.10 = 1.32 (19) 4435 + 3,61 (20)
3.73-9.67 39.11-52.41

Homo 4.30 = 1.79 (14) 4242 £ 292 (24)
1.54-7.61 37.06-51.01

OH7 6.18 45.55

Hadar 13.17 = 1.65 (2) 36.32 = 3.75 (2)
12.00-14.34 36.05-36.58

Oreopithecus 8.40 45.62

bution of the variables a posteriori (Marcus,
1990). Six of the nine canonical variateslead
to significant differences. Not summarized in
the figures, the third through sixth canonical
variates separate the two gorillas subspecies,
the two chimpanzees species, and the orang-
utan even more distinctly than shown in fig-
ure 12. All of the fossils are also more dis-
tinctively separated along some of these ca-
nonical axes. Thisis consistent with the large
distances between the fossils and the living
taxa (figs. 13, 14). The two Hadar naviculars
whether considered separately or together,
are not significantly different from either
chimpanzee species (table 11). OH 8 is most
similar to, but differs significantly from hu-
mans (p = 0.014).

DISCUSSION

RELATIVE ORIENTATION OF NAVICULAR
FACETS

The angles formed by the articular planes
of the navicular facets reflect the set of the
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Articular Cross-Sectional Areas (mm?) of the Ectocuneiform, Mesocuneiform, and Entocuneiform
Facets of the Navicular in Humans, Great Apes, and Some Hominoid Fossils

Mean * standard deviation and range; sample size in parentheses.

Ectocuneiform Mesocuneiform Entocuneiform

P. pygmaeus 130.7 = 309 (20) 106.0 = 27.8 (20) 127.7 = 28.6 (20)
78.0-178.1 56.0-158.8 78.0-182.2

P. troglodytes 124.6 = 24.5 (22) 140.0 = 27.3 (22) 2049 = 43.0 (22)
92.1-175.5 98.7-188.2 134.5-286.7

P. paniscus 118.0 = 18.1 (28) 1264 = 25.1 (28) 139.5 £ 234 (28)
93.2-164.7 76.2-179.1 93.0-203.3

G.g. gorillu 191.8 + 38.3 (19) 236.2 * 37.7 (19) 3545 £ 899 (19)
142.6-260.0 157.7-302.9 243.6-570.9

G. g. beringei 178.8 = 44.3 (20) 230.4 = 52.5 (20) 298.7 = 101.9 (20)
109.6-268.7 161.7-326.1 173.8-553.3

Homo 205.5 £ 414 (24) 271.7 = 41.6 (24) 294.7 £ 346 (24)
137.9-328.7 190.0-374.4 229.5-353.2

OH 8 148.1 147.5 112

Hadar 152.8 = 26.2 (2) 1954 £ 30.5 (2) 188.2 = 6.47 (2)
134.4-171.3 173.9-217.0 183.6-192.8

Oreopithecus 61.0 61.5 72.8

TABLE 8 tarsal and metatarsal bones (figs. 15-18). In

Articular Cross-Sectional Areas (mm?) of the Talar
and Cuboid Facets of the Navicular in Humans,
Great Apes, and Some Hominoid Fossils
Mean *+ standard deviation and range;
sample size in parentheses.

Talar Cuboid

P. pygmaeus 3103 = 66.7 (20) 106.6 = 26.9 (20)
218.0-437.3 64.5-159.5

P. troglodytes 4152 = 61.8 (22) 77.8 £ 23.6 (22)
307.1-607.8 34.7-1334

P. paniscus 358.3 = 51.6 (28) 89.3 = 18.5 (28)
268.0-517.7 61.8-147.1

G. g. gorilla 704.7 = 1159 (19) 1404 + 44.4 (19)
537.7-901.5 60.8-235.6

G. g. beringei 642.4 + 162.6 (20) 103.8 = 30.2 (20)
411.4-885.7 55.3-149.0

Homo 597.2 = 89.8 (24) 61.4 + 27.7 (14)
455.7-822.3 18.8-108.64

OH 8 3854 523

Hadar 385.7 = 7.24 (2) 140.2 = 21.6 (2)
380.6-390.8 124.9-155.5

Oreopithecus 193.8 35.7

turn, the set of these bones bears on the mo-
bility, rigidity, and weight-bearing capabili-
ties of the foot (Elftman and Manter, 1935;
Manter, 1941; Elftman, 1960; Day and
Wood, 1968; Lewis 19803, b, c; Sarmiento,
1994). The large sagittal taloectocuneiform
angle (fig. 1G #5) in great apes and Hadar
australopithecines (table 1) emphasizes the
transfer of talar head loads to the substrate
through the navicular's plantar tubercle (or
secondarily through the entocuneiform), but
sacrifices the percentage of load transferred
to the ectocuneiform. The great ape angle is
associated with a mobile midtarsal joint and
dorsiflexed set of the talonavicular joint (fig.
15). The small sagittal taloectocuneiform an-
gle in humans, on the other hand, emphasizes
talar head load transfer to the cuneiforms at
the expense of its transfer to the substrate.
The human orientation is associated with a
longitudinal arch and a rigid midtarsal and
tarsometatarsal joint, and preferential loading
of the ball of the foot (as opposed to the dis-
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TABLE 9

Maximum Navicular Length, Combined Cuneiform Facet Area, Total Navicular Facet Area (TFA), and
TFA as a Percentage of the Sum of the Midshaft Cross-Sectional Areas of the Femur and Tibia
in Humans, Great Apes, and Some Hominoid Fossils

Mean =+ standard deviation and range; sample size in parentheses.

Maximum length,

Cuneiform facet

Total navicular facet area

% femur + tibia

mm area, mm? mm? x-sectional areas

P. pygmaeus 27.4 = 2.69 (20) 364.4 + 80.6 (20) 781.4 * 160.3 (20) 171.42 + 47.79 (20)
23.4-334 229.5-501.2 531.1-1093.2 90.79-250.55

P. troglodytes 36.1 =292 (22) 469.5 = 73.3 (22) 962.4 * 142.8 (22) 131.05 * 18.10 (22)
31.7426 343.5-631.0 685.3-1356.1 96.42-169.81

P. paniscus 33.3 £ 2.44 (28) 384.0 + 56.1 (28) 831.6 = 110.0 (28) 142.05 + 22.10 (28)
30.0-41.3 299.4-518.0 676.6-1153.6 109.87-201.1

G.g. gorilla 46.8 * 5.25 (19) 782.5 * 144.0 (19) 1627.6 * 286.6 (19) 126.2 = 239 (18)
38.6-56.0 611.2-1080.0 1266.5-2148.3 98.11-198.0

G. g. beringei 453 = 5.17 20) 707.9 = 178.4 (20) 1448.8 * 354.8 (20) 103.96 = 2091 (18)
37.5-54.1 464.7-1065.6 954.8-2068.5 79.46-161.15

Homo 39.6 = 3.63 (24) 771.9 = 83.0 (24) 1404.9 * 159.6 (24) 126.85 = 17.39 (22)
34.2-47.1 654.8-969.9 1150.6-1703.4 101.20-177.94

OH 38 332 408.4 846.0 —

Hadar 372 +0.50 (2) 536.4 + 2.17 (2) 1062.3 + 31.0 (2) —
36.9-37.6 534.9-537.9 1040.3-1084.2

Oreopithecus 253 1953 424.8 —

tal tarsal row and metatarsal bases) during
weight support (Sarmiento, 1994).

