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Traditionally a few limb proportions or total limb lengths have been regarded as indicative of peak running velocity.
This is due to physical principles (inferred in- and outvelocities around the joints, stride lengths) and also the obser-
vation that fast-moving animals tend to share a number of purported key features which are either absent or not
developed to near the same extent in slower moving forms. Previous studies have shown hind limb length and meta-
tarsus/femur ratio to be correlated significantly, albeit modestly with running speed. These studies have nearly all
been bivariate analyses. Based on the physical principles, there is reason to suppose that more variables than just
m/f ratio could be important as adaptations for fast locomotion, and also that bivariate analyses are too simple. In
this study a sample of 76 running mammals was used, with running speeds taken from literature. A number of osteo-
logical parameters were discovered to covary significantly with peak running speed, albeit only modestly. Using the
information from phylogeny reduced all correlations, often significantly so. Multivariate analyses resulted in mark-
edly higher correlation coefficients. Animals probably do not optimize their anatomy for the purpose of running very
fast, which occurs only on rare occasions, but for reducing costs of locomotion. © 2002 The Linnean Society of
London, 
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INTRODUCTION

 

Despite suggestions to the contrary (e.g. Gambaryan,
1974; Coombs, 1978; Halstead & Halstead, 1981;
Thulborn, 1982; Garland, 1983), there is no 

 

a priori

 

reason to assume that extant mammals fill the
maximum speed potential possible at any given body
size. Several species of extinct proboscideans signifi-
cantly exceeded extant elephants in size (Garrutt &
Nikolskaja, 1988; Shoshani 

 

et al

 

., 1991; Mol & van
Essen, 1992; Paul, 1997), although being morphologi-
cally very similar to the latter, and thus there would
be little reason to suppose that they had a radically
different locomotor capability. Significantly, several
extinct mammals, such as certain rhinos (e.g. 

 

Megac-
erops

 

, 

 

Elasmotherium

 

), brontotheres and ceratopsian
dinosaurs (Paul & Christiansen, 2000) morphologi-
cally appeared to have been able to perform true run-
ning with body masses approaching those of extant
elephants. Certain extinct carnivorans also appear to
have greatly exceeded their extant counterparts in

size, while probably retaining the ability to run (e.g.
Osborn, 1910; Kurtén, 1967; Anyonge, 1993; Turner,
1997; Christiansen, 1999a). In fact, the largest ter-
restrial mammal (Alexander, 1989a; Fortelius &
Kappelman, 1993; Paul, 1997), the primitive rhinoc-
eros 

 

Indricotherium

 

 from the Oligocene of Asia, has a
number of anatomical features indicative of it having
had a greater ability for fast locomotion than extant
elephants (Paul & Christiansen, 2000).

Adaptations for speed apparently have been an
important factor in mammalian evolution (for review,
see Howell, 1944). Simple observation of most larger
mammals demonstrates that some are a lot faster
than others (i.e. speed is not a simple linear reflection
of body size, as also found by Garland, 1983) and that
fast-moving species tend to share a substantial num-
ber of morphological traits either absent or not devel-
oped to nearly the same extent among slower moving
forms. Accordingly, several anatomical variables have
been identified that are traditionally considered as
indicative of fast locomotion. These include epipodials
and metapodials reduced to a single functional unit,
hinge-like joints, mobile scapula, a high metatarsus/
femur ratio and long limbs relative to body size (e.g.
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Gregory, 1912; Howell, 1944; Maynard Smith &
Savage, 1956; Gambaryan, 1974; Savage, 1977;
Coombs, 1978; Bakker, 1983; Hildebrand & Hurley,
1985; Van Valkenburgh, 1987; Hildebrand, 1988).

These variables have often been used to infer loco-
motory capabilities of extinct mammals (Howell,
1944; Maynard Smith & Savage, 1956; Bakker, 1983;
Van Valkenburgh, 1987; Janis & Wilhelm, 1993; Paul
& Christiansen, 2000) and also in non-avian dino-
saurs (Coombs, 1978; Thulborn, 1982; Holtz, 1994;
Christiansen, 1997, 1998; Paul & Christiansen, 2000),
which in many ways bear substantial resemblance to
larger, parasagittal mammals (Carrano, 1998). Thus,
in many aspects of neontological and palaeobiological
research it is desirable to have some reliable parame-
ters for inference of adaptations for fast locomotion.
Identifying such variables across a phylogenetically
wide range of species is important, as more vague,
intuitive inferences based on overall similarity and
close phylogenetic affinity are often not possible.
Horses such as 

 

Hipparion

 

 or 

 

Hippidion

 

 are suffi-
ciently closely related and morphologically similar to
extant 

 

Equus

 

 that it may be defensible to infer similar
locomotory capability to 

 

Equus

 

 in these forms. But
how about 

 

Arsinoitherium

 

, or even unguligrade, one-
toed litopterns such as 

 

Thoatherium

 

 or 

 

Diadiaphorus

 

(Protherotheriinae), which, although resembling
small horses are not even perissodactyls (Osborn,
1910; Simpson, 1945; McKenna & Bell, 1998), invali-
dating the arguments of phylogenetic affinity? This is
further compromised when attempting to infer the
locomotory capabilities of dinosaurs.

Although empirical verification of the above vari-
ables was lacking for many years, recent analyses
have demonstrated a significant relationship between
running speed and metatarsus/femur ratio and hind
limb length (Garland & Janis, 1993), although the cor-
relations were not impressive. Likewise, a relation-
ship between hind limb length and feeding ecology has
been demonstrated in carnivorans (Harris & Steudel,
1997) as previously suggested by Gonyea (1976).
There are strictly mechanical reasons for assuming a
close relationship of limb ratios, not just the m/f ratio,
and overall limb length to running speed. Longer
limbs of course facilitate longer strides. This would be
particularly important during true running with a
suspended phase in the stride. During slower forms of
locomotion, such as walking and trotting, speed
increases as a function of increases in stride length
and stride frequency, but during the gallop, speed
increases mainly from increases in stride length
(Heglund 

 

et al

 

., 1974; Pennycuick, 1975; Biewener,
1983; Alexander, 1989b; Biewener & Baudinette,
1995).

However, for efficient locomotion, limbs should not
merely become longer. Most fast running mammals

have proximally placed limb muscles in the legs, prox-
imally placed limb muscle insertions on the bones,
elongate distal parts of the limbs, and are either
digitigrade or unguligrade, thus incorporating the
metapodium into effective limb length. Additionally,
the limb joint morphology effectively restricts motion
to a predominantly parasagittal plane (e.g. Howell,
1944; Coombs, 1978; Hildebrand & Hurley, 1985;
Hildebrand, 1988). The physical principles behind this
are well founded.

A limb can be regarded as a system of levers which
pivot around each other at the joints (for a thorough
review see, e.g. Alexander, 1983, or Hildebrand, 1988).
Although the detailed functional morphology of a mov-
ing limb is highly complex, a simple example may be
given of the elbow joint. The olecranon process can be
regarded as the inlever (L

 

i

 

) for the 

 

m. triceps

 

, which
extends the joint by contracting and exerting a force
(the inforce, F

 

i

 

) on the olecranon process. This results
in motion of the distal part of the limb and an outforce
(F

 

o

 

) at the tip of the outlever (L

 

o

 

), which is the distal
part of the radius, or rather, the third metacarpal, as
this bone touches the ground. At equilibrium, F

 

i

 

L

 

i

 

 

 

=

 

F

 

o

 

L

 

o

 

 (Hildebrand, 1988). Motion around the elbow is
termed the invelocity (V

 

i

 

) and at the distal part of the
limb it is termed the outvelocity (V

 

o

 

). As V

 

i

 

L

 

o

 

 

 

=

 

 V

 

o

 

L

 

i

 

(Hildebrand, 1988), it follows that V

 

o

 

 

 

=

 

 V

 

i

 

L

 

o

 

/L

 

i

 

, imply-
ing that increases in outlever length will increase out-
speed by increasing the angular velocity, but will
decrease the outforce, due to the well known inverse
relationship between muscle shortening velocity and
resistance.

From the above it follows that muscles should be
proximally placed in the limbs, to reduce the angular
momentum (angular velocity multiplied by the
moment of inertia, which is related to mass). This
would also imply relatively less energy consumption
from oscillation of the limbs. Fast-moving mammals
also tend to reduce the number of metapodials, reduce
the ulnar diaphysis and have a reduced (e.g. felids,
canids) or nearly absent (many bovids and cervids) fib-
ula. This also reduces distal limb mass, and thus
angular momentum. Additionally, proximally placed
limb muscles allow the muscles to operate the bones
by means of long tendons, suitable for the storage of
large amounts of elastic potential energy, to be
released during the propulsive phase of the stride (e.g.
Taylor 

 

et al

 

., 1980; Alexander, 1984a; Dimery 

 

et al

 

.,
1986; Hildebrand, 1988; Roberts 

 

et al

 

., 1997). This
implies that muscles produce force during locomotion
but do little work, as most of the shortening occurs in
the tendons (Taylor 

 

et al

 

., 1980; Dimery 

 

et al

 

., 1986;
Roberts 

 

et al

 

., 1997).
Hinge-like joints would ensure proper summation of

the independent angular velocities around the joints,
as several joints arranged in a series makes the angu-
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lar velocities of individual segments roughly additive
(Hildebrand, 1988). Muscles appear not to shorten
appreciably during the stance phase, however (e.g.
Roberts 

 

et al

 

., 1997; Biewener 

 

et al

 

., 1998), implying
that adaptations for increasing the angular velocity, if
any, should be important during the swing phase, or,
more likely, to facilitate a more rapid down stroke,
increasing ground forces (Weyand 

 

et al

 

., 2000). Hinge-
like joints probably also prevent easy dislocation of
joints during rapid locomotion, which would be impor-
tant as this activity places a tremendous stress on
the skeleton (e.g. Alexander, 1977, 1984b; Rubin &
Lanyon, 1982; Biewener 

 

et al

 

., 1983; Biewener, 1983;
Thomason, 1985; Biewener & Taylor, 1986).

It follows from the above that the metatarsus/femur
ratio is but one of several limb bone ratios that could
potentially influence adaptations for speed. It would
seem equally important to study the relationship of
other long bone ratios to speed, such as the radius/
humerus ratio, metacarpus/humerus ratio and tibia/
femur ratio. Also, the relationship of the in- and out-
levers could be important, in this case the olecranon
process and calcaneal tuber, due to their prominence.
The empirical relationship of these variables to run-
ning speed has hitherto not been well studied.

