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Morphology and Locomotor Adaptations of the Bovid Femur in
Relation to Habitat

JOHN KAPPELMAN
" Departments of Anthropology and Earth and Planetary Sciences, Peabody
Museum, Harvard University, Cambridge, Massachusetts 02138

ABSTRACT  Extant bovids inhabit a wide diversity of environments that
range from forest to savanna and display locomotor patterns that are habitat
specific. I report here on an investigation of the linkage between these loco-
motor patterns and habitat based on a study of the morphology of the bovid
femur. Femoral head shape, shaft dimensions, and knee structure are exam-
ined and support a statistically significant separation of the different morpho-
logical complexes present in bovids from forest, broken cover, and savanna
habitats. Morphological differences are primarily related to locomotor patterns
as reflected in the degree of cursoriality displayed by bovids in different
habitats. Cursorial bovids from savanna environments have laterally ex-
panded femoral heads that act to limit the degree of abduction and axial
rotation at the hip, and elliptically shaped distal femora that increase the
moment arm of the extensor muscles that cross the knee. Forest bovids have
spherically shaped femoral heads. This morphology permits a much higher
degree of abduction and axial rotation at the hip and appears to provide greater
maneuverability in a vegetationally complex habitat. Bovids living in broken
cover environments that fall between the extremes of closed canopy forest and
savanna display an intermediate set of femoral characters. This approach to
the relationship between habitat and locomotion offers a potentially powerful

means with which to examine the interplay between structural form and

function in bovid evolution.

Studies of the relationship between mor-
phological structure and function provide
important insights about the interactions be-
tween living species and their environment.
One area of functional morphology that has
been especially successful in delimiting such
relationships is the study of locomotor Sys-
tems. Cursorial mammals all display various
adaptations to rapid locomotion in terrestrial
settings. Extant species of the family Bovi-
dae (Mammalia, Artiodactyla) provide an ex-
cellent natural group of cursorial mammals
with which to examine finer-scale relation-
ships between morphology and function
within a limited locomotor category and
across a variety of habitats ranging from the
extremes of tropical forest to desert.

I'report here the results of an investigation
of the structure of the femur as an approach
to the study of bovid locomotion. This inves-
tigation pays special attention to the way
that substrates differ across the habitat spec-

© 1988 ALAN R. LISS, INC.

trum from forest to savanna and how these
habitat differences are related to different
patterns of locomotion. Femoral morphology
is shown to be related to the degree of curso-
riality displayed by bovids from across the
habitat spectrum. '

MATERIALS AND METHODS

A series of measurements of the bovid fe-
mur was designed to investigate the relation-
ship between functional morphology and
habitat. The femur was selected for several
reasons. First, the highest degree of potential
rotation in the hindlimb is found at the hip
joint. Any differences in abduction and axial
rotation existing between bovids from differ-
ent habitats will be obvious in the hip. Sec-
ond, the knee joint is the site over which the

John Kappelman's present address is Department of Anthro-
pology, The University of Texas at Austin, Austin, TX 78712
1086.
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quadriceps femoris muscle group passes. An
increase in the potential moment of this mus-
cle group should be expressed as a relatively
larger moment arm.

A total of 195 specimens from eight bovid
tribes and 41 species was measured (Table 1).
Measurements were taken from adult, wild
animals; only rarely were zoo animals in-
cluded. The number of individuals per spe-
cies varied from 1 to 12 (mean of 5). Both
males and females were included in the sam-
ple of specimens from each species. Speci-
mens are housed in the Museum of
Comparative Zoology (Cambridge, MA) and
the American Museum of Natural History
(New York, NY). Original measurements for
each specimen are in Kappelman (’86).

This study concentrated on bovids living in
forest, broken cover, and savanna habitats
and excluded those living on cliffs, moun-
tains, and high mountain plateaus (exclud-
ing primarily members of the tribes Saigini,
Rudicaprini, Ovibovini, and Caprini). Also
excluded were the very largest bovids (> 250
kg: tribe Bovini and large Taurotragus).