The sagittal entoectocuneiform angle (fig
1G #4, table 2) imparts a plantar divergence
of the entocuneiform relative to the ectocu-
neiform facet® (fig. 15). The larger the angle,
the higher the degree of divergence. With a
plantar orientation of the entocuneiform fac-
et, talar head load can be transferred to the
substrate through the navicular and plantar
tubercles of the entocuneiform. In taxa with
an opposable hallux, the angle may reflect
enhanced opposition depending on the set of
its conarticular and the final set imparted to
the hallucal long axis. In humans and OH 8,

3 Contributions of the measured navicular angles to
the set of the foot bones consider talar torsion values
approximating 90° and a talar facet held with its major
axisin the vertical. With increasing deviation of the ma-
jor axis of the talar facet toward the horizontal and lower
navicular torsion values, the sagittal entoectocuneiform
angle would increasingly contribute to medial diver-
gence of the hallux relative to the third metatarsal. Like-
wise with horizontal postures of the major axis of the
talar facet a high sagittal taloectocuneiform angle results
in amore laterally divergent third metatarsal relative to
the hallux and the talar head.

the small angle value (table 2) is in accord
with an abducted hallux, a fixed longitudinal
plantar arch, and an entocuneiform which
does not transfer any appreciable weight to
the substrate. The larger angle in the Hadar
fossils probably reflects weight transfer from
the entocuneiform to the substrate, and some
degree of hallucal opposability. The very
large angle of Oreopithecusisin accord with
its markedly abducted hallucal postures
(Kohler and Moya-Sola, 1997).

The transverse mesoectocuneiform angle
(fig. 1H #6, table 1) reflects the degree of
divergence of the 2nd and 3rd pedal rays (fig.
16). A large angle approximating 180° as
seen in humans and OH 8 imparts a nearly
parallel orientation to the long axes of the
second and third pedal rays. Conversely, the
smaller angle values seen in great apes, Had-
ar, and Oreopithecus impart a divergent ori-
entation to the long axes of the pedal rays.

The transverse cuboectocuneiform angle
(fig. 1H #7, table 1) reflects the degree of
divergence of the two most lateral rays rel-
ative to the third ray and ectocuneiform (fig.
16). The smaller the value of this angle, the
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NO. 3288

Talar Facet Cross-Sectional Area in Relation to Lower Limb Volume and Weight,” and as a
Percentage of the Sum of the Midshaft Cross-Sectional Areas of the Femur and Tibia

in Males and Females of Humans and Great Apes
Mean * standard deviation and range; sample size in parentheses.

Talar facet areal’2/

Talar facet areal’2/

Talar facet area

lower limb volume!/3 weight!/3 (% femur + tibia
(%) (%) x-sectional areas)
P. pygmaeus
Males 0.555 = 0.0768 (10) 7.61 X 1075 = 1.42 X 1075 (8) 62.34 = 17.32 (10)
0.418-0.670 5.52 X 10-5t0 9.41 X 10-5 37.26-88.89
Females 0.577 = 0.0631 (10) 8.36 X 10-5 = 8.80 X 10-6 (7) 73.79 = 19.22 (10)
0.497-0.701 7.31 X 10-5t09.84 X 10-5 45.55-104.44
P. troglodytes
Males 0.525 + 0.0366 (15) 8.69 X 1075 + 6.39 X 10-¢ (4) 56.01 = 10.03 (15)
0.474-0.602 8.06 X 10-5109.72 X 10-3 40.18-80.00
Females 0.529 = 0.0077 (7) 8.87 X 1075 = 6.24 X 10-6 (3) 58.04 = 4.07 (7)
0.513-0.537 8.30 X 1075t09.74 X 10-5 53.02-64.32
P. paniscus
Males 0.704 = 0.0296 (15) 8.71 X 10=5 £ 5.64 X 10-6 (12) 61.34 £ 579 (17)
0.638-0.754 7.51 X 10510 9.34 X 10-5 52.40-71.71
Females 0.693 * 0.0667 (10) 9.02 X 10-5 £ 5.30 X 10-6 (5) 60.71 = 13.17 (11)
0.611-0.811 821 X 107510 9.77 X 10~5 43.52-90.65
G.g.gorilla
Males 0.520 = 0.0235 (10) 791 X 1075 £ 6.57 X 10-6 (4) 54.63 = 13.14 (10)
0.480-0.564 7.25 X 10-5t0 8.93 X 10-5 40.89-93.17
Females 0.562 = 0.0459 (8) 9.44 X 105 = 7.03 X 10-6 (4) 5541 =826 (8)
0.499-0.653 8.78 X 10-5to0 10.55 X 10-5 46.00-64.52
G. g. beringei
Males 0.486 = 0.0312 (10) 7.33 X 10-5 £ 5.77 X 1076 (5) 44.60 £ 7.24 (10)
0.439-0.557 6.59 X 10-5t0 8.32 X 10-5 32.77-57.10
Females 0.492 + 0.0558 (9) 7.67 X 1075 = 7.30 X 1076 (2) 4542 £9.13 (9)
0.402-0.622 6.94 X 105 to 8.40 X 10-5 34.34-66.92
H. sapiens
Males 0.487 = 0.0217 (16) — 53.52 £ 6.86 (14)
0.443-0.532 — 41.83-74.69
Females 0.503 = 0.0346 (8) —_ 55.17 = 10.83 (8)
0.465-0.566 — 38.23-63.59

« The square root of the talar facet cross-sectional area (cm) is expressed as a percentage of the cube root of lower limb volume

(cm) and of the cube root of weight (g!/3).

greater the degree of lateral ray divergence.
In this regard, pygmy chimpanzees have the
most divergent set and humans the least di-
vergent set of the two most lateral rays.
Torsion of the navicular (fig. 1F #2) affects
the orientation of the talar head relative to
the dorsoplantar axis of the ectocuneiform.
Torsion values approximating 90° indicate
that the major bisecting axis of the talar facet

approximates the dorsoplantar (major) axis
of the ectocuneiform facet (fig. 17). With
vertical postures of the dorsoplantar axis of
the ectocuneiform, high torsion imparts a
plantarly rotated set to the talar facet and re-
sults in a high transverse plantar arch. In go-
rillas at least, the high torsion values are as-
sociated with a higher transverse arch than
that seen in either chimpanzees or orangutans
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Fig. 2. Talar facet cross-sectional area (mm?) vs. total navicular facet cross-sectional area (mm?) in
humans, great apes, and fossil hominoids. Arrows point to fossils.

(Sarmiento, 1994). Because the rotated set of
the navicular is aso affected by talar head
torsion, and the dorsoplantar axis of the ec-
tocuneiform may be set aoblique to the ver-
tical (fig. 17; Sarmiento 1994), humans do
not necessarily have navicular torsion values
as great as gorillas, despite a high transverse
plantar arch (table 2). Without evidence from
other joint sets, torsion of the OH 8 and Had-
ar naviculars indicates a transverse plantar
arch height which is at least comparable to
that of gorillas.

The frontal talocuboid angle (fig. 1E #1)
influences the set of the navicular relative to
the cuboid, and also reflects the height of the
transverse plantar arch (fig. 18). Small angles

indicate that the major bisecting axis of the
talar head is plantarly rotated relative to the
cuboid in close-packed positions of the tal-
ocuboid joint. A low talocuboid angle, there-
fore, attests to the relatively high transverse
arch of mountain gorillas (table 2; Sarmiento,
1994). Because in humans and great apes the
cubonavicular facet does not necessarily lie
in a sagittal or parasagittal plane, talocuboid
angles do not directly reflect plantar arch
height. Nevertheless, the low angle valuesin
both OH 8 and the Hadar fossils when taken
together with high navicular torsion (table 2)
indicate that these fossils had a rather high
transverse plantar arch when the tarsals were
in the close-packed position.
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The frontal mesoectocuneiform angle (fig.
1F #3) imparts arelative rotational set to the
mesocuneiform and ectocuneiform (fig. 17).
Although a large angle may imply greater
opposition between the second and the third
digit, metatarsal and cuneiform torsion also
affects the final opposition set relative to the
hallux. Considering a nonopposable hallux,
the large angle in humans (table 2) is best
associated with atight curvature of the trans-
verse plantar arch. In orangutans, on the oth-
er hand, the large angle may be best associ-
ated with some degree of second to third dig-
it opposition and a high but mobile trans-
verse arch. The transverse arch enhances the
foot’s ability to withstand bending moments

in the sagittal plane and is important in both
arboreal and terrestrial behaviors (Sarmiento,
1994).