Additionally, previous analyses of this nature (e.g.
Garland, 1983; Garland & Janis, 1993) or analyses of
anatomy to ecology (Harris & Steudel, 1997) or phys-
iology (Strang & Steudel, 1990; Steudel & Beattie,
1995) have all analysed single traits separately (but
see Bonine & Garland, 1999, for a multivariate study
on lizard locomotion). If, for instance, hind limb length
is found to correlate with running speed, it may be
expected that a significantly better correlation could
be obtained by including the ‘other half ’ of the locomo-
tory system, the fore limb.

Accordingly, in this paper a large number of ana-
tomical parameters are analysed for their relationship
to running speed, both separately and in multivariate
analyses. Provisional results were presented in Chris-
tiansen (2000). Identifying variables that correlate
significantly with, and thus may be considered as
adaptations or even prerequisites for, fast locomotion
would be important in studies of not only extant, but
extinct mammals as well. Additionally, because much
of the rationale behind this correlation is founded not
just on the presence of these features in fast-moving
forms, but on physical and mechanical principles, one
may argue that variables that correlate well with
speed across a wide phylogenetic spectrum and size
range in extant mammals could be indicative of the
ability for fast locomotion 

 

per se

 

. Thus, they may be
used in inferences of speed in extinct animals not
closely related to extant mammal species, such as
nimravids, brontotheres, litopterns or non-avian
dinosaurs.

 

MATERIALS AND METHODS

 

DATA

 

 

 

SAMPLE

 

A data sample of 76 mammals was used (Table 1). In
order to make the species in the data sample more
comparable, all included species are flexed-limbed
and capable of true running with a suspended phase
in the stride, with the possible exception of the hippo,
which appears to be restricted to fast trotting.
Restricting the sample to running mammals only
ensures a reasonable uniformity of locomotor mechan-
ics (see Alexander & Jayes, 1983, for a thorough
review). All specimens are housed in the Zoological
Museum in Copenhagen. No saltatorial species are
included and elephants are not included either, owing
to their apomorphic appendicular anatomy and mode
of locomotion (Gambaryan, 1974; Alexander 

 

et al

 

.,
1979; Christiansen, 1997). Body masses were known
for some individuals but in other cases the body
masses were taken from literature (Table 1), mainly
Nowak (1991) and Silva & Downing (1995). Fre-
quently, body masses from these two and other liter-
ature sources were checked against the values
reported in the series Mammalian Species.

Maximum articular lengths of the major limb bones
of the included 76 species (humerus, radius, femur,
tibia, longest metacarpal and longest metatarsal)
were measured using digital callipers for lengths up
to 155 mm, and normal callipers for lengths over
155 mm (see Table 1). The length of the olecranon pro-
cess was determined as the maximal linear distance
from the centre of rotation at the articular surface for
the humerus to the tip of the process. Calcaneal tuber
length was determined as the linear distance from the
centre of rotation of the joint to the tip of the tuber.
Total limb length was the sum of pro, epi, metapo-
dium, disregarding carpals and tarsals.

Maximal running velocity was taken from a variety
of literature sources, as noted in Table 1. Many are not
timed distances, but have been collected with a num-
ber of different methods. A frequently used method is
chasing the animal by car and noting its speed from a
speedometer reading (e.g. many values from Howell,
1944). Peak velocity could thus constitute a problem
because of its potential inaccuracy. How reliable are
the commonly reported values? One could reasonably
expect that the most severe inaccuracies were to be
found among the very fast-moving species, both owing
to the greater difficulty of observing a very fast-
moving animal over longer distances, and also owing
to common exaggerations.

Alexander 

 

et al

 

. (1977) conducted vehicle chases of
African ungulates while filming them to facilitate
computation of speed. All analyses showed animals
running ‘reasonably fast’ (p. 293), and most of the
reported values were considerably lower than previ-
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ously reported, e.g. 47 km h-1 for impala (Aepyceros
melampus) and 50 km h-1 for Thomson’s gazelle
(Gazella thomsoni). It is universally agreed that the
impala is very fleet and capable of performing
astounding leaps of up to 3 m in height and 9–11 m in
length (e.g. Schenkel, 1966; Haltenroth & Diller, 1977;
Kingdon, 1982; Hildebrand, 1988; Nowak, 1991).
Nowak (1991: 1462) called its running speed ‘consid-
erable’. Clearly, this does not correlate well with a
peak velocity of just 47 km h-1. Haltenroth & Diller
(1977) ascribed a velocity of 60 km h-1 to impalas.
There is reason to suppose that the values reported by
Alexander et al. (1977) may not represent peak veloc-
ities, and the authors themselves indicate that the
included species could have been faster (p. 298).

A common problem is whether the species in ques-
tion is running at, or considerably below, its peak
velocity. Peak velocity is probably only reached when
the animal is highly motivated, for instance a herbi-
vore attempting to evade a predator. Cheetahs (Acin-
onyx jubatus) are traditionally considered capable of
achieving peak velocities of around 100 km h-1 (e.g.
Howell, 1944; Hildebrand, 1959, 1961; Nowak, 1991),
a seemingly astounding figure. The peak velocity of
this species has traditionally been assessed using the
same methods that have been used for assessing peak
velocities of other fast-moving species (references in
Table 1). As a predator, the cheetah probably only
reaches peak velocity during a high-speed chase,
where rapid swerving and dodging by the prey com-
monly makes the chase very hard to follow visually
over longer distances. Additionally, as the cheetah is
evidently extremely fast, regardless of its true peak
velocity, it would seem a prime candidate for exagger-
ations. However, experiments conducted under strict
scientific control verified this, seemingly incredible,
velocity (Sharp, 1997), reporting an average speed of
104 km h-1 timed across a 200 m track.

The cheetah mainly kills smaller prey, such as
gazelles and impalas (Schaller, 1968; Nowak, 1991;
Bailey, 1993; Caro, 1994). Clearly, if the cheetah is
capable of running in excess of 100 km h-1, it cannot be
true that the impala and Thomson’s gazelle are only
capable of half this value. Gazelles are frequently
credited with top speeds of around 80 km h-1 (e.g.
Howell, 1944; Nowak, 1991; Yom-Tov et al., 1995). Pre-
vious analyses, not just estimates, are also strongly at
odds with these low values. The value of 50 km h-1 for
Thomson’s gazelle from Alexander et al. (1977) is
much lower than the value of 104 km h-1 reported by
Elliott et al. (1977), based on film analysis during
attacks by lion (Panthera leo), corroborating the sug-
gestion that only highly motivated animals achieve
peak running velocities, most commonly during
attacks or predator evasion. Howell (1944) reported
that a Goitered gazelle (Gazella subgutturosa) chased

by a car reached 97 km h-1, a figure endorsed by other
specialists (e.g. Kingswood & Blank, 1996). In this
analysis these values were used for these two species,
but the widely cited lower values of 80–81 km h-1 were
used for the other gazelles (Table 1); however, they
may well be equally fast.

In fact, many alleged traditional velocity estimates
are not just qualified guesses but are often speedom-
eter readings, and some are the result of timed dis-
tances. Thus, it is likely that most traditional peak
velocity values may be somewhat inaccurate, but
there seems to be little reason to suppose that they are
consistently exaggerated to the level of dozens of
km h-1 greater than the actual values. The traditional
values reported for gazelles and other fast-moving
forms are thus also generally accepted.

In other cases, lower values for some species are
used than traditionally cited. Garland & Janis (1993)
used a value of 64 km h-1 for grey fox (Urocyon ciner-
oargenteus), but here the lower value of 42 km h-1

(chased by car; Howell, 1944) is used. Garland (1983)
used 67 km h-1 for domestic dog (Canis familiaris), but
in this analysis 55 km h-1 (recorded on racetrack;
Howell, 1944) is used. Garland (1983) and Garland &
Janis (1993) used 70 km h-1 for the kulan (Equus
hemionus), whereas Howell’s (1944) lower value of
64 km h-1 (method not stated) is used here. The latter
value, comparable to those of racehorses, still seems
slightly exaggerated. Groves (1974) credits the wild
ass (Equus asinus) with a top speed of 50 km h-1, but
Hildebrand (1988) reports on a wild ass supposedly
running for 26 km at 48 km h-1. This cannot be true if
the peak velocity is only 50 km h-1, and accordingly it
was arbitrarily set at 55 km h-1. This is in accord with
the value of 63 km h-1 reported by Elliott et al. (1977)
for Burchell’s zebra (Equus burchelli).

The wildebeests are most often credited with speed
of around 80 km h-1 (e.g. Howell, 1944; Schaller, 1968;
Garland, 1983; Nowak, 1991). However, based on film
analyses, Elliott et al. (1977) found a considerably
lower value of 57 km h-1 for blue wildebeest (Con-
nochaetes taurinus). Accordingly, a value of 60 km h-1

is accepted here for both species (Table 1). Garland
(1983) and Garland & Janis (1993) used 105 km h-1 for
the blackbuck (Antilope cervicapra), an animal widely
held to be among the fastest of all ungulates. In this
analysis the lower value of 95 km h-1 (Seshadri, 1969),
apparently a timed value, was used. Nowak (1991)
stated that the American bison (Bison bison) is capa-
ble of 60 km h-1, and Garland (1983) and Garland &
Janis (1993) used 56 km h-1. The lower value of
52 km h-1 (chased by car; Howell, 1944) is used in this
analysis. Some species are problematic. Howell (1944)
considers the eland antelopes (Taurotragus) among
the slowest antelopes, but reported literature speeds
are all around, or slightly above 70 km h-1. This value
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seems exaggerated, but seems to be the only figure
available.

STATISTICAL ANALYSES

Running velocity was considered the dependent vari-
able in all regression analysis. Besides log body mass
and the cube root of body mass (to normalize for size),
14 additional parameters were used, either as mea-
surement variables (log limb lengths) or as various
ratios (Table 2). A few of these variables have previ-
ously been found to correlate with running speed, for
instance total hind limb length and the traditional
‘indicator of cursoriality’, the metatarsus/femur ratio
(e.g. Howell, 1944; Garland & Janis, 1993). Other long
bone ratios were also included (Table 2).

To normalize for the discrepancy between increase
in body mass (a three-dimensional parameter) and
increases of bone lengths (one-dimensional parame-
ters) the cube root of mass was used in cases of ratios
of anatomical parameters to body mass. The size of
the olecranon process and calcaneal tuber (inlever
moment arms) relative to epipodial and metapodial
lengths (outlever moment arms), respectively, and
cube root of body mass were also included, as this
could affect the development of force and outvelocity of
the pedes during locomotion.