The body weights of bovids included in this
study range from 4 to 250 kg. Given a size
range of two orders of magnitude, there ex-
ists a distinct possibility that some of the
differences in femoral morphology may re-
sult simply from allometrically related scal-
ing differences. All characters investigated
were examined against both habitat and body
size in order to test for size independence.
Femoral length is significantly correlated
with body size across the weight range inves-
tigated here (Scott, ’'85) and is used as an
approximation of body size. Femoral length
(FL) was measured from the medial condyle
to the cranial portion of the femoral head
(Table 1).

The typical habitat for each species is taken
from the compilation in Kappelman ('86; as
modified from Scott, *79) (Table 1). “Closed”
habitat has a generally continuous tree can-
opy and includes forest. “Open’ habitats are
those without tree cover and include savan-
nas and grasslands. Bovids assigned to the
category of “intermediate” habitats live in
broken cover environments falling between
the extremes of forest and savanna. This cat-
egory includes such diverse environments as
bush, tall grass, swamp or close to water, and
edge or ecotone. Although this category in-
cludes a mix of ecological settings, it proves
useful in distinguishing these environments
from those at the ends of the habitat
spectrum.

J. KAPPELMAN

The femoral characters used here were cho-
sen because of their previously demonstrated
utility in locomotor studies of other mam-
malian groups. These various characters are
situated near the two ends of the femoral
shaft. Proximal and distal femoral fragments
are common in the fossil record, and it should
be possible to use these characters in studies
of fossil bovids. '

The characters measured are detailed in
Figure 1 and include:

Femoral head shape score (FHSS) (Fig. 1A)

Femoral head shape was scored on the dis-
tribution of articular area in the cranial pro-
jection and measured the “taper” of the
femoral head along the mediolateral axis.
The score is dimensionless and represents
the difference between the areas of the me-
dial half (Fig. 1A: back hatch area) and lat-
eral half (Fig. 1A: forward hatch area) of the
femoral head divided by the total area (Fig.
1A: sum of back and forward hatch areas)
multiplied by 100. Areas were measured from
color transparencies. The mediolateral (ML)
length of the femoral head (Fig. 1A:1) was
measured and divided into eighths, and the
widths in the anteroposterior dimension per-
pendicular to the ML dimension were mea-
sured at these 7 points (Fig. 1A:2-8). The
area of each half of the femoral head was
calculated by multiplying the ML length by -
the sum of the three medial (Fig. 1A:3-5) or
lateral (Fig. 1A:6-8) anteroposterior (AP)
widths plus one-half of the middle AP width
(Fig. 1A:2). The 7 construction lines provide
a close approximation of the total area of the
femoral head as confirmed by subsequent
digitized measurements.

Proximal AP/ML shaft ratio (PSR) (Fig. 1B)

The anteroposterior and mediolateral shaft
dimensions at the distal base of the lesser
trochanter were measured with dial calipers.
The AP/ML ratio provides an estimate of the
various loading forces that operate through
the proximal femur.

Medial patellar lip ratio (MPLR) (Fig. 1C)

The distance from the medial patellar lip
to the femoral condyle in the anteroposterior
plane (Fig. 1C:1), and the distance from the
center of the patellar groove to the intercon-
dylar notch (Fig. 1C:2) were measured per-
pendicular to the shaft of the femur with an
osteometric board and dial caliper, respec-
tively. The ratio of the medial patellar lip
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Z. 1. Measurements of femoral characters. See Ma-
wrials and Methods for explanation. A: Femoral head
shape score, FHSS (cranial view). B: Proximal AP/ML
shaft ratio, PSR. C: Medial patellar lip ratio, MPLR

height to the distal AP shaft thickness (Fig.
1C:1/2) estimated the relative moment arm
of the extensor muscles that cross the knee.