CURVATURE AND RELATIVE SIZE OF
NAVICULAR FACETS

Differences in the relative cross-sectional
area of the navicular’s talar, cuboid, and cu-
neiform facets reflect differences in maobility
and load-bearing capabilities at each joint.
Because planar articulations commonly im-
ply relatively restricted joint motion (Sar-
miento, 1988), the relative area of the cune-
iform facets (largely planar articulations in
great apes and humans) is in large part an
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indication of the relative load transmitted
across each joint. The relatively large ecto-
cuneiform and small entocuneiform facet ar-
easin OH 8, and the large entocuneiform and
small ectocuneiform facet areas in common
chimpanzees, and gorillas (table 5), reflect
contrastingly different navicular loading pat-
terns. In OH 8 loading of the third digital ray
was achieved at the expense of the entocu-
neiform and hallux. In gorillas and common
chimpanzees, loading of the entocuneiform
and hallux is achieved at the expense of load-
ing the third digital ray. In humans, the rel-
atively large combined cuneiform facet area
(fig. 8, table 9) reflects a small or nearly ab-

sent cuboid facet and transmission of the tal-
ar head load largely to the cuneiforms.
Absence or presence of a relatively small
cuboid facet in humans, (fig. 6; tables 6 and
8) reflects a foot loaded parallel to its long
axis and rarely subjected to a large magni-
tude of mediolateral forces. Conversely, the
large cuboid facet in pygmy chimpanzees,
and orangutans can be associated with load-
ing of the foot in supinated postures with the
foot’s mediolateral axis held approximately
vertical and parallel to the weight vector. In
African apes, loads across the cubonavicular
joint may also result from the force of the
peroneus longus tendon balancing a hallucal
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grasp. Similar foot postures and/or hallucal
opposability are implied by the relatively
large cuboid facets of the Hadar naviculars.

The biconvex talar facet implies different
loading capabilities from those of the more
planar cuboid or cuneiform facets. In contrast
to planar articulations, curved articulations
present a perpendicular surface to force vec-
tors of varying orientation (Sarmiento 1988).
They, therefore, have an advantage over pla-
nar articulations in that they enable loading
of a segment in varying orientation relative
to the body weight and/or support, and are
less susceptible to shear forces (Sarmiento,
1988). The large degree of dorsoplantar cur-
vature of the great ape and Hadar naviculars

(table 3) implies that loads born by the talar
head can be transmitted through the navicu-
lar to either of the cuneiforms, to the cuboid,
to the substrate, or to any combination of
these three.

Because curvature compromises the total
available articular surface area perpendicular
to weight-bearing loads (Sarmiento, 1988),
curved articular surfaces must have more
area than planar articular surfaces to with-
stand comparable loads (Sarmiento, 1988).
Increasing surface area without increasing
the degree of dorsoplantar curvature, the rel-
atively wide mediolateral talar facet diameter
in humans (fig. 7) reflects a need to increase
total perpendicular area available to weight-
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bearing loads. With a limited degree of dor-
soplantar curvature and a relative surface
area comparable to that of gorillas and com-
mon chimpanzees* (tables 3 and 9, fig. 10),
the human talar facet sacrifices its capacity
to transmit loads of varying orientation, but

4 Cross-sectional surface area is a more accurate es-
timate of the maximum surface area available perpen-
dicular to load than of true articular area. Articular cross-
sectional area tends to increasingly underestimate true
articular area with an increase in articular curvature,
where arc length (curvature (°) cord? + 2 arc height) «/
720° and cross-sectional diameter isequal to cord length.
Because great apes have a more pronounced dorsoplan-
tar curvature of the talar facet than do humans, cross-
sectional area underestimates their true talar facet area
more than in humans.

maximizes the total load it can transmit per
available articular area in comparison to Af-
rican apes. A similar trade-off is seen in the
navicular of Oreopithecus and OH 8. The
nearly parallel set of the OH 8 and human
cuneiform and talar articular surfaces (tables
1 and 2), moreover, imply load transmission
from the talus through the navicular is large-
ly to the cuneiforms. In humans, thisimplied
weight transmission is also indicated by the
relatively large combined surface area of the
cuneiform facets (fig. 8).

Curved articular surfaces, when associated
with differences in the dimensions and cur-
vatures of conarticulars, also imply joint mo-
bility. To maintain a comparable surface area
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in contact throughout a range of joint motion,
joints providing movement must have a larg-
er articular area (at least of one of their con-
articulars) than those serving only to bear
loads (Sarmiento, 1988). In orangutans, the
large ectocuneiform facet with marked bi-
concave curvatures (fig. 3, tables 5 and 7)
reflects considerable mobility at the navicu-
loectocuneiform joint (Rose, 1988). Marked
mobility probably also explains the relatively
large mediolateral degree of curvature of the
orangutan talonavicular joint (table 3), which
out of all the great apes most closely ap-
proximates a ball and socket analog (Rose,
1988).

In light of its marked dorsoplantar and me-
diolateral curvatures (table 3), the relatively
small cross-sectional area of the orangutan
talar facet (table 6) reflects the large size of
the navicular's other facets (fig. 2). Thissize
is most likely a correlate of a mobile foot
which is loaded in a variety of postures (i.e.,
the talar head load is variably transferred
among the three cuneiforms and cuboid). In
contrast, a small degree of mediolateral cur-
vature of the talar facet (table 3) with marked
differences in its dorsoplantar vs. its medio-
lateral radius of curvature in gorillas and
common chimpanzees (table 4) indicateslim-
ited rotatory (circumductory) motion at the
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talonavicular joint, at least during loading.
The same is probably true of OH 8 which in
spite of an absolutely small talar facet has a
very large mediolateral radius curvature that
is much greater than its dorsoplantar radius
of curvature. With large degrees of dorso-
plantar and mediolateral curvature, and no
appreciable difference in the two radii of cur-
vature (both of which are small), the rela-
tively small talar facet of Hadar finds a closer
mechanical analog to that of pygmy chim-
panzees and orangutans, and suggests con-
siderable rotatory mobility during loading.
However, without matching conarticulars to
gauge mobility at the joint it is not possible
to know whether the Hadar talonavicular

joint compromised load bearing for mobility
to the same degree seen in orangutans.

VARIATION IN RELATIVE SIZE
AND SET OF NAVICULAR FACETS

Large variation and overlap in navicular
angles and relative size of navicular facets
within and among human and great ape sam-
ples correspond, in part, to variation in over-
al foot structure, i.e., corresponding varia-
tion in the abducted-adducted set of the hal-
lux, the divergent set of the rays, and the
height of the plantar longitudinal and trans-
verse arches (figs. 15-18). Large within-sam-
ple variation in the set of the navicular facets,
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however, need not all be reflected in corre-
sponding variation in overall foot structure.
Because the foot is composed of a number
of linked bony segments, the set of each facet
on any one segment is not necessarily trans-
lated to all the linked segments, but may be
corrected for by the joint sets of other seg-
ments in the link. Day and Wood (1968) not-
ed such a correction of set in the talonavic-
ular articulation of OH 8 which provides for
an adducted hallux despite a divergent talar
neck. The same probably applies to the with-
in-sample variation in the dimension and

contours of the navicular's articular facets.
Other segments in the link may redirect load
and/or correct for variation in navicular joint
mobility. For any one taxon, the overall foot
structure need not demonstrate as much with-
in-sample variation, as is reflected in the di-
mensions and contours of any one navicular
facet. Despite overlap in the range of values
for the set, dimensions, or contours of indi-
vidual facets, humans and great apes each
have a characteristic and distinct foot struc-
ture (Tuttle, 1970; Sarmiento, 1983, 1985,
1994; Rose, 1988).
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Because each characteristic great ape and
human foot structure places constraints on
the range of variation in the relative size and
set of each navicular facet, and the navicular
has at least four facets, it is highly unlikely
(unless the sets, curvatures, and dimensions
for different facets on the same navicular are
al positively correlated) that all four facets
on anyone navicular when compared individ-
ually will each have sets, dimensions, and/or
contours that deviate markedly (more than 1
standard deviation) from their respective
means. Despite a large overlap in the range
of variation between human and great ape
samples for each of the individual navicular

facet measurements (tables 1-10), thereislit-
tle or no overlap when all navicular mea-
surements are taken together, even the two
most similar samples are separated by at |east
3.8 Mahalanobis distance units (table 11).
When taken together, therefore, the navicular
measurements do reflect the characteristic
foot structure of each sample.