All 16 independent variables were regressed against
running velocity (km h-1) using Model I (Least
Squares) regression. Although error must clearly be
assumed on both variables, thus requiring a model II
regression analysis (Labarbera, 1989; Sokal & Rohlf,
1995), the least squares method was preferred as

dependence is, perhaps somewhat arbitrarily, assigned
to running speed in analyses such as the present one.

Additionally, multivariate regression analyses were
performed. Regressing more than one ‘independent’
variable against a ‘dependent’ variable often results in
a higher correlation, thus explaining more of the vari-
ation in the ‘dependent’ variable. Multivariate analy-
ses were performed on velocity to fore limb and hind
limb parameters, respectively, and also on fore limb
and hind limb parameters combined. For both bivariate
and multivariate analyses the correlation coefficient
(R), standard error of the estimate (SEE) and signifi-
cance of the regression (F-statistic) was computed.
Confidence limits (95% CI) were computed for intercept
(a) and slopes (b). Plots of residuals against predicted
values were generated for all analyses, to evaluate the
presence and significance of outliers and examine for
systematic departure, if any, from the applied model.

Besides correlation between the ‘dependent vari-
able’ and the various ‘independent’ variables, multi-
variate regression introduces possible intercorrelation
of the ‘independent’ variables as well. The latter are
thus not truly independent. This intercorrelation was
evaluated by computing the tolerance values of the
‘independent’ variables (one minus the multiple corre-
lation between a given predictor and the other predic-
tors in the model). By default, the tolerance value in a
bivariate regression analysis is one. Low tolerance
values indicate substantial intercorrelation of the
‘independent’ variables, which can inflate standard
errors and attenuate the F-statistic. Such regression
equations could be less reliable, due to potential
computational inaccuracy. The eigenvalues of the
regressions were also computed. Low eigenvalues,
approaching zero, indicate redundancy of the predic-
tor variables. Additionally, the condition index was
computed, which is the square root of the ratios of the
largest eigenvalue to each successive eigenvalue
(Belsley et al., 1980). A condition index greater than
15 indicates a possible problem with intercorrelation,
whereas a value exceeding 30 would normally be con-
sidered problematic (Belsley et al., 1980).

However, in a biological sample, such as the present,
intercorrelation of the ‘independent’ variables is prob-
ably unavoidable, as this would imply that, for
instance, fore limb length was uncorrelated with hind
limb length. However, to reduce possible intercorrela-
tion, variables in which the same parameter occurred
were not used together in a multiple regression anal-
ysis. For instance, radius/humerus and metacarpus/
humerus ratios (Table 2) both include the humerus.
Accordingly, a combination of the two was avoided,
and so on for the other variables. Total limb lengths
were, however, used with the ratio variables.

Combining both fore and hind limb variables in
multiple regression would theoretically facilitate a

Table 2. Anatomical parameters used as ‘independent’
variables in the regression analyses. All lengths are in mm

Parameter Number

Log body mass (kg) 1
3÷body mass 2
Log forelimb length 3
Forelimb length/3÷body mass 4
Radius length/humerus length 5
Metacarpus length/humerus length 6
Olecranon length/radius length 7
Olecranon length/3÷body mass 8
Log hindlimb length 9
Hindlimb length/3÷body mass 10
Tibia length/femur length 11
Metatarsus length/femur length 12
Cnemial crest height/tibia length 13
Cnemial crest height/3÷body mass 14
Calcaneal tuber length/metatarsus length 15
Calcaneal tuber length/3÷body mass 16



LCOMOTION IN TERRESTRIAL ANIMALS 693

© 2002 The Linnean Society of London, Zoological Journal of the Linnean Society, 2002, 136, 685–714

huge number of different equations, even with the
above-mentioned constraints in variable combination.
However, most regression equations display little
increase in correlation with the addition of variables
beyond certain point. Addition of further variables
only leads to redundancy of some variables. Thus, a
total of 500 variable combinations was used for the
combined fore and hind limb data set. All multiple
equations with redundant slope (b) variables were dis-
carded. The significance level for redundancy of the
variables (two-tailed P) was set at 0.1.

Bivariate and multivariate regression analyses
were performed in the traditional fashion, i.e. without
addressing the possible influence of the phylogeny of
the included species, and also using the method of
independent contrasts. A traditional regression equa-
tion may be written as:

y  =  a  +  bx1  +  bx2  +  … bxi  + e

where a is the intercept, b are the slope coefficients and
e is the error term, which is assumed to be normally
distributed with a mean of zero. In biological samples
the error terms are, however, inevitably correlated
through the hierarchical nature of evolution, as exem-
plified by phylogeny reconstruction. Individual data
points are thus not independent, violating one of the
assumptions of regression analyses. Thus, the inde-
pendent contrasts method (Felsenstein, 1985) may be
employed, using the program PDTREE (Garland et al.,
1992, 1999; Garland & Ives, 2000). The structure of the
phylogenetic tree for the included species was assem-
bled from a variety of literature sources (Fig. 1). The
total height of the tree (the basal split between Car-
nivora and Artiodactyla + Perissodactyla) was set at
85 million years, predating the known fossil record
of these extant orders by at least a dozen million
years.

A basal split age of 85 mya was chosen, as many
authors place the ordinal splits within Eutheria well
into the Cretaceous, even Lower Cretaceous (e.g.
Novacek, 1992a; Archibald, 1996; Hedges et al., 1996;
Madsen et al., 2001; Murphy et al., 2001) and because
of the age of the Proboscidea (not included in the anal-
ysis). The earliest known fossil remains of the Probos-
cidea are Late Paleocene (Gheerbrant et al., 1996),
thus providing a minimum age for the Proboscidea
and its sister group. The true split age could well be
higher. Traditionally, Proboscideans are either consid-
ered the sister taxon of Artiodactyla + Perissodactyla
(Shoshani, 1986) or, most frequently, of the Perissodac-
tyla (e.g. Novacek, 1992a; Archibald, 1996; Rowe,
1999), suggesting that the basal split between Car-
nivora and the ungulates occurred some time into
the Cretaceous. A value of 85 mya (also used in
Christiansen, 2002) is very close to the average value

of 84 mya suggested by Murphy et al. (2001) for the
supraordinal divergence of the placentals.

Contrasts for each trait are computed by sub-
tracting the values of the traits in two sister taxa or
from a node, as appropriate (Garland et al., 1992; Gar-
land & Janis, 1993). To standardize the contrasts, i.e.
bring them to a common variance, each contrast is
divided by the square root of the sum of all branch
lengths that make up the contrast. Proper standard-
ization implies that the common variance of the con-
trasts is virtually independent of the branch lengths.
Evaluation of the standardization is performed by
generating plots of the standard deviations of the con-
trasts to the absolute values of the contrasts (Garland
et al., 1992, 1999; Garland & Janis, 1993; Garland &
Ives, 2000). Such a plot should show as little correla-
tion between the variables as possible, and if a signif-
icant linear relationship is detected one may
transform the branch lengths by various methods
(Garland et al., 1992).

In this analysis the correlation of the contrasts and
their standard deviations were evaluated for raw
(unmodified) branch lengths, log-transformed branch
lengths, square root of the branch lengths, cube root of
the branch lengths and transformations of Grafen’s
(1989) rho. Rho values were set at 0.1–0.9, with an
interval of 0.1. It was assumed that all r values below
0.05 indicated non-significant correlation. Whichever
transformation resulted in the lowest correlation was
chosen for independent contrasts analysis. Indepen-
dent contrasts analysis produces regressions through
the origin, which can be used to test for correlation of
traits and linear relationships (Garland et al., 1992,
1999; Garland & Janis, 1993; Garland & Ives, 2000).
In this analysis the correlation between running
speed, body mass and the anatomical parameters was
of course the prime concern. Regression slopes are
thus of less relevance.

Finally, multivariate regression analyses were also
performed on the generated contrasts, and in this case
the combination of variables followed the combina-
tions found with normal regression analyses, as noted
above. As for the standard multivariate least squares
regression analyses, redundancy of the slope variables
was evaluated (two-tailed P, significance level 0.1).
Multivariate regressions on independent contrasts
were computed using the same combinations that
resulted in a significant correlation between the
‘dependent’ and ‘independent’ variables in the stan-
dard least squares analyses and in non-redundant
slope variables. This implies, however, that some of
the variables in the independent contrasts multivari-
ate analyses potentially could be redundant, but it
was decided to give each multivariate regression
analysis both as standard and independent contrasts
equation.
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Figure 1. Phylogenetic relationships between the 76 species of mammals used in the study. Numbers adjacent to the nodes
refer to split ages in units of millions of years. Total height of tree is 85 million years. Literature sources used in con-
structing the tree are Kielan-Jaworowska et al. (1979), Bennett (1980), Janis (1982), Savage & Russel (1983), Lanave et al.
(1985), Shoshani (1986), Janis & Scott (1987), Wayne & O’Brien (1987), Gentry & Hooker (1988), Flynn et al. (1988),
Novacek et al. (1988), Padmadisastra (1988), Prothero et al. (1988), Tassy & Shoshani (1988), Georgiadis et al. (1990),
Marshall (1990), Miyamoto et al. (1990), Nowak (1991), Geffen et al. (1992), Novacek (1992a,b), Garland & Janis (1993),
Wyss & Flynn (1993), Flynn (1996), Hunt (1996), Foote et al. (1999) and Penny et al. (1999).
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Table 3. Branch length transformations of the indepen-
dent variables from Table 2. The lowest correlation (R) val-
ues (bold) were used for independent contrasts analysis. In
all cases the dependent variable is log running speed. A
number after the correlation value in transformations
using Grafen’s rho method indicates the value of rho.