Patellar groove ratio (PGR) (Fig. 1D)

The arc length of the medial (Fig. 1D:1)
and lateral (Fig. 1D:2) margins of the patel-
lar groove were measured with a flexible tape
from the proximal margin of the lip to its
distal end. The ratio of the medial to the
lateral arc lengths (Fig. 1D:1/2) served to es-
timate the relative symmetry of the patellar
groove morphology.

RESULTS

Statistics for the various morphological
characters measured in this study were cal-
culated for each bovid species and the three
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(distal view). 1): Patellar groove ratio, PGR (1, medial
view; 2, lateral view). a, anterior; 1, lateral; It, lesser
trochanter; m, medial; p, posterior. Scale bar equals 1
cm.

habitat groups (Tables 1, 2; Sokal and Rohlf,
’81). The means and 95% confidence inter-
vals for each character by habitat group are
presented in Figure 2. These data support a
relationship between bovid femoral morphol-
ogy and habitat type.

The proximal femur
Femoral head shape score (FHSS)

Femoral heads demonstrating a high de-
gree of lateral taper are more spherically
shaped and score higher FHSS values than
heads with less lateral taper that are more
rectangularly shaped. Bovids with the high-
est values are found in closed or forested
habitats while bovids with intermediate val-
ues frequent broken cover habitats. The low-
est scores are found in bovids living in open
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TABLE 2. Sample sizes (N), group means (X), standard deviations (SD), observed ranges (OR), and 95%

confidence intervals (CD of the four morphological characters of the bovid femur by habitat group

Habitat
group N X SD OR CI
FHSS
Open 73 -0.80 2.58 -7.19-7.38 —1.40--0.20
Intermediate 75 3.03 3.91 -5.30-11.34 2.13-3.93
Closed 47 9.07 3.18 2.56-15.51 8.14-10.00
PSR -
Open 73 0.962 0.049 0.863-1.134 0.950-0.974
Intermediate 75 1.011 0.079 0.855-1.243 0.993-1.029
Closed 47 1.061 0.090 0.848-1.296 1.035-1.087
MPLR ,
Open 73 1.532 0.049 1.393-1.643 1.520-1.544
Intermediate 75 1.477 0.058 1.338-1.652 1.463-1.491
Closed 47 1411 0.061 1.323-1.598 1.393-1.429
PGR
- Open 73 1.129 0.096 0.953-1.352 1.107-1.151
Intermediate 75 1.058 0.072 0.910-1.228 1.042-1.074
Closed 47 1.031 0.077 0.900-1.321 1.009-1.053
savanna settings. Femoral head shape is in- A o "
dependent of body size (r = .01, P > .05, n " - N
= 195). Although there is overlap in the total o ! 53
range of femoral head scores, each of the I &5
three habitat groups is separated from the
others at the 95% confidence intervals (Fig. -10 ' 0 ' 10 T 20

24).

The differences in bovid femoral head shape
documented here are functionally related to
different patterns of cursoriality displayed
by bovids in different habitats. Bovids with
more rectangularly shaped femoral heads
(low FHSS) are found in open environments
(Fig. 3A). These habitats present few struc-
tural obstacles at ground level and bovids
living here are highly cursorial. The distinc-
tive femoral head morphology of open coun-
try bovids appears to increase the ef-
fectiveness of cursorial locomotion by ana-

. tomically limiting the range of abduction and

axial rotation and thereby restricting hind-
limb movements to the parasagittal plane.
This decrease in hip mobility contributes to
hindlimb propulsion by preventing unneces-
sary axial rotation and lateral excursions of
the limb.