FooT UsSE AND INHERITED VS. EPIGENETIC
CHARACTERS

Foot use (i.e., the series of external forces
applied to the foot through a range of foot
joint movements), through ontogenetic plas-
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Cube root of lower limb-volume (mm) vs. square root of total navicular cross-sectional

area (mm) in humans, great apes, and fossil hominoids.

ticity in the dimension and relative orienta-
tion of facets, modifies the inherited mor-
phology of the various segments to achieve
the adult foot structure (Sarmiento, 1985).
With shiftsin behavior, ontogenetic plasticity
alows the foot to adapt to a new use per-
mitting selection for the inherited morphol-
ogy which best suits this new use in descen-
dant populations. Although both OH 8 and
humans have an adducted hallux (Day and
Napier, 1964; Day and Wood, 1968), differ-
ences in the set of the talonavicular joint be-
tween the two may in part represent differ-
ences in the number of generations hallucal
adduction has been selected for.

Localization of forces and differences in
the duration of growth among the segments
comprising a structure are probably important
factors in determining which segments are
most strongly modified. The latest segments
to complete epiphyseal fusion and fully de-
velop have a longer time to respond to use,
and thus may be more likely to be altered
ontogenetically in response to use. Late de-
veloping segments may very well be a focus
of ontogenetic plasticity, since their epiphyses
fuse a a time when the animal is closest to
its adult weight. Because at this time the forc-
es on the foot may be expected to most close-
ly approximate those of the adult, late devel-



2000 SARMIENTO AND MARCUS: OS NAVICULAR OF HOMINIDS 21

TABLE 11
Mahalanobis Distances
Mahalanobis D above diagonal zeros; unbiased D below diagonal.

AL333-36  AL333-47 G.gb. Geg.g Homo OHS Ore. Pan p. Pan t. Pongo

AL333-36 0 156.84 ***8.10 *6.73 9.73 **10.77  15.17 n1s6.03 *¥*7.03  ***9.66
AL333-47 1.61 0 **748  **7.13 11.25 **x11.63  13.26 ns6,17 136.26 7.97
G.gb. 5.92 5.21 0 4.07 10.02 1096  13.49 7.53 5.65 10.99
Ggg. 4.28 4.79 3.43 0 8.33 1033 1445 6.34 434 9.47
Homo 7.67 9.22 8.98 7.41 0 *7.04  18.04 10.84 8.84 12.38
OH8 772 8.68 8.94 8.31 4.64 0 18.34 10.86 9.75 13.05
Ore. 12.39 10.44 11.45 12.38 15.77 15.53 0 1119 11.43 13.02
Pan p. 332 353 6.70 5.59 9.73 8.85 9.18 0 3.78 6.28
Pan t. 4.68 3.67 4.95 3.71 7.89 7.72 9.43 3.1 0 7.24
Pongo 7.62 5.78 9.89 8.49 11.14 11.02  10.99 5.54 6.44 0

¢ Mahalanobis distances are based on 6 angles and all 13 length measurements. All of the human and great ape naviculars were
correctly assigned to their taxon. When the “leave one out” or “cross-validation™ option was invoked, seven G. g. gorilla were
assigned to other taxa (three to P. troglodytes, three to G. g. beringei, and one allied to AL 333-36), two G. g. beringei were placed
in G. g. gorilla, and both Hadar specimens and Oreopithecus were placed in P. paniscus. Unbiased distance D, after Marcus (1993),
each D2 can be tested using an F test. D is calculated from the following:

w2 = DAN = g = p— D/N — g)] = [{n; + ny)p/(nny)]
N = total sample size (118); p = number of variables (19); n; and n, = sample sizes of the taxa being compared; g = number of
groups (10).
Significance: ns, not significant; *, significant at 0.05; **, significant at 0.01; ***_ significant at 0.001. All other distances are
significant at 0.0001.
Abbreviations: G.g.b., G. g. beringei; G.g.g., G. g. gorilla; Homo, H. sapiens; Ore., Oreopithicus; Pan p., Pan paniscus; Pan t.,
Pan troglodytes; Pongo, Pongo pygmaeus.

oping segments are able to fine tune an adult  total navicular or talar facet cross-sectional
foot to its newly acquired use. area (figs. 9-11; tables 9—10) revea trade-

Segments in direct interaction with envi-  offs between body size, lower-limb loading,
ronmental forces (i.e., those of the handsand  and joint mobility. Although large facet sur-
feet) are more likely to encounter greater var-  face areas relative to joint load are charac-
iation in forces both in direction and mag-  teristic of mobile joints (Sarmiento, 1988),
nitude, and may be expected to exhibit more  differences in joint mobility are not neces-
plasticity and be less conservative than more  sarily reflected by differences in ratios of fac-
proximal segments (i.e., those closer to the et cross-sectional areato body weight. In this
animal’s center of gravity). In the case of  regard, comparatively large navicular facet
proximal segments, intervening segmentsre-  areas relative to body weight in female go-
direct and buffer environmental forces, so  rjllas and common chimpanzees (fig. 9, table
that changes in foot and hand use may cause  10) are more a factor of the lower limb bear-
Only ne-g||g| ble Changes n the resultant fOI’(.:— |ng a proportionately grea[er percentage of
es proximal segments are subjected to. Inthis  the weight than an indicator of navicular
regard, the morphology of proximal seg-  joint mobility. Because midshaft cross-sec-
ments is shaped by forces channeled through  {jonal area of the lower-limb long bones is a
inherited structures (i.e., muscles, connective  factor of the load borne by the lower limbs,
tissue, and adjacent segments), and thus  4jos of talar or total navicular facet area to
more likely to be conservative. midshaft cross-sectional areamore accurately
reflect facet size relative to facet load, and
hence are better indicators of navicular joint
mobility. In pygmy chimpanzees and orang-

Relationships of body weight, lower-limb  utans, therefore, the comparatively higher
cross-sectional area, or lower-limb volumeto  values for these ratios (fig. 10, tables 9 and

Boby WEIGHT, LOWER LIMB SIZE, AND
NAVICULAR FACET AREA
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Fig. 12. A plot of the first two canonical variates with vectors representing the contribution of each
of the measured variables to the scatter within and among measured taxa. Arrows point to fossils. Note
the distinctiveness of H. sapiens, the uniqueness of Oreopithecus and the similarities of Hadar and
African apes, of OH 8 and Homo, and of great ape species or subspecies within genera. The vectors
representing the frontal mesoectocuneiform angle (EctMsFn) and the mediolateral diameter of the en-
tocuneiform facet (EntFml) are nearly overlapping. Vector lengths are exagerated by a factor of ten,
and owing to a two-dimensional projection, are not proportional to their actual length. Eighty percent
of the variance among means relative to the within-group variance is summarized by the first two
canonical variates (see figure 14 for plotted means of the first two canonical variates). Program written
in Matlab version 5.1. This “biplot” is after Rohlf (1997); see Marcus (1993) for a discussion. The
program and navicular data are available from one of us (LM). TalFIng = talar facet dorsoplantar (major
axis) diameter, TalFwd = talar facet mediolateral (minor axis) diameter, EctFpd= ectocuneiform facet
dorsoplantar diameter, EctFml= ectocuneiform facet mediolateral diameter, MesFdp= mesocuneiform
facet dorsoplantar diameter, MesFml= mesocuneiform facet mediolateral diameter, EntFml= entocu-
neiform facet mediolateral diameter, EntFdp= entocuneiform facet dorsoplantar diameter, MaxLng=
navicular maximum length, CuFdp= cuboid facet dorsoplantar diameter, CuFml= cuboid facet medio-
lateral diameter, TalFIDp= depth of talar facet along major axis, TaTrDp= depth of talar facet along
minor axis, CubEcto = transverse cuboectocuneiform angle, EctMstr= transverse mesoectocuneiform
angle, Tor= navicular torsion, EctMsFn= frontal mesoectocuneiform angle, TalEct= sagittal taloecto-
cuneifrom angle, ECtEmt= entoectocuneiform angle.