Var

Correlation 

Raw Log ÷ 3÷ Grafen

1 0.2156 0.2689 0.0738 0.1802 0.0064 (0.7)
2 0.1447 0.2285 0.1299 0.2101 0.0021 (0.8)
3 0.2361 0.2703 0.0421 0.1491 0.0298 (0.7)
4 0.3181 0.2091 0.0509 0.0697 0.0216 (0.4)
5 0.2698 0.2035 0.0212 0.0867 0.0044 (0.5)
6 0.1602 0.4014 0.1019 0.2144 0.0055 (0.6)
7 0.2169 0.1972 0.0087 0.1046 0.0208 (0.6)
8 0.4266 0.1690 0.3686 0.3100 0.0166 (0.1)
9 0.2406 0.2876 0.0436 0.1569 0.0385 (0.7)

10 0.3046 0.2152 0.0646 0.0514 0.0006 (0.3)
11 0.1516 0.3818 0.1452 0.2644 0.0388 (0.8)
12 0.2311 0.3551 0.0527 0.1750 0.0221 (0.5)
13 0.4563 0.0652 0.3197 0.2345 0.0034 (0.2)
14 0.2834 0.1316 0.0960 0.0002 0.0097 (0.3)
15 0.0085 0.3252 0.2702 0.3381 0.0143 (0.1)
16 0.3936 0.0546 0.2571 0.1836 0.0704 (0.7)

RESULTS

The two inlever moment arms about the elbow and
ankle, the olecranon process and calcaneal tuber,
respectively, were included in the analysis (Table 2).
The long hind limb metapodials of especially unguli-
grade ungulates, and their rather short, more horizon-
tally orientated humeri, make the ankle joint near
functionally equivalent to the elbow. As such, it is curi-
ous, but perhaps not surprising, that the length of the
olecranon process is strongly correlated with and near
isometrically related to the length of the calcaneal
tuber (Model II [RMA] analysis: olecranon = (calcaneal
tuber)0.937 ± 0.056; n = 76; r = 0.967; P << 0.001). The two
species of rhino constitute outliers, as their calcaneal
tubers are markedly shorter compared to their olecra-
non processes than is the case among the other species
(olecranon process is 163 mm and calcaneal tuber is
104 mm in Ceratotherium, and 130 mm and 79 mm,
respectively, in Diceros).

Of the 16 independent variables analysed (Table 2),
13 showed significant correlations (R) with speed, as
noted below. In eight out of these 13 cases (12 of the
total of 16 cases), branch length transformations using
Grafen’s (1989) rho method resulted in the lowest cor-
relations (r) between the contrasts and their standard
deviations (Table 3). The ratio-variable olecranon pro-
cess length/radius length showed the lowest correla-
tion with a square root transformation of the branch
lengths, and the ratio-variable calcaneal tuber/meta-
tarsus length displayed the lowest correlation with
unmodified branch lengths (Table 3, variables 7 and
15, respectively). The ratio-variable calcaneal tuber
length/cube root of body mass (Table 3, variable 16)
displayed the lowest correlation with a log transfor-
mation of the branch lengths. However, the correlation
value of 0.055 still indicated a slight correlation
between the contrasts and their standard deviations.
As the other methods of transformation resulted in
even higher correlations, the log transformation was
used for further analysis despite the slight correlation.
Otherwise, the correlations obtained were very low,
indicating that the samples had been properly stan-
dardized (Table 3, Fig. 2).

In Table 4 the parameters that covary significantly
with running speed are shown (full regression equa-
tions in the Appendix). In accordance with some
(Garland & Janis, 1993) and in contrast to other pre-
vious analyses (Garland, 1983), no bivariate regres-
sion of log body mass or cube root of body mass to
speed was statistically significant. This is probably
because of the more homogeneous data sample used
in this study (and in the study of Garland & Janis,
1993), having excluded extremely large animals not
capable of running (elephants) and very small
mammals which move in a different manner to most

larger running mammals (Alexander & Jayes, 1983;
Alexander, 1991). Curiously, when regressing raw
body mass (in kg) to log running speed, a slight, but
significant correlation exists (log speed: 9.44 * 10-5

(Mass) + 1.7702; R = 0.2233). The ratio-variable cne-
mial crest height/tibia length also resulted in non-
significant correlation.

It is evident from Table 4 that the correlation coef-
ficients unanimously decrease when taking phylogeny
into account. In eight of the 13 cases that showed sig-
nificant correlations with log running speed, the cor-
relations obtained by independent contrasts analyses
(ICLS) were significantly lower than the correspond-
ing values obtained from standard least squares anal-
yses (SLS), as indicated by the 95% confidence limits
for the correlation coefficients (Table 4). This strongly
corroborates the conclusions of Grafen (1989) and
Martins & Garland (1991), among others, that there is
an inherent danger of high type I error rates when
doing correlation analyses and disregarding the infor-
mation from phylogeny. In fact, in one case, olecranon
process/radius length (Table 4, variable 7), the corre-
lation was modest but significant using SLS, but the
effect of phylogeny accounted for most of this alleged
correlation, and the ICLS analysis resulted in non-
significant correlation (r = 0.07). Limb length is
clearly a better predictor of running speed when tak-
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ing the mass of the animal into account (Table 4, vari-
ables 3 vs. 4 and 9 vs. 10; Figs 3a and 4a). This is not
unexpected, as animals show size-related differences
in bone allometry in order to maintain mechanical
strength (e.g. Bou et al., 1987; Biewener, 1989a,b,

1990; Bertram & Biewener, 1990; Christiansen,
1999b,c), which would be of particular importance
during fast locomotion.

Apart from relative limb lengths, the best predictors
of running speed are olecranon process and calcaneal

Table 4. Correlation coefficients of the standard least squares (SLS) and indepen-
dent contrasts least squares (ICLS) bivariate analyses. 95% confidence intervals
(Fischer’s z method) are shown for the SLS correlation coefficients. The variable
numbers in parentheses correspond to the numbers in Table 2. A SLS correlation
coefficient in bold have confidence limits that exclude the corresponding ICLS
value. Full regression equations are displayed in Appendix 1

Variable

SLS ICLS

Variable

SLS ICLS

R ± 95% CI R R ± 95% CI R

Forelimb Hindlimb
3 0.289 ± 0.211 0.252 9 0.307 ± 0.209 0.259
4 0.560 ±±±± 0.160 0.376 10 0.550 ±±±± 0.162 0.366
5 0.575 ±±±± 0.156 0.355 11 0.436 ±±±± 0.188 0.235
6 0.562 ±±±± 0.159 0.250 12 0.566 ±±±± 0.158 0.327
7 0.236 ± 0.217 0.066 14 0.462 ± 0.182 0.340
8 0.444 ± 0.186 0.377 15 0.527 ± 0.166 0.172

16 0.597 ±±±± 0.150 0.383

Figure 2. Plots of standardized contrasts to their standard deviations. a, log forelimb length in mm; b, radius/humerus
ratio; c, metacarpus/humerus ratio; d, tibia/femur ratio; e, cnemial crest height in mm/3÷body mass in kilograms; f, calca-
neal tuber/metatarsus ratio.
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tuber, both normalized for body mass (Table 4, vari-
ables 8 and 16; Figs 3d and 4d). Thus, running speed
apparently is more influenced by the mass that has to
be accelerated about the joints than the relative in-
and outforces and velocities, described in the Introduc-
tion. Even better correlations might be obtained if dif-
ferences in limb postures with size, and thus in the
effective mechanical advantage of the muscles, as
described by Biewener (1989a; 1989b, 1990) were
taken into account, but this is not possible with the
present data sample. The metatarsus/femur ratio
(Table 4, variable 12; Fig. 4b) is among the good pre-
dictors of speed, but the suggestion made in the Intro-

duction, that hitherto overlooked limb ratios might
also have a significant influence, is corroborated
(Table 4, variables 5, 6 and 11; Figs 3b,c). In fact, the
radius/humerus ratio (variable 5) correlates better
with log running speed than the metatarsus/femur
ratio, although the difference is non-significant.

Garland (1983) and Garland & Janis (1993) found
that log body mass displayed a more complex, curvi-
linear relationship with log running speed. To exam-
ine for possible effects of curvilinearity a polynomial
regression model was also fitted to the data. In five
cases this resulted in a significantly improved corre-
lation with log running speed (Table 5, Fig. 5); among

Figure 3. Regression plots of independent contrasts for fore limb parameters. Log running speed is in km h-1. a, Fore limb
length in mm/3÷body mass in kg; b, radius/humerus ratio; c, metacarpus/humerus ratio; d, olecranon process length in mm/
3÷body mass in kg. Regression lines fitted to the contrasts by means of least squares (model I) analysis.
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others the three cases which showed no significant
correlation with log running speed under a linear sta-
tistical model (log body mass, cube root of body mass
and cnemial crest/tibia ratio). However, none of the
variables that correlated well with log running speed
showed significant signs of curvilinearity (Tables 4
and 5).

The two remaining variables which show distinct
signs of curvilinearity (log forelimb length, olecranon
process/radius length) did show significant correla-
tions under a linear model with log running speed, but
the correlations were low (Tables 4 and 5). This curvi-
linear trend (and also log hind limb length, only barely
non-significant) is to be expected from the negative

allometry of the proportions of the long bones of
large mammals (e.g. Bertram & Biewener, 1990;
Christiansen, 1999b,c). Accordingly, when these vari-
ables are normalized for size (Table 5, variables 4, 8
and 10), the tendency for curvilinearity disappears
altogether and the correlation markedly improves, as
noted above. This should be taken into account when
assessing running speeds in fossil species based solely
on their limb length.

As might be expected, the addition of more variables
into the linear models resulted in markedly improved
correlations with log running speed (Tables 6 and 7
and Appendix). As with the bivariate analyses, the
incorporation of phylogenetic information resulted in

Figure 4. Regression plots of independent contrasts for hind limb parameters. Log running speed is in km h-1. a, Hind limb
length in mm/3÷body mass in kg; b, metatarsus/femur ratio; c, cnemial crest height in mm/3÷body mass in kg; d, calcaneal
tuber length in mm/3÷body mass in kg. Regression lines fitted to the contrasts by means of least squares (model I) analysis.
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uniformly lower correlation coefficients than obtained
by the standard linear model, in several cases much
lower correlation coefficients. In these cases the data
sets were examined for possible outliers. Removal of

these outliers often markedly improved the correla-
tions (see Appendix for details).

For simplicity, only the improved results, based on
the restricted data sets are shown in Tables 6 and 7.

Figure 5. Regression plots of anatomical variables to log running speed in km h-1, showing the distinct curvilinearity of
some of the samples, in this case, log forelimb length in mm (a) and olecranon process/radius ratio (b). The polynomial
regression model yielded a significantly better fit to the data than ordinary least squares regression lines. For equation see
Table 5.