Bovids with more spherically shaped femo-
ral heads (high FHSS) are found in closed
environments at the other end of the habitat
spectrum (Fig. 3B). This environment, with
its almost three-dimensional network of
bush, shrubs, tree trunks, and the occasional
downed tree, presents a complex and uneven
substrate for a large terrestrial mammal.
Closed habitats effectively limit high-speed
cursorial locomotion: instead, forest bovids

ch
o o
e —h
g =
¢ =2
r T T T T T T T T
a8 10 12 14 16

Fig. 2. Statistics for the femoral characters. See Table
2 and Results for explanation. Vertical line, mean; hori-
zontal line, range; open box, 95% confidence interval.
Habitat groups: C, closed; I, intermediate; O, open.

generally follow a series of well-known paths
or runways that wind through the dense veg-
etation. This pattern of locomotion requires
maneuverability and places emphasis on a
greater degree of abduction and axial rota-
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Cc
—

Fig. 8. Cranial view (medial to left) of right-side femo-
ral heads from (A) savanna, (B) forest, and (C) broken-
cover habitat bovids. Compare (A) the inflated lateral
margin of the articular surface (Gazella granti, FHSS
=-2.58, AMNH 82056) with (B) the reduced lateral and
more spherically shaped medial margins (Tragelaphus
scriptus, FHSS = 10.32, AMNH 53245). The bovid in C
has an intermediate morphology (Redunca fulvorufula,
FHSS = 2.11, AMNH 82066). See Results, Proximal
Femur, for explanation.

—

Fig. 4. Cranial view (medial to left) of femoral heads
from bovids living in savanna (A, Gazella thomsoni, MCZ
13244; B, Connochaetes taurinus, MCZ 83503) and forest
tC, Cephalophus dorsalis, MCZ 43048; D, Taurotragus
euryceros, AMNH 88414). Note the similarity in the
shape of the articular surfaces between A and B, and C
and D. See Results, Proximal Femur, for explanation.
Scale bar equals 1 cm.

tion at the hip. The distinctive spherically
shaped femoral head morphology of closed-
habitat bovids facilitates increased hip
mobility.

Bovids living in broken cover environ-
ments demonstrate intermediate femoral
head morphologies (intermediate FHSS) (Fig.
3C). These substrates have a varying amount
of ground cover, which somewhat limits
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highly cursorial locomotion. The intermedi-
ate femoral head shape probably represents
a compromise between the competing de-
mands of restricting limb movements to the
parasagittal plane while stil] retaining some
moderate degree of hip mobility.

It is instructive to compare the femoral
head morphologies from bovids of different
body sizes inhabiting the same environment.
Figure 4 shows cranial views of two open
country bovid femora from an antilopine (Fig.
4A) and an alcelaphine (Fig. 4B), and two
closed-habitat femora from a cephalophine
(Fig. 4C) and a tragelaphine (Fig. 4D). Al
though the members of each pair of species
from the open and closed habitats differ in
body weight by a factor of 10, they still dem-
onstrate the same basic femoral head shape.
Each species is from a different subfamily
(Table 1). The distinctive morphologies are
then either homoplastic or retained from a
distant common ancestor within the pairs of
species living in similar habitats, The great
morphological similarity witnessed between
unrelated species of such different body sizes
argues for the strength of the selection pres-
sure for hip joint movements associated with
habitat specific patterns of locomotion.

Proximal AP/ML shaft ratio (PSR)

Bovids from open habitats demonstrate
smaller PSR values than bovids from closed
habitats (Fig. 2B). There is separation be-
tween the habitat groups at the 95% confl-
dence intervals. There is no correlation
between PSR and femoral length (r = .06, P

>-.05, n = 195).

Measurements of cross-sectional shaft ge-
ometry have been used to study the various
loading forces that are generated during lo-
comotion (Burr et al., '81; Currey and Alex-
ander, '85; Lanyon and Rubin, ’84; Ruff and
Hayes, ’83). Although a precise calculation of
the cross-sectional second moments of inertia
requires the total area and the distribution
of the area around the centroid of the shaft,
the major and minor axes of bending rigidity
generally approximate the greatest and least
diameters of the shaft cross section. The AP/
ML ratio of the femoral shaft at the lesser
trochanter serves to approximate the loading
forces generated during locomotion that pass
through the proximal femur along these
planes.

The most cursorial bovids from open habi-
tats have larger ML than AP diameters in
the proximal femur (ratio < 1) than bovids