10) more than likely reflect comparatively
greater joint mobility. The relatively larger
total navicular facet cross-sectional areas of
western gorillas when compared to those of
mountain gorillas (fig. 9, table 9) likewise
reflect more mobile navicular joints in west-
ern gorillas, and correlate well with arboreal

behaviors, which are considerably limited
among mountain gorillas (Sarmiento, 1994;
Sarmiento et al., 1996).

Relative reduction in navicular facet area
with an increase in body size among humans
and great apes (figs. 9 and 10; tables 9 and
10) isin part a factor of relative decrease in
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1997). Inset shows portion of dendrogram which differs when both Hadar naviculars are considered as

a single sample.

strength (proportional to muscle cross-sec-
tional area) with increase in body size (a cor-
ollary of volume), as predicted by the square
cube law. With proportionately weaker mus-
cles, large-sized animals are unable to sta-
bilize rotational forces of the same relative
magnitude as small-sized animals, and must
limit their range of joint motion (around a
point of load equilibrium) to limit the mag-
nitude of rotational forces. The relatively
larger facet areas of orangutan and gorillafe-
males when compared to their male counter-
parts reflect such a trade-off between body
size and joint mobility (fig. 9, table 9). In
terms of behavior, these differences are re-
vedled in a greater commitment to arboreal
behaviors (Sarmiento, 1985, 1994; Sarmiento
et al., 1996) and probably more variable foot

use among females. Additionally, orangutan
and gorilla females may be expected to show
quicker foot segment and body movements,
given proportionately larger joint surface ar-
eas to dissipate kinetic energy than their cor-
responding adult males. The relatively small
navicular joint surface areas of humans de-
spite a considerably smaller body size than
gorillas (tables 9 and 10) is the result of a
marked commitment to bipedality and the
additional loading on the feet associated with
bipedal behaviors.

Despite marked sexual dimorphism in
body weight, orangutans and gorillas of cor-
responding sexes have similar-sized navicu-
lar facet areas (fig. 9). This phenomenon is
a correlate of sexual dimorphism and a pu-
bescent growth spurt which doubles body
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size without a corresponding increase in foot
size. With nearly adult foot size and navic-
ular facet area to body weight ratios closer
to their female counterparts, subadult male
orangutans and gorillas are also more arbo-
real, and show more variable foot use than
when fully adult (Sarmiento, 1985, 1994,
personal obs.).

Considering that (1) facet cross-sectional
areais largely a factor of joint load and mo-
bility, and (2) neither of these variables in
humans and great apes have a constant re-
lationship with body weight, predictions of
body weight in fossils from interspecies re-
gressions of navicular facet area have alarge
degree of error (fig. 9).

Likewise navicular facet size does not
seem to have a constant relationship to low-
er-limb volume (fig. 11, table 10). With var-
ied foot use and navicular mobility and |oad-
ing, including direct transfer of weight by the
navicular to the substrate, African apes have
therelatively largest navicular facet areas (ta-
ble 10). A much larger size ratio in African
apes than in humans is expected given our
hypertrophied lower limbs, limited navicular
joint mobility, and a longitudinal arch that
prevents navicular to substrate contact. How-
ever, a comparable or larger ratio in African
apes than in orangutans despite the orangu-
tan’s small lower limbs underscores the ef-
fect of terrestrial loading and generalized
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Fig. 15. Contributions of the entoectocuneiform and sagittal taloectocuneiform angles (w and v
respectively) to the relative set of the first through third metatarsal in close-packed position as seen in
line drawings of the exploded left foot of a human (A) and of a gorilla (B) in medial view. The large
sagittal taloectocuneiform angle in gorillas imparts a dorsiflexed set to the third metatarsal and is as-
sociated with a dorsiflexed talar head, i.e. small angle of talar neck inclination (Day and Wood 1968).
The gorilla entoectocuneiform angle imparts a plantar set to the entocuneiform relative to the ectocu-
neiform and is associated with an abducted hallux, i.e. plantar divergence of the hallux relative to second
(x) and third metatarsals (y). The human taloectocuneiform and entoectocuneiform angles are associated
with a plantar flexed talar head (i.e., large angle of talar neck inclination), nearly aligned first to third
metatarsals, and a longitudinal plantar arch. Due to a fixed transverse arch in humans, however, the long
axis of the second and third metatarsals must have a more plantar inclination than the hallux, and the
value of x and y are negative. Because the mgjor axis of the navicular's talar facet is not necessarily
held vertically, the sagittal taloectocuneiform and entoectocuneiform angles may aso impart some de-
gree of medial divergence to the hallux.

foot use on African ape total navicular facet NAVICULAR FUNCTION

area. Although knowledge as to behavior and AND IMPLIED LOCOMOTOR BEHAVIORS
lower-limb use could possibly be used to im-

prove predictions of body weight based on The relatively small Mahalanobis distanc-

facet size, such information is not always  esbetween Hadar and African ape naviculars
present in isolated fossil naviculars. (table 11) attest largely to a similar mor-
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Fig. 16. Dorsal view of the exploded left tarsus and metatarsus of a pygmy chimpanzee in the close-
packed position showing the contribution of the transverse mesoectocuneiform angle (w) and the trans-
verse cuboectocuneiform angle (v) to the divergence of the second through fourth metatarsals. Correction
of the talocuboid angle by the facet sets on the cuboid and ectocuneiform results in third and fourth
metatarsals that are nearly alinged (y). A relatively low transverse mesoectocuneiform angle results in
a second metatarsal that is divergent from the most lateral three (x) despite a partia correction of this

set by the mesocuneiform.

phology and imply similarities in function.
The exclusive association of alocalized mor-
phology and its implied function to a specific
locomotor behavior, as is routine practice
among paleoanthropologists (Napier, 1962;
Day and Napier, 1964; Robinson, 1972; Con-
roy and Fleagle, 1972; Stern and Susman,
1983; Latimer et al., 1987; Latimer and
Lovegjoy, 1989, 1990a, b; Lovejoy, 1978,
1988; McHenry, 1991; Leakey et al., 1995;
Ohman et al., 1997; Ward et al., 1999), may

be used by some to argue that the Hadar fos-
sils represent knuckle-walkers. This interpre-
tation is at odds with evidence from the pel-
vis and knee joint, which although poorly
quantified and never adequately tested, is al-
most unanimously taken as indicative of bi-
pedality (Lovejoy, 1974; 1978; Stern and
Susman, 1983; Susman et al., 1984; McHen-
ry, 1991; Susman and Stern, 1991; Ohman
et a., 1977; Fleagle, 1998). The Hadar na-
viculars, however, come from a different ho-
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Fig. 17. Contribution of navicular torsion (v) and the frontal mesoectocuneiform angle (w) to the
relative set of the ectocuneiform, mesocuneiform, and the talar facet in the close-packed position as
seen in line drawings of an exploded right foot of a human (A) and a gorilla (B) from a dorsodistal
view. High values of the frontal mesoectocuneiform angle in humans (w) do not result in marked
opposition of the second and third metatarsals given metatarsal, ectocuneiform, and mesocuneiform
torsion values which correct for the imparted set. Despite similar torsion values in humans and gorillas,
the metatarsal, ectocuneiform, and mesocuneiform torsion all contribute to causing more marked op-
position of the second and third metatarsals in gorillas. Marked talar torsion or large frontal mesoec-
tocuneiform angles, are also associated to a high transverse arch (see text).

rizon (AL 333w/333) and an earlier time pe-
riod than the Hadar pelvis (AL 288—1an,—a0)
(Johanson et al., 1982), and the two remains
may represent different taxa with different
locomotor behaviors (Ferguson, 1984, 1986;
Senut and Tardieu, 1985; Olson, 1981, 1985;
Gommery, 1997).