Table 5. Polynomial regression equations on all variables. In all cases Y equals log
running speed. Regression coefficients where the 95% CI for the polynomial anal-
ysis excludes the correlation coefficients for the standard least squares analysis are
indicated in bold. One, two, or three asterisks after a SLS correlation coefficient
indicates significance at the level of 0.05, 0.01 and 0.001, respectively, and ns indi-
cates P > 0.05. Symbols as in Table 4

Variable R (SLS) Polynomial regression R ± 95% CI

1 0.001 ns Y = -0.117X2 + 0.435X + 1.388 0.431 ±±±± 0.185
2 0.114 ns Y = -0.057X2 + 0.060X + 1.620 0.330 ±±±± 0.202
3 0.289* Y = -0.971X2 + 5.480X-5.945 0.470 ±±±± 0.178
4 0.560*** Y = -2*10-5X2 + 0.009X + 0.941 0.605 ± 0.146
5 0.575*** Y = -0.720X2 + 1.927X + 0.542 0.603 ± 0.146
6 0.562*** Y = 0.012X2 + 0.194X + 1.596 0.573 ± 0.154
7 0.236* Y = -8.132X2 + 4.267X + 1.226 0.480 ±±±± 0.176
8 0.444*** Y = -0.002X2 + 0.082X + 1.052 0.434 ± 0.185
9 0.307** Y = -1.177X2 + 0.778X-7.971 0.474 ± 0.177

10 0.550*** Y = -4*10-6X2 + 0.004X + 1.279 0.583 ± 0.152
11 0.436*** Y = -0.639X2 + 1.666X + 0.724 0.466 ± 0.179
12 0.566*** Y = -0.181X2 + 0.513X + 1.499 0.578 ± 0.153
13 0.071 ns Y = -0.005X2 + 0.143X + 0.772 0.538 ±±±± 0.163
14 0.462*** Y = -0.034X2 + 0.393X + 0.664 0.565 ± 0.156
15 0.527*** Y = 0.490X2–0.925X + 1.999 0.538 ± 0.163
16 0.597*** Y = -0.002X2 + 0.088X + 1.000 0.622 ± 0.141
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All correlations and associated regressions are, how-
ever, shown in the Appendix. Several ICLS correla-
tions, even on restricted data sets were significantly
lower (three for fore limb, four for hind limb and five
for fore + hind limb combined) than the corresponding

SLS values. However, had the correlation coefficients
of the SLS model been compared to the ICLS coeffi-
cients obtained from unrestricted data sets, they
would all have been significantly lower, for both fore-
limbs, hind limbs and fore + hind limbs. The only

Table 6. Correlation coefficients of the multivariate analyses, two ‘independent’ variables. Symbols as in Table 4. Corre-
lation coefficients in bold indicate that the ICLS correlation coefficient is significantly lower than the corresponding SLS
coefficient. The symbol # in front of a correlation coefficient refers to ICLS analysis on a restricted data set

Variable

SLS ICLS

Variable

SLS ICLS

Variable

SLS ICLS

R ± 95% CI R R ± 95% CI R R ± 95% CI R

Forelimb Hindlimb Fore + hindlimb
(1,3) 0.638 ±±±± 0.139 #0.466 1,9 0.655 ±±±± 0.134 #0.492 3,10 0.659 ±±±± 0.133 0.475
(2,3) 0.668 ±±±± 0.130 0.493 1,11 0.496 ± 0.176 #0.493 3,16 0.618 ± 0.145 #0.476
(3,7) 0.414 ± 0.192 0.271 2,9 0.681 ±±±± 0.126 0.510 4,12 0.621 ± 0.144 #0.517
(4,5) 0.614 ± 0.146 #0.477 9,11 0.564 ± 0.159 #0.560 4,13 0.617 ± 0.145 #0.481
(4,6) 0.623 ± 0.144 #0.497 9,15 0.576 ±±±± 0.156 0.373 5,10 0.632 ± 0.141 #0.504
(4,7) 0.584 ± 0.154 #0.462 10,12 0.605 ±±±± 0.149 #0.422 5,12 0.608 ± 0.148 #0.483
(5,8) 0.655 ± 0.134 0.540 10,13 0.630 ± 0.142 #0.502 5,13 0.597 ±±±± 0.151 #0.427
(6,7) 0.584 ±±±± 0.154 #0.422 11,14 0.571 ± 0.158 #0.534 5,14 0.660 ±±±± 0.133 #0.517

12,14 0.632 ± 0.141 #0.590 5,16 0.696 ±±±± 0.122 #0.544
12,16 0.629 ± 0.142 #0.567 6,10 0.608 ± 0.148 #0.507

6,14 0.623 ± 0.144 #0.529
6,16 0.631 ± 0.141 #0.539
7,16 0.644 ±±±± 0.138 #0.486
8,12 0.617 ± 0.145 0.536
8,15 0.630 ± 0.142 0.489

Table 7. Correlation coefficients of the multivariate analyses, three and four ‘independent’ variables. Symbols as in
Table 4. Correlation coefficients in bold indicate that the ICLS correlation coefficient is significantly lower than the cor-
responding SLS coefficient. The symbol # in front of a correlation coefficient refers to independent contrast analysis on a
restricted data set

Variable

SLS ICLS

Variable

SLS ICLS

Variable

SLS ICLS

R ± 95% CI R R ± 95% CI R R ± 95% CI R

Three variables
Forelimb Hindlimb Fore + hindlimb
1,3,6 0.666 ±±±± 0.131 0.510 10,12,13 0.658 ± 0.133 #0.559 1,3,12 0.666 ± 0.131 #0.564
1,3,7 0.657 ±±±± 0.134 #0.466 2,3,12 0.700 ± 0.120 #0.582
1,6,7 0.482 ± 0.179 #0.414 2,3,15 0.687 ±±±± 0.125 #0.527
2,3,6 0.701 ±±±± 0.120 0.504 2,5,13 0.636 ± 0.140 #0.509

2,6,9 0.696 ±±±± 0.122 #0.562
3,7,16 0.677 ± 0.128 #0.573
3,11,14 0.632 ± 0.141 #0.655
4,5,13 0.658 ± 0.133 #0.565
6,7,13 0.620 ±±±± 0.145 #0.467
6,7,16 0.663 ± 0.132 #0.601

Four variables Fore + hindlimb
1,3,5,13 0.675 ±±±± 0.128 #0.532
1,3,6,13 0.683 ±±±± 0.126 #0.520
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exceptions are three data sets in which outliers could
not be identified (Table 6, variables 3 + 7 and 5 + 8).
In these cases there was no significant difference in
correlation coefficients between SLS and ICLS
models.

With two ‘independent’ variables, the highest ICLS
correlation of 0.590 was obtained on a restricted data
set (collapsing two nodes in the phylogeny, see Appen-
dix), with the variables metatarsus/femur ratio and
cnemial crest/cube root of mass. The highest correla-
tion in the forelimb was 0.540 (unrestricted data set)
and for the fore and hind limb combined it was 0.544.
The eigenvalues usually did not indicate significant
problems of autocorrelation and the condition indices
were low, usually below 20, but on two occasions (body
mass and forelimb length and body mass and hind
limb length) they indicated severe autocorrelation
(condition indices of 80 and 84, respectively). This is
probably unavoidable in a biological sample, as noted
above, particularly as limb lengths are highly corre-
lated with body mass (e.g. Garland & Janis, 1993;
Steudel & Beattie, 1993; Christiansen, 1999b).

Adding progressively more variables led only to
redundancy of some of them. However, with three
‘independent’ variables from fore and hind limbs, a
correlation coefficient of 0.655 (Table 7, variables 3, 11
and 14) could be obtained, the highest of all the ICLS
analyses. In some cases the eigenvalues and condition
indices indicated only moderate problems of autocor-
relation, but in some cases the highest condition indi-
ces exceeded 100. For hind limb parameters only one
analysis did not lead to redundancy of one or more
variables (Table 7, variables 10, 12, 13), but compared
to the analyses on just two ‘independent’ variables
(Table 6, variables 10 + 12 or 10 + 13) the correlation
coefficient did not improve markedly. For a fossil spe-
cies it would be desirable to use variables 12 and 13
only (see Table 2) to avoid body mass. Unfortunately,
these two did not correlate significantly better with
running speed than metatarsus/femur ratio (variable
12) alone (Table 4).

With four ‘independent’ variables, only two equa-
tions did not result in redundancy of one or more vari-
ables (Table 7). The eigenvalues and condition indices
indicated severe problems of autocorrelation (values
up to 159) but as noted previously this is probably
unavoidable in a biological sample. Assembling four
parameters from a species, particularly a fossil spe-
cies, is sometimes not feasible. Additionally, the gain
in correlation with four vs. two ‘independent’ variables
is, at best, negligible (compare correlation coefficients
in Tables 6 and 7). Thus, the best and most wide-
spread correlations are found with two ‘independent’
variables, after which addition of variables only leads
to redundancy. This should also be kept in mind when
assessing the potential speed of fossil species. One

variable, such as the m/f ratio, is not as reliable as
two.

DISCUSSION

For prediction of speed in fossil animals it would of
course be desirable not to include inferences of body
mass (most equations in the tables have body mass
included as a parameter) and several equations indi-
cate that a reliable result may be obtained without it.
Thus, the best single variables to use are the radius/
humerus and metatarsus/femur ratios (Table 4).
Using two variables yields considerably more reliable
results, and good predictions can be made on the basis
of the metacarpus/humerus ratio + olecranon/radius
ratio, log hind limb length + calcaneal tuber/metatar-
sus ratio, radius/humerus ratio + metatarsus/femur
ratio, and radius/humerus ratio + cnemial crest
height/tibia length. The best combination to use is,
however, log hind limb length + tibia/femur ratio
(Table 6). Little, if any, additional reliability may be
gained from adding more variables to the above.

The bivariate correlations with top running speed
found in this paper, although significant, are not
impressive. There are several possible reasons for this.
It is superfluous to cite the possible inaccuracy of some
the speed data used, as these are not, and probably
cannot be, accurate to the letter. If timed distances
were known for all included species this could improve
resolution, but 10 specimens of the same species are
unlikely to run equally fast and it is probably impos-
sible to determine if an animal runs at its highest pos-
sible speed. But there is little reason to suppose that
speed values, as suggested by Garland & Janis (1993)
are the chief agents of residual scatter. There is reason
to suppose that the appendicular anatomy of terres-
trial mammals may not be optimized for speed as sug-
gested by Howell (1944) but rather to minimize energy
consumption during all forms of locomotion. Thus, top
running speed possibly is not tightly correlated with
appendicular anatomy.