At Hadar a contradiction in implied be-
havior, however, also arises when comparing
remains from the same horizon and may not
necessarily be the result of sampling different
taxa. The aleged bipedal knee joint mor-
phology is aso seen in fossils from the same
horizon as the naviculars (AL 333w-56, 333-
4, 333-111, 333x-26, 333-42), and the di-
mensions, curvature, set, and configuration

of the navicular articulation on the AL 288-
1 talus suggest an African apelike navicular
similar to those from the AL 333/333w ho-
rizon. The contradictions in behavior implicit
in the navicular, pelvic, and knee joint mor-
phology actually arise from the practice of
associating localized anatomy exclusively to
any one locomotor behavior and underscores
the fallacy inherent in such a practice. Be-
cause behavioral changes during evolution
(i.e., adaptive shifts) require localized struc-
tures to satisfy the mechanical requisites of
two or more behaviors (Darwin, 1859), ex-
clusive association of localized morphology
to any one locomotor behavior denies evo-
lutionary change. Arguments for bipedality
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Fig. 18. Proximal views of the right cuboid and navicular of ahuman (A) and a common chimpanzee
(B) in a close-packed position showing the contribution of the talocuboid angle (v) to the height of the
transverse arch (h). In the close-packed position the small angle shown by chimpanzees results in a
higher transverse arch than normally seen in humans. The human arch, however, unlike that of chim-
panzees, exhibits a fixed height. Owing to a small, irregular, and often absent cuboid facet, the human

talocuboid angle could not be accurately measured.

based on localized morphology do not ex-
clude the likelihood that these morphologies
and their implied localized functions also
served other behaviors (table 12). The pres-
ence of many of the alleged bipedal charac-
tersin cursorial quadrupeds and the mechan-
ical advantages these characters impart to
quadrupeds, support the theory that many of
the allegedly bipedal human characters arose
as aresult of selection pressures for cursorial
quadrupedality (Sarmiento, 1998). The ab-
sence of a humanlike lumbar lordosis, the
orientation of the acetabulum’s lunate sur-
face, and the relative size of the humeral and
femoral midshaft circumferences and first sa-
cral body cross-sectional area, all characters
which are atered ontogenetically as a result
of use, show that AL 288-1 had a body-to-
limb weight distribution and pelvic joint pos-
tures similar to those of quadrupeds (Sar-
miento, 1998).

Although it may be argued that the pelvis
is phylogenetically more conservetive than
the navicular (see above) and thus the latter
is more likely to reflect use, while the former
is more likely to reflect heritage, the Hadar
pelvic, femoral, and navicular morphology if
associated must have satisfied the mechanical
requisites of many of the same behaviors. In
thisregard, it is not possible to fully interpret
what the range of these behaviors may have
been without analyzing all of the animal’s

morphology. No matter how bipedal, quadru-
pedal or climbing-like a localized morphol-
ogy may be, it is usually not possible to pre-
dict on the basis of that morphology alone
the overall morphology of an unknown fossil
taxon and the range of behaviors the un-
known morphology enabled. In this regard,
functional analysis of the navicular alone is
limited to the functional role the navicular
may have had in the foot, and in a range of
hypothesized behaviors usually based on
those seen in living taxa.

FossiL Foot Use
OH 8

In OH 8 the comparatively shallow talar
facet, small sagittal taloectocuneiform and
entoectocuneiform angles and the large trans-
verse mesoectocuneiform angle suggest the
presence of afixed longitudinal arch. The lat-
eraly expanded tubercle midway on the lat-
eral border of the navicular which serves as
the attachment site for the calcaneonavicular
(spring) ligament, and the large articular area
for this ligament on the talar head indicate a
longitudinal plantar arch with energy-storing
properties comparable to or approximating
those of humans (Alexander, 1989). A dor-
siflexed talar head and plantar processes on
the navicular and entocuneiform, however,
suggest the longitudinal arch height was low-
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er than is characteristic of humans, and the
distal tarsal row contacted the substrate (Day
and Wood, 1968). Given a fixed longitudinal
arch, however, only a small percentage of the
weight borne by the foot could have been
transferred to the substrate by the navicular
and entocuneiform, hence the relatively
small plantar tubercles.

Although the small frontal talocuboid an-
gle (table 2) indicates a high transverse pedal
arch, the development of a hamulus and
groove for the peroneus longus tendon on the
plantar surface of the ectocuneiform indi-
cates this arch was not fixed. Considering
very little rotatory mobility at the talonavic-
ular (as implied by the shallow talar facet
with different mediolateral and dorsoplantar
radii of curvature) and calcaneocuboid joints
(Lewis 1980c), transverse arch mobility must
have resulted mainly from movement at the
subtalar joint.

The sagittal entoectocuneiform angle and
the set of the talonavicular, naviculoentocu-
neiform, and the first tarsometatarsal joints
al indicate an adducted hallux which was
achieved through a different combination of
joint sets than that seen in humans (Day and
Wood, 1968; Oxnard and Lisowski, 1980;
Oxnard, 1984). Although some degree of op-
posability may have been possible, depend-
ing on the unknown metatarsophalangeal
joint set, this would have been very limited.

The adducted hallux and large transverse
mesoectocuneiform angle reflect a compact
foot that was strongly committed to terres-
triality. The relatively small cuboid facet
suggests the foot was usually loaded in pro-
nated postures (with the foot’s mediolatera
axis approximating the horizontal and its
long axis in the plane of forward movement).
The relatively large ectocuneiform facet (fig.
3, tables 5 and 7) and small mesocuneiform
and entocuneiform facets (figs. 4 and 5, ta
bles 5 and 7) indicate a preference for load-
ing the lateral side of the foot at the expense
of the hallux. Differences relative to humans
in the orientation of the subtalar and talocru-
ral joints (Lewis, 1980c) probably reflect dif-
ferences in terrestrial foot use in both qua-
drupedal and bipedal behaviors, and may
have also been important for proper foot ori-
entation in vertical climbing or walking
along horizontal branches. Given the rela-
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tionship between body size and tree use
(Cartmill and Milton, 1977; Sarmiento, 1983,
1985, 1988, 1994, 1998; Cartmill, 1985), an
animal corresponding in size to the OH 8
foot, regardless of its terrestrial specializa-
tions, was no doubt better suited to move ar-
borealy than humans and or male gorillas
(Sarmiento, 1985, 1994, 1998).