It seems more sensible to optimize the appendicular
skeleton for minimizing costs of locomotion at all gaits
than simply for running faster. Evolution supposedly
acts to maximize fitness and most of the time animals
do not run, but walk. Reduced costs of locomotion
might imply that a relatively greater percentage of
energy consumption can be directed towards reproduc-
tion or, alternatively, less energy is needed overall and
so forage times can be reduced (Stephens & Krebs,
1986). It will also allow animals to travel a greater dis-
tance on any given amount of energy. Longer legs
imply longer stride lengths, and thus potentially
higher speed, but may also imply that stride frequency
decreases at any given speed. Long outlevers and
proximally placed muscles imply faster angular veloc-
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ities at any given speed, not just at peak running
velocity.

Empirical verification for this is, among others, that
animals, including man, have been found to change
gaits and adopt stride frequencies at various speeds so
as to minimize costs of locomotion (e.g. Zarrugh et al.,
1974; Hoyt & Taylor, 1981; Heglund & Cavagna, 1985;
Taylor, 1985; Heglund & Taylor, 1988; Alexander,
1989b). The inferred in and out velocities around the
joints depend not only on the relationship of the in and
outlevers (as used in this paper), but also on the mus-
cle fibre composition. Some muscles contract fast and
generate a greater amount of force than others, but
also use more energy (Goldspink et al., 1970; Taylor
et al., 1980; Johnston, 1985; Heglund & Cavagna,
1987; Alexander, 1989b). Ignorance of the muscle fibre
composition of the individual inlevers (as in analyses
such as the present) of the various species could also
contribute to residual scatter in analyses of speed to in
and outlever ratios.

In fast-moving animals the limb muscles are usu-
ally located proximally in the limb (supposedly to
reduce angular momentum) and insert proximally on
the bones (to produce a greater angular velocity).
However, during the stance phase muscles appear to
shorten relatively little (e.g. Roberts et al., 1997; Bie-
wener et al., 1998), casting doubt on these assump-
tions. More significantly, proximally placed muscles
can operate the limbs by means of long tendons that
can store great amounts of elastic energy, which can
then be used in the succeeding step. Taylor et al.
(1980) and Heglund & Cavagna (1985) found that
small animals are less energy-efficient during locomo-
tion than larger animals. Similarly, Alexander &
Jayes (1983) found that smaller animals use longer
relative stride lengths, and, thus, that the dynamic
similarity of locomotion is somewhat different in
smaller mammals, but of course they use very high
stride frequencies during fast locomotion.

The mass-specific cost of locomotion is related to
stride frequency, and thus, force generation by the
muscles (Taylor et al., 1980; Heglund & Taylor, 1988).
It is well known that energy cost of locomotion
increases with running speed and decreases with body
mass (e.g. Tucker, 1970; Taylor et al., 1982; Heglund &
Cavagna, 1985; Heglund & Taylor, 1988; Strang &
Steudel, 1990). Additionally, energy efficiency is high-
est during running gaits (Cavagna & Kaneko, 1977;
Alexander et al., 1985; Heglund & Cavagna, 1985).
This implies that, during fast locomotion, tendons are
heavily involved in the generation of positive work
from passive recoil, at the expense of muscular work
(Cavagna & Kaneko, 1977; Alexander, 1984a; Taylor,
1985; Dimery et al., 1986; Heglund & Taylor, 1988;
Roberts et al., 1997). As this system will be enhanced
with rather long legs (to allow room for both muscle

and large tendons), and limbs which are not heavily
crouched (as in small mammals) and work primarily
in the parasagittal plane, this implies that it should be
most efficient in large animals, in accordance with the
above. This problem, however, is not addressed in
analyses such as the present one.

Limb lengths are, however, directly related to stride
lengths and thus to speed. Alexander & Jayes (1983)
showed that larger animals (above 10 kg or so in
mass) move in a dynamically similar fashion, which,
again, probably is related to minimization of energy
costs of locomotion (Alexander, 1989b). When animals
run with equal Froude numbers (v2/gL; see Alexander,
1976, 1983, 1989a, b), speed is proportional to (limb
length)0.5. If their motions are dynamically similar,
stride frequencies (speed/limb length) are proportional
to (limb length)-0.5. This has been verified by empirical
studies of running animals (Pennycuick, 1975).
Accordingly, limb lengths could be expected to show a
high correlation with speed. As shown in this paper,
this is not the case. When normalized for body mass,
limb lengths show a higher correlation with speed,
although still not as impressive as might be expected.
There are several reasons for this.

Limb lengths in the above analyses implies hip (or
shoulder) height. Limb length in this analysis, and
others like it (e.g. Garland & Janis, 1993; Steudel &
Beattie, 1993, 1995) is the sum of the lengths of the
individual limb bones, disregarding the carpals and
tarsals. However, as species size increases, limb pos-
tures become progressively more upright, in order to
reduce the mass-specific amount of force required to
counteract moments about the joints (Biewener, 1983,
1989a, 1989b, 1990). Functional limb length is thus
not linearly related to the sum of the individual limb
bones across a large size range. Additionally, some
equally large forms do (ungulates, most carnivorans)
or do not (ursids) incorporate the metapodium into
effective limb length. The above is of course most evi-
dent when comparing a small, stockily built, ‘non-cur-
sorial’ insectivore, rodent or xenarthran to an
antelope. As all animals in this analysis move their
limbs in a roughly parasagittal plane, are capable of
true running (with the exception of the hippo) and
most are fairly large, the influence of this should not
be too severe. Despite being plantigrade, the ursids in
this sample did not, however, constitute outliers in
any of the analyses (see Appendix).

Additionally, the epaxial and hypaxial muscles are
also involved in stride lengths, although to varying
extents in different species (e.g. Hildebrand, 1959,
1961, 1988; Alexander et al., 1985; Alexander, 1989b;
Pridmore, 1992). Other parameters also potentially
influence running speed and endurance, such as
details of the pulmonary and cardiovascular system
(Harrison & Denny, 1985; Young et al., 1992; Simons,
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1996) but all these factors are of course not addressed
in studies such as the present one. Undoubtedly, these
unknown parameters also contribute to ‘residual’ scat-
ter (residual in quotation, as some of it may well be
explicable).

Finally, limbs are optimized for more than ‘just’ run-
ning velocity or minimization of energy consumption.
Support of mass is very important and becomes pro-
gressively severe at increasing body sizes. In this anal-
ysis it was attempted to circumvent this problem by
normalizing for body size (limb lengths) or compare
the inlever moment arms about the joints to both their
respective outlevers and cube root of body mass. In all
cases the incorporation of body mass improved corre-
lation (see Table 4). This consideration is not usually
included in more traditional views of how limb ratios
correlate with speed (e.g. Howell, 1944; Maynard
Smith & Savage, 1956; Gambaryan, 1974; Van
Valkenburgh, 1987; Garland & Janis, 1993; Janis &
Wilhelm, 1993). It is oversimplified to assume that the
humerus and femur are shorter and stouter than the
lower limb bones solely due to the energetics of moving
the limb segments (Maynard Smith & Savage, 1956).
These bones are held at a less steep incline to vertical
than are the epi- and metapodials. Accordingly, they
need to be stronger to resist the increases in bending
moments about the diaphyses compared to the distal
limb bones (e.g. Carrano, 1998; Christiansen, 1998;
Christiansen & Paul, 2001; Christiansen & Bonde,
2002).

Higher correlations of anatomical variables to speed
could be obtained by restricting the data samples even
further, to encompass, e.g. carnivores or felids only
(see, e.g. Garland & Janis, 1993: Table 1). In felids the
forelimbs are very important in subduction of prey
(e.g. Gonyea, 1976; Turner, 1997), and this is therefore
also an important parameter in limb morphology in
these forms, which is certainly not present in any her-
bivore or even any canid. Additionally, some mammals
are anatomical ‘outliers’ compared to each other (e.g. a
rhinoceros and a giraffe, which have nearly equal body
masses; Nowak, 1991; Silva & Downing, 1995). How-
ever, such constriction of the data sample would ren-
der the analysis useless for many fossil species of
mammals, and all species of non-avian dinosaurs.

Thus, the majority of available evidence indicates
that the appendicular anatomy of terrestrial mam-
mals is probably not optimized to facilitate top run-
ning speeds but to minimize energy consumption
during all forms of locomotion. Muscle fibre composi-
tion, the influence of axial muscles, modifications of
the pulmonary and cardiovascular system, ecological
variables and support of mass are also of major influ-
ence. If speed was of primary importance, animals
could simply evolve very long and strong limbs with
size, powered by over-enlarged muscles. Most of the

time, however, this would be equivalent to ‘energetic
overkill’, and thus, economically highly inefficient.

One problem of traditional analyses of anatomical
variables to speed which was addressed in this study,
incorporation of more than just variable in the corre-
lation analyses, led to markedly increased correlation
coefficients, which demonstrates that bivariate analy-
ses simply use too little of the available osteological
information. Accordingly, the rather poor correlations
of single anatomical variables to speed, reported both
in this and previous studies, are not necessarily due to
poor speed data (as suggested by Garland & Janis,
1993) but might to a certain extent reflect the true
nature of the correlations of one osteological variable
and top running speed.

ACKNOWLEDGEMENTS

I am indebted to Professor Theodore Garland for dis-
cussions on multivariate statistics with independent
contrasts analyses. Two anonymous reviewers pro-
vided helpful comments for improvement of the manu-
script. This study was supported by a grant from the
Danish National Science Foundation.

REFERENCES

Alexander RMcN. 1976. Estimates of speeds in dinosaurs.
Nature 261: 129–130.

Alexander RMcN. 1977. Allometry of the limbs of antelopes
(Bovidae). Journal of Zoology, London 183: 125–146.

Alexander RMcN. 1983. Animal Mechanics. Oxford: Black-
well Scientific Publications.

Alexander RMcN. 1984a. Elastic energy stores in running
vertebrates. American Zoologist 24: 85–94.

Alexander RMcN. 1984b. Optimum strengths for bones lia-
ble to fatigue and accidental fracture. Journal of Theoretical
Biology 109: 621–636.

Alexander RMcN. 1989a. Dynamics of Dinosaurs and Other
Extinct Giants. New York: Columbia University Press.

Alexander RMcN. 1989b. Optimization and gaits in the
locomotion of vertebrates. Physiological Review 69: 1199–
1227.

Alexander RMcN. 1991. How dinosaurs ran. Scientific
American 264: 62–68.

Alexander RMcN, Dimery NJ, Ker RF. 1985. Elastic struc-
tures in the back and their role in galloping in some mam-
mals. Journal of Zoology, London 207: 467–482.

Alexander RMcN, Jayes AS. 1983. A dynamic similarity
hypothesis for the gaits of quadrupedal mammals. Journal
of Zoology, London 201: 135–152.

Alexander RMcN, Langman VA, Jayes AS. 1977. Fast loco-
motion of some African ungulates. Journal of Zoology,
London 183: 291–300.

Alexander RMcN, Maloiy GMO, Hunter B, Jayes AS,
Nturibi J. 1979. Mechanical stresses in fast locomotion of



704 PER CHRISTIANSEN

© 2002 The Linnean Society of London, Zoological Journal of the Linnean Society, 2002, 136, 685–714

buffalo (Syncerus caffer) and elephant (Loxodonta africana).
Journal of Zoology, London 189: 135–144.

Anderson AE, Wallmo OC. 1984. Mammalian species no.
219: Odocoileus hemionus. New York: The American Society
of Mammalogists.

Anyonge W. 1993. Body mass in large extant and extinct car-
nivores. Journal of Zoology, London 231: 339–350.

Archibald JD. 1996. Fossil evidence for a Late Cretaceous ori-
gin of ‘hoofed’ mammals. Science 272: 1150–1153.

Bailey TN. 1993. The African Leopard. Ecology and Behavior
of a Solitary Felid. New York: Columbia University Press.

Bakker RT. 1983. The deer flees, the wolf pursues: incongru-
ences in predator–prey coevolution. In: Futuyama DI,
Slatkin M, eds. Coevolution. Massachusetts: Sinauer
Associated Incorporated, 350–382.

Bekoff M. 1977. Mammalian species no. 79: Canis latrans.
New York: The American Society of Mammalogists.

Belsley DA, Kuh E, Welsch RE. 1980. Regression Diagnos-
tics: Identifying Influential Data and Sources of Collinearity.
New York: John Wiley & Sons.

Bennett DK. 1980. Stripes do not a zebra make, part 1: a cla-
distic analysis of Equus. Systematic Zoology 29: 272–287.

Bertram JEA, Biewener AA. 1990. Differential scaling of
the long bones in the terrestrial Carnivora and other mam-
mals. Journal of Morphology 204: 157–169.

Biewener AA. 1983. Allometry of quadrupedal locomotion:
The scaling of duty factor, bone curvature and limb orienta-
tion to body size. Journal of Experimental Biology 105: 147–
171.

Biewener AA. 1989a. Scaling body support in mammals: limb
posture and muscle mechanics. Science 245: 45–48.

Biewener AA. 1989b. Mammalian terrestrial locomotion and
size. Mechanical design principles define limits. Bioscience
39: 776–783.

Biewener AA. 1990. Biomechanics of mammalian terrestrial
locomotion. Science 250: 1097–1103.

Biewener AA, Baudinette RV. 1995. In vivo muscle force
and elastic energy storage during steady-speed hopping in
tammar wallabies (Macropus eugenii). Journal of Experi-
mental Biology 198: 1829–1841.

Biewener AA, Konieczynski DD, Baudinette RV. 1998. In
vivo muscle force-length behavior during steady-speed hop-
ping in tammar wallabies. Journal of Experimental Biology
201: 1681–1694.

Biewener AA, Taylor CR. 1986. Bone strain: a determinant
of gait and speed? Journal of Experimental Biology 123: 383–
400.

Biewener AA, Thomason JJ, Goodship A, Lanyon LE.
1983. Bone stress in the horse forelimb during locomotion at
different gaits: a comparison of two experimental methods.
Journal of Biomechanics 16: 565–576.

Bonine KE, Garland T Jr. 1999. Sprint performance of
phrynosomatid lizards, measured on a high-speed treadmill,
correlates with hind limb length. Journal of Zoology, London
248: 255–265.

Bou J, Casinos A, Ocana J. 1987. Allometry of the limb long
bones of insectivores and rodents. Journal of Morphology
192: 113–123.

Caro TM. 1994. Cheetahs of the Serengeti Plains. Group Liv-
ing in an Asocial Species. Chicago: University of Chicago
Press.

Carrano MT. 1998. Locomotion in non-avian dinosaurs: Inte-
grating data from hind limb kinematics, in vivo strains, and
bone morphology. Paleobiology 24: 450–469.

Cavagna GA, Kaneko M. 1977. Mechanical work and effi-
ciency in level walking and running. Journal of Physiology
268: 467–481.

Christiansen P. 1997. Locomotion in sauropod dinosaurs.
GAIA 14: 45–75.

Christiansen P. 1998. Strength indicator values of theropod
long bones, with comments on limb proportions and cursorial
potential. GAIA 15: 241–255.

Christiansen P. 1999a. What size were Arctodus simus and
Ursus spelaeus (Carnivora: Ursidae)? Annals Zoologici Fen-
nici 36: 93–102.

Christiansen P. 1999b. Scaling of the limb long bones to body
mass in terrestrial mammals. Journal of Morphology 239:
167–190.

Christiansen P. 1999c. Scaling of mammalian long bones:
small and large mammals compared. Journal of Zoology,
London 247: 333–348.

Christiansen P. 2000. Speed and appendicular anatomy in
mammals. 48th Symposium of Vertebrate Palaeontology
and Comparative Anatomy: 12. Portsmouth: University of
Portsmouth.

Christiansen P. 2002. Mass allometry of the appendicular
skeleton in terrestrial mammals. Journal of Morphology
251: 195–209.

Christiansen P, Bonde N. 2002. Limb proportions and
avian terrestrial locomotion. Journal of Ornithology 143:
356–371.

Christiansen P, Paul GS. 2001. Limb bone scaling, limb
proportions and bone strength in neoceratopsian dinosaurs.
GAIA 16: 13–29.

Coombs WP Jr. 1978. Theoretical aspects of cursorial adap-
tations in dinosaurs. The Quarterly Review of Biology 53:
393–418.

Dagg AI. 1971. Mammalian species no. 5: Giraffa camelopar-
dalis. New York: The American Society of Mammalogists.

Dimery NJ, Alexander RMcN, Ker RF. 1986. Elastic exten-
sion of leg tendons in the locomotion of horses (Equus cabal-
lus). Journal of Zoology, London 210: 415–425.

Elliott JP, McTaggart Cowan I, Holling CS. 1977. Prey
capture by the African Lion. Canadian Journal of Zoology
55: 1811–1828.

Feldhamer GA, Farris-Renner KC, Barker CM. 1988.
Mammalian species no. 317: Dama dama. New York: The
American Society of Mammalogists.

Felsenstein J. 1985. Phylogenies and the comparative
method. American Naturalist 125: 1–15.

Flynn JJ. 1996. Carnivora phylogeny and the rates of evolu-
tion: Morphological, taxic, and molecular. In: Gittleman JL,
ed. Carnivore Behavior, Ecology, and Evolution. Ithaca: Cor-
nell University Press, 542–581.

Flynn JJ, Neff NA, Tedford RH. 1988. Phylogeny of the
Carnivora. In: Benton MJ, ed. The Phylogeny and Clas-



LCOMOTION IN TERRESTRIAL ANIMALS 705

© 2002 The Linnean Society of London, Zoological Journal of the Linnean Society, 2002, 136, 685–714

sification of the Tetrapods. Oxford: Clarendon Press, 73–
116.

Foote M, Hunter JP, Janis CM, Sepkoski JJ Jr. 1999.
Evolutionary and preservational constraints on origins of
biologic groups: divergence times of eutherian mammals.
Science 283: 1310–1314.

Fortelius M, Kappelman J. 1993. The largest land mammals
ever imagined. Zoological Journal of the Linnean Society
107: 85–101.

Fritzell EK, Haroldson KJ. 1982. Mammalian species no.
189: Urocyon cineroargenteus. New York: The American Soci-
ety of Mammalogists.

Gambaryan PP. 1974. How Mammals Run. New York: John
Wiley & Sons.

Garland TR Jr. 1983. The relation between maximal running
speed and body mass in terrestrial mammals. Journal of
Zoology, London 199: 157–170.

Garland T Jr, Harvey PH, Ives AR. 1992. Procedures for the
analysis of comparative data using phylogenetically inde-
pendent contrasts. Systematic Biology 41: 18–32.

Garland T Jr, Ives AR. 2000. Using the past to predict the
present: Confidence intervals for regression equations in
phylogenetic comparative methods. American Naturalist
155: 346–364.

Garland T Jr, Janis CM. 1993. Does metatarsal/femur ratio
predict the maximal running speed in cursorial mammals?
Journal of Zoology, London 229: 133–151.

Garland T Jr, Midford PE, Ives AR. 1999. An introduction
to phylogenetically based statistical methods, with a new
method for confidence intervals on ancestral states. Ameri-
can Zoologist 39: 374–388.

Garrutt VE, Nikolskaja VN. 1988. Über das Skelett vom
Steppenelefanten aus Edersleben. Beiträge zur Heimatsfor-
schung 9: 3–13.

Geffen A, Mercure A, Girman DJ, MacDonald DW,
Wayne RK. 1992. Phylogenetic relationships of the fox-like
canids: mitochondrial DNA restriction fragment site and
cytochrome b sequence analysis. Journal of Zoology 228: 27–
39.

Gentry AW, Hooker JJ. 1988. The phylogeny of the Artio-
dactyla. In: Benton MJ, ed. The Phylogeny and Classification
of the Tetrapods. Oxford: Clarendon Press, 235–272.

Georgiadis NJ, Kat PW, Oketch H. 1990. Allozyme diver-
gence within the Bovidae. Evolution 44: 2135–2149.

Gheerbrant E, Sudre J, Capetta H. 1996. Oldest probos-
cidean from the Late Paleocene of Morocco. Journal of Ver-
tebrate Paleontology Supplement 3: 37A.

Goldspink G, Larson RE, Davies RE. 1970. The immediate
energy supply and the cost of maintenance of isometric ten-
sion for different muscles in the hamster. Zeitschrift für Ver-
gleichende Physiologie 66: 389–397.

Gompper ME. 1995. Mammalian species no. 487: Nasua nar-
ica. New York: The American Society of Mammalogists.

Gonyea WJ. 1976. Adaptive differences in the body propor-
tions of large felids. Acta Anatomica 96: 81–96.

Grafen A. 1989. The phylogenetic regression. Philosophical
Transactions of the Royal Society of London (Series B) 326:
119–157.

Gregory WD. 1912. Notes on the principles of quadrupedal
locomotion and on the mechanism of the limbs in hoofed ani-
mals. Annals of the New York Academy of Science 22: 287–
294.