Hadar

When considered in light of the other Al
333/333x pedal remains, the Hadar navicu-
lars do provide considerable insight into foot
use and function. The large sagittal taloec-
tocuneiform angle, the large degree of dor-
soplantar talar facet curvature (table 1) and
the large inflated navicular tuberosity indi-
cate that the Hadar foot lacked the longitu-
dinal plantar arch characteristic of modern
humans. The navicular's large plantar tuber-
osity and the overlying horizontal portion of
the talar facet enabled talar head loads to be
transmitted directly to the substrate through
the navicular. The well-developed plantar
process on the entocuneiform (AL 333-28)
and the plantar set of the navicul oectocunei-
form facet suggest the entocuneiform also
participated in transferring weight to the sub-
strate. Although the high values of the frontal
mesoectocuneiform angle and low values of
the frontal talocuboid angles (table 2) reflect
some degree of a transverse pedal arch, the
presence of a plantar process flanked distally
by the peroneus longus groove on the AL
333-79 ectocuneiform suggests the trans-
verse arch was either lower than that of hu-
mans or was mobile. Given a high and fixed
transverse arch, the peroneus longus tendon
bowstrings and does not groove the plantar
surface of the ectocuneiform (Sarmiento,
1994). The implied mohility at the talonavic-
ular joint also indicates the Hadar foot did
not have a fixed transverse pedal arch.

The large cuboid facet (fig. 6 and tables 6
and 8) and mobility at the talonavicular joint
suggest the Hadar foot was loaded in supi-
nated postures as is customary among great
apes when climbing vertical supports of rel-
atively large diameter (Sarmiento, 1985.
1994). Considering the large, inflated tuber
calcaneus (Latimer and Lovejoy, 1989),
prominent plantar processes on the anterior
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TABLE 12
Mechanical Function and Associated Behaviors of Human Postcranial Characters Used to Support
Australopithecine Bipedality, and the Living Nonhuman Primates Exhibiting These Characters
Nonhuman primate
Character Mechanical function Associated behaviors showing character
1. Lateral orientation Maintenance of lower limb move-  Cursorial bipedality and Patas monkeys, baboons,
of iliac’s gluteal ment in the plane of forward quadrupedality and geladas
surfaces motion

2. Relatively short ilia Gluteal musculature with short Cursorial bipedality and Cercopithecoids, Alouatta,
contractile length and large quadrupedality and Lemur
outlever to inlever ratio

3. Reduction of vertical Reduction of hip joint moment Bipedality and vertical Oreopithecus and sloths

distance from hip joint  arms resulting from body weight climbing approximate humans more
to sacrum than any living primate

4. Wide sacrum and Large lower limb span and x-sec- Bipedality and vertical Gorillas (wide ilia),

wide iliac alae tional area of hip musculature. climbing lorisines (wide sacra)
Mediolateral stability in erect
body postures

5. Enlarged postauricular  Provides surface area for enlarged  Cursorial bipedality and Patas monkeys, baboons,

area of ilium erector spinae m. quadrupedality and geladas

6. Strong anterior inferior  Provides surface area for attach- Bipedality and vertical Orangutans

iliac spine ment of iliofemoral ligament and climbing
rectus femoris m. Ligament checks
extension of extended hip joint,
muscle flexes hip.

7. Ischial spine Provides surface area for strongly ~ Bipedality and arboreal Orangutans, but best
developed sacrotuberous ligament  climbing developed in Oreopithecus
and pelvic diaphragm. Ligament
stabilizes rotational forces at
sacroiliac joint

8. Miac pillar and Buttress of iliac alae resists bend- ~ Bipedality and quadru- Baboons

iliac tubercle ing moments. Powerful iliac and pedality
gluteal musculature and abdomi-
nal musculature. Powerful trunk
and hip movements
9. Thickened cortical Hip joint loaded in a relatively Quadrupedality, leaping,  Cercopithecoids, nonateline
bone on inferior narrow range of joint postures terrestrial bipedality ceboids, indriids, Varecia,
femoral neck and Lemur
10. Femoral bicondylar Orients long axis of leg parallel Striding bipedality, Lorisines, atelines, and
angle to body weight vector arboreal climbing orangutans
11. Mediolateral axis of Orients leg parallel to body weight  Cursorial quadrupedality ~ Cercopithecines
trochlea perpendicular to  vector on horizontal substrate and bipedality
leg and to weight vector
12. Plantar process of Attachment site for short digital Arboreal climbers, Lorisines, atelines,

tuber calcanei

flexors and plantar aponeurosis.
Enables grasps irrespective of
ankle joint postures. Redistributes
digital tendon force, doubling
force of friction per applied
muscular force in pedal grasps.
Transmits load to the substrate

in plantigrade foot postures

plantigrade quadrupeds
and bipeds

and hominoids
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TABLE 12
(Continued)
Nonhuman primate
Character Mechanical function Associated behaviors showing character
13. Planar first tarso-meta-  Restricted mobility at first tarso- Cursorial terrestriality, Callithricids and gelada

tarsal joint

metatarsal joint

and/or arboreality along

baboons

14. Dorsiflexed set of
metatarsophalangeal
joints and dorsally
expanded metatarsal
heads

Hyperextension of metatarso-
phalangeal joints

relatively large-diameter
supports

Semidigitigrade or
digitigrade behaviors,
terrestriality

Patas monkeys, baboons, and
some macaques

Notes:

1. Waterman, 1927; Straus, 1929; Schultz, 1930; Reynolds, 1931; Robinson, 1972; Lovejoy, 1979; Sarmiento, 1985, 1998.

2, 3. Waterman, 1927; Straus, 1929; Reynolds, 1931; Broom and Robinson, 1950; Le Gros Clark, 1955; Biegert and Mauer,
1972; Lovejoy, 1974, 1978; Stern and Susman, 1983; Sarmiento, 1987.

4. Waterman, 1927; Schultz, 1930, 1936; Reynolds, 1931; Le Gros Clark, 1955; Zihlman, 1969, 1978; Robinson, 1972; Stern

and Sussman, 1983; Sarmiento, 1985, 1998; McHenry, 1991.

5. Straus, 1929; Schultz, 1936; Le Gros Clark, 1955; Sarmiento, 1998.
6. Weidenreich, 1913; Straus, 1929; Schultz, 1936; Robinson, 1972; Lovejoy et al., 1973; Stern and Susman, 1983; Sarmien-

to, 1998.

7. Waterman, 1927; Le Gros Clark, 1955; Abitbol, 1988; Kohler and Moya-Sola, 1997; Sarmiento, 1998.
8. Mednick, 1955; Zihlman, 1969; Robinson, 1972; Lovejoy et al., 1973; Lovejoy, 1974, 1978; Stern and Susman, 1983;

MacLatchy, 1996.

9. Lovejoy, 1988; Lovejoy et al., 1996; Ohman et al., 1997; Rafferty, 1998.
10. Zihlman, 1969, 1978; Heiple and Lovejoy, 1971; Robinson, 1972; Walker, 1973; Sarmiento, 1985, 1995, 1998; Stern and

Susman, 1983; McHenry, 1991; Tardieu and Preuschoft, 1996.

11. Lewis 1980b, c; Latimer et al., 1987; Sarmiento, 1994, 1998; Carrano, 1997.

12. Sarmiento, 1983, 1985, 1994; Gebo, 1986; Latimer and Lovejoy, 1989; Meldrum et al., 1997.
13. Morton, 1924; Schultz, 1936; Hill, 1960; Jolly, 1965, 1970; Latimer and Lovejoy, 1990a.

14. Jolly, 1965; Latimer and Lovejoy, 1990b; Sarmiento, 1998; Ward et al., 1999,

calcaneus, navicular, and entocuneiform (this
study), the dorsiflexed set at the metacarpo-
phalangeal joints, and the short phalanges
(Stern and Susman 1983; Latimer and Love-
joy, 1990a,b), the Hadar foot was much bet-
ter suited for terrestrial plantigrade postures
than for arboreal grasps. Substrate contact by
the distal tarsus indicates a human bipedal
stride involving heel-to-ball weight transfer
could not have been commonly employed.
The more divergent set of the second and
third rays as implied from the transverse me-
soectocuneiform angle and the mobile trans-
verse arch suggests a less compact foot than
in modern humans, one which was not as
strongly committed to terrestrial behaviors.
Mobility at the talonavicular joint and the
relative plantar orientation of the entocunei-
form facet indicates more abducted postures

of the hallux in Hadar than is characterstic
of humans. Because the degree of hallucal
abduction is defined by the set of the talo-
navicular, naviculoentocuneiform, first tar-
sometatarsal and metatarsophalangeal joints
(Day and Wood, 1968; Lewis, 1980b, c; Sar-
miento, 1994), and these are not all present
among the Hadar AL 333/333w remains, es-
timates as to degree of hallucal abduction are
equivocal. Regardless, a degree of halucal
abductability comparable to or greater than
that seen in mountain gorillas is areasonable
estimate.

The Hadar navicular is best interpreted as
belonging to the foot of a generalized quad-
ruped which probably employed plantigrade
bipedal postures and limited its arboreal be-
haviors to supports of relatively large diam-
eter (Sarmiento, 1989, 1991, 1998).
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Oreopithecus

The large sagittal taloectocuneiform and
entoectocuneiform angles and the relatively
small transverse mesoectocuneiform angle
(table 1 and 2) indicate the Oreopithecus foot
had markedly divergent rays. The low navic-
ular torsion with the strong medial inclina-
tion of the talar neck specifically indicate a
markedly divergent hallux. Among the hom-
inoids such a marked divergence is unique to
Oreopithecus and is corroborated when the
associated tarsal and metatarsal bones are ar-
ticulated (Kohler and Moya-Sola, 1997). A
shallow talar facet with small and approxi-
mately equal radii of curvature (table 4) cor-
responds to a loose talonavicular joint with
rotatory ability. Such joint laxity is also re-
flected in the calcaneo-cuboid joint (Sar-
miento, 1987; Szalay and Langdon, 1987)
and in the single continuous navicular facet
on the talar head. A talar facet which islarge
relative to the cuneiform facets (fig. 8) sug-
gests an emphasis on mohility at the talona-
vicular relative to the naviculocuneiform
joints. The absence of weight-bearing tuber-
cles on the navicular and entocuneiform
(Sarmiento, 1987) suggest that the foot
lacked a commitment to terrestrial behaviors
and/or was not often used for walking along
large diameter horizontal supports. The large
cuboid facet (fig. 6 and table 6) is in accord
with powerful hallucal opposability and a
foot loaded in supinated postures.

The Oreopithecus navicular best corre-
sponds to the foot of an arboreal vertical
climber. A relatively maobile foot with awide
opposable grasp, this foot could be apposed
against vertical trunks when climbing, or
used along horizontal supports of diameters
permitting hallucal grasps.

PHYLOGENY IMPLICIT IN NAVICULAR
MEASUREMENTS

It is striking how close the phenetic tree
based on the Mahalanobis distances between
samples of human and great ape navicular
measurements (fig. 13) coincide with homi-
noid phylogenies as hypothesized by early
anatomists (Keith, 1916, 1934, 1940; Morton
1927; Schultz, 1936; Le Gros Clark, 1971).
Because navicular measurements were cho-
sen to reflect largely functional concerns, co-
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inciding phylogenies and phenetics may be
unexpected, especially when epigenetic and
inherited characters are given equa weight.
Early anatomists and systematists, however,
did not usually test the inferred homologies
used to construct phylogenies for the likeli-
hood of parallelisms (Sarmiento, 1998).
Thus, these phylogenies are in essence phe-
netic trees, i.e., they equate degree of overall
morphological similarity with the degree of
relationship. Without the morphological
complexity necessary to test for homologies,
quantification of overall similarities in frag-
mentary fossils may be the only analysis pos-
sible. Results from such an analysis, how-
ever, do not accurately reflect phylogenetic
affinities, since they conflate shared derived
characters (synapomorphies) and parallel-
isms (plesiomorphies) and do not distinguish
inherited characters from those originating
ontogenetically with use.

Through cladistic analysis and knowledge
as to what navicular characters are primitive
vs. derived, testing for homologies may be
possible. For instance, aweight-bearing plan-
tar tubercle with a variable sustentacular ar-
ticulation is a shared derived character of the
African ape navicular absent in other catar-
rhines and the earliest known fossil homi-
noids (i.e. Oreopithecus and Svapithecus;
Sarmiento, 1994, this study). The presence of
alarge weight-bearing plantar tubercle and a
sustentacular facet on the navicular of Hadar
forms may be used to argue that many of the
angles and metric characters shared by Hadar
and African apes are also homologous. As
such, the Hadar naviculars would seem to
share a special relationship with African apes
exclusive of humans and orangutans. Aswith
al cladistic analyses this argument assumes
orthosel ection with minimal reversals. In this
case, the assumptions are that the large plan-
tar tubercle and sustentacular facet was not
(1) independently acquired by chimpanzees,
gorillas and/or Hadar fossils, (2) a shared
trait of humans and African apes which was
later lost in humans, or (3) a shared hominoid
trait that was independently lost in humans,
orangutans, and Oreopithecus. With relative-
ly few comparative taxa as outgroups and a
limited number of shared derived characters
for comparison, such an analysis may prove
equivocal. In most cases more than a bit of
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localized morphology is necessary for phy-
logenetic resolution (Sarmiento, 1987).

Regardless of its inaccuracy, navicular
phenetics and the cladistic analysis that can
be done on the limited number of navicular
characters does reflect phylogeny to some
degree. In this regard, there must be a limit
as to how much the naviculars of closely re-
lated forms may differ from each other and/
or how similar the navicular of more distally
related forms may be. Similarities in inher-
ited anatomy predispose the types of prob-
lems an organism encounters in its environ-
ment and the behaviors used to solve these
problems. Differences in inherited anatomy,
on the other hand, reduce the likelihood of
encountering similar problems in the envi-
ronment or arriving at similar solutions. Even
if the same problems are encountered and
similar solutions arrived at, inherited differ-
ences are more apt to result in greater dif-
ferences in navicular morphology in more
distally related taxa than in closely related
ones.

Notably navicular phenetics also approxi-
mates the currently accepted hominoid phy-
logeny (Sarmiento, 1998). The only dis
agreement exists at the point of human di-
vergence, and humans have a decidedly spe-
cialized foot committed to terrestrial
bipedality (Weidenreich, 1922; Morton,
1924; Schultz 1963; Sarmiento, 1994, 1998).
The close similarities in the navicular of OH
8 and humans, and of Hadar australopithe-
cines and African apes, and the unique na-
vicular of Oreopithecus must reflect to some
degree phylogenetic affinities. This applies
whether or not the measured characters also
reflect functional concerns. As regards the
navicular, the AL 333/333w remains are
more likely to represent ancestral African
apes than ancestral humans. The measured
differences between OH 8, Hadar, and Or-
eopithecus naviculars are consistent with ge-
neric differences among humans and living
great apes.

CONCLUSIONS

The Oreopithecus, Hadar, and OH 8 na-
viculars, in order of decreasing geologic age,
show decreasing hallucal abduction, increas-
ing commitment to terrestrial behaviors, and
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a decreasing Mahalanobis distance to human
naviculars. Such a sequence of evolutionary
changes in the foot are in accord with those
predicted in human phylogeny by current
models of hominoid and hominid divergence
(Sarmiento, 1995, 1998).

Results from this study inspire caution as
to how much of an animal’s phylogeny or
overall behavior can be interpreted from a
single bone. Phylogenies are unlikely to be
accurate without the morphol ogic complexity
necessary to test for homologies, and without
at least a limited understanding of character
polarity. When interpreting either phylogeny
and/or function from fossil remains, incom-
plete remains are likely to lead to spurious
conclusions. Interpretations of australopithe-
cine systematics and behavior, therefore, can
only be credible when all of the morpholog-
ical evidence is accounted for. In retrospect,
the notion that the australopithecine gait
could have been predicted based on a single
0s coxa (Sts 14) and some nonassociated
fragmentary femora (Lovejoy, 1974; see also
Johanson et al., 1976) is supercilious.
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