Groves CP. 1972. Mammalian species no. 8: Ceratotherium
simum. New York: The American Society of Mammalogists.

Groves CP. 1974. Horses, Asses and Zebras in the Wild. Hol-
lywood: Ralph Curtis Books.

Halstead LB, Halstead J. 1981. Dinosaurs. Dorset: Bland-
ford Press.

Haltenroth T, Diller H. 1977. Säugetiere Afrikas und Mada-
gaskars. Munich: BLV-Verlagsgesellschaft.

Harris MA, Steudel K. 1997. Ecological correlates of hind-
limb length in the Carnivora. Journal of Zoology, London
241: 381–408.

Harrison DFN, Denny S. 1985. The possible influence of
laryngeal and tracheal size on the running speed of mam-
mals. Acta Otolaryngologica (Stockholm) 99: 229–235.

Hedges SB, Parker PH, Sibley CG, Kuma S. 1996. Conti-
nental breakup and the ordinal diversification of birds and
mammals. Nature 281: 226–229.

Heglund NC, Cavagna GA. 1985. Efficiency of vertebrate
locomotory muscles. Journal of Experimental Biology 115:
283–292.

Heglund NC, Cavagna GA. 1987. Mechanical work, oxygen
consumption and efficiency in isolated frog and rat striated
muscle. American Journal of Physiology 22: C22–C29.

Heglund NC, Taylor CR. 1988. Speed, stride frequency
and energy cost per stride: How do they change with body
size and gait? Journal of Experimental Biology 138: 301–318.

Heglund NC, Taylor CR, McMahon TA. 1974. Scaling stride
frequency and gait to animal size: Mice to horses. Science
186: 1112–1113.

Hildebrand M. 1959. Motions of the running cheetah and
horse. Journal of Mammalogy 40: 481–495.

Hildebrand M. 1961. Further studies on locomotion of the
cheetah. Journal of Mammalogy 42: 84–91.

Hildebrand M. 1988. Analysis of Vertebrate Structure. New
York: John Wiley & Sons.

Hildebrand M, Hurley JP. 1985. Energy of the oscillating
legs of fast-moving cheetah, pronghorn, jackrabbit and ele-
phant. Journal of Morphology 184: 23–31.

Holtz TR Jr. 1994. The arctometatarsalian pes, an unusual
structure of the metatarsus of Cretaceous Theropoda (Dino-
sauria: Saurischia). Journal of Vertebrate Paleontology 14:
480–519.

Howell AB. 1944. Speed in Animals. Their Specialization
for Running and Leaping. Chicago: University of Chicago
Press.

Hoyt DF, Taylor CR. 1981. Gait and energetics of locomo-
tion in horses. Nature 292: 239–240.

Hunt RM Jr. 1996. Biogeography of the order Carnivora. In:
Gittleman JL, ed. Carnivore Behavior, Ecology, and Evolu-
tion. Ithaca: Cornell University Press, 485–541.

Janis CM. 1982. Evolution of horns in ungulates. Ecology and
Paleoecology. Biological Reviews 57: 261–318.

Janis CM, Scott KM. 1987. The interrelationship of higher
ruminant families with special emphasis on the members



706 PER CHRISTIANSEN

© 2002 The Linnean Society of London, Zoological Journal of the Linnean Society, 2002, 136, 685–714

of the Cervoidea. American Museum Novitates 2893: 1–
85.

Janis CM, Wilhelm PB. 1993. Were there mammalian pur-
suit predators in the Tertiary? Dances with wolf avatars.
Journal of Mammal Evolution 1: 103–125.

Johnston IA. 1985. Sustained force development: specializa-
tions and variation among the vertebrates. Journal of Exper-
imental Biology 115: 239–251.

Kielan-Jaworowska Z, Brown TM, Lillegraven JA. 1979.
Eutheria. In: Lillegraven JA, Kielan-Jaworowska Z,
Clemens WA, eds. Mesozoic Mammals. Berkeley: University
of California Press, 221–254.

Kingdon J. 1982. East African Mammals, Vols 3C & D. New
York: Academic Press.

Kingswood SC, Blank DA. 1996. Mammalian species no.
518: Gazella subgutturosa. New York: The American Society
of Mammalogists.

Kingswood SC, Kumamoto AT. 1997. Mammalian species
no. 569: Madoqua kirkii. New York: The American Society of
Mammalogists.

Kurtén B. 1967. Pleistocene bears of North America. 2. Genus
Arctodus, short-faced bears. Acta Zoologica Fennica 117: 1–
60.

Lababera M. 1989. Analyzing body size as a factor in ecology
and evolution. Annual Review of Ecology and Systematics
20: 97–117.

Lanave C, Preparata G, Saccone C. 1985. Mammalian
genes as molecular clocks? Journal of Molecular Evolution
21: 346–350.

Madsen O, Scally M, Douady CJ, Kao DJ, DeBry RW,
Adkins R, Amrine HM, Stanhope MJ, de Jong WW,
Springer MS. 2001. Parallel adaptive radiations in tow
major clades of placental mammals. Nature 409: 610–
614.

Marshall CR. 1990. The fossil record and estimation of diver-
gence times between lineages: maximum divergence times
and the importance of reliable phylogenies. Journal of
Molecular Evolution 30: 400–408.

Martins EP, Garland T Jr. 1991. Phylogenetic analysis of
the correlated evolution of continuous characters: a simula-
tion study. Evolution 45: 534–557.

Mayer JJ, Wetzel RM. 1987. Mammalian species no.
293: Tayassu pecari. New York: The American Society of
Mammalogists.

Maynard Smith J, Savage RJG. 1956. Some locomotory
adaptations in mammals. Journal of the Linnean Society 42:
603–622.

McKenna MC, Bell SK. 1998. Classification of Mammals
Above the Species Level. New York: Columbia University
Press.

Meagher M. 1986. Mammalian species no. 266: Bison bison.
New York: The American Society of Mammalogists.

Miyamoto MM, Kraus F, Ryder OA. 1990. Phylogeny and
evolution of antlered deer determined from mitochondrial
DNA sequences. Proceedings of the National Academy of Sci-
ence 87: 6127–6131.

Mol D, van Essen H. 1992. De mammoet. Sporen uit de ijstijd.
s¢-Gravenhage: Uitgeverij BZZTôH, .

Murphy WJ, Eizirik E, Johnson WE, Zhang AP, Ryder
OA, O’Brien SJ. 2001. Molecular phylogenetics and the ori-
gins of placental mammals. Nature 409: 614–618.

Novacek MJ. 1992a. Mammalian phylogeny. Shaking the
tree. Nature 356: 121–125.

Novacek MJ. 1992b. Fossils, topologies, missing data, and the
higher level phylogeny of eutherian mammals. Systematic
Biology 41: 58–73.

Novacek MJ, Wyss AR, McKenna MC. 1988. The major
groups of eutherian mammals. In: Benton MJ, ed. The Phy-
logeny and Classification of the Tetrapods. Oxford: Claren-
don Press, 31–71.

Nowak RM. 1991. Walker’s Mammals of the World. Baltimore:
John Hopkins University Press.

Osborn HF. 1910. The Age of Mammals in Europe, Asia and
North America. New York: MacMillan.

Padmadisastra S. 1988. Estimating divergence times. Theo-
retical Population Biology 34: 297–319.

Paul GS. 1997. Dinosaur models: The good, the bad, and using
them to estimate the mass of dinosaurs. In: Wolberg DL,
Stump E, Rosenberg GD, eds. DinoFest International. Pro-
ceedings. Philadelphia: Academy of Natural Sciences, 129–
154.

Paul GS, Christiansen P. 2000. Forelimb posture in neocer-
atopsian dinosaurs: Implications for gait and locomotion.
Paleobiology 26: 450–465.

Penny D, Hasegawa M, Waddell PJ, Hendy MD. 1999.
Mammalian evolution: timing and implications from
using the LogDeterminant transform for proteins of
differing amino acid composition. Systematic Biology 48:
76–93.

Pennycuick CJ. 1975. On the running of the gnu (Connocha-
etes taurinus) and other animals. Journal of Experimental
Biology 63: 775–799.

Penzhorn BI. 1988. Mammalian species no. 314: Equus zebra.
New York: The American Society of Mammalogists.

Pridmore PA. 1992. Trunk movements during locomotion in
the marsupial Monodelphis domestica (Didelpidae). Journal
of Morphology 211: 137–146.

Prothero DR, Manning EM, Fischer M. 1988. The phylog-
eny of the ungulates. In: Benton MJ, ed. The Phylogeny and
Classification of the Tetrapods. Oxford: Clarendon Press,
201–234.

von Richter W. 1974. Mammalian species no. 50: Connocha-
etes gnou. New York: The American Society of Mammalo-
gists.

Roberts TJ, Marsh RL, Weyand PG, Taylor CR. 1997.
Muscular force in running turkeys: the economy of minimiz-
ing work. Science 275: 1113–1115.

Rowe T. 1999. At the root of the mammalian family tree.
Nature 398: 283–284.

Rubin CT, Lanyon LE. 1982. Limb mechanics as a function
of speed and gait. Journal of Experimental Biology 101: 187–
211.

Savage RJG. 1977. Evolution in carnivorous mammals.
Palaeontology 20: 237–271.

Savage DE, Russel DE. 1983. Mammalian Paleofaunas of the
World. London: Addison-Wesley Publications.



LCOMOTION IN TERRESTRIAL ANIMALS 707

© 2002 The Linnean Society of London, Zoological Journal of the Linnean Society, 2002, 136, 685–714

Schaller GB. 1968. Hunting behaviour of the Cheetah in the
Serengeti National Park in Tanzania. East African Wildlife
Journal 6: 95–100.

Schenkel R. 1966. On sociology and behaviour in Impala
(Aepyceros melampus suara Matschie). Zeitschrift für
Säugetierkunde 31: 177–205.

Sempéré AJ, Sokolov VE, Danilkin AA. 1996. Mammalian
species no. 538: Capreolus capreolus. New York: The
American Society of Mammalogists.

Seshadri B. 1969. The Twilight of India’s Wildlife. London:
John Baker.

Shackleton DM. 1985. Mammalian species no. 230:
Ovis canadensis. New York: The American Society of
Mammalogists.

Sharp NCC. 1997. Time running speed of a cheetah (Acinonyx
jubatus). Journal of Zoology, London 241: 493–494.

Shoshani J. 1986. Mammalian phylogeny: comparison of
morphological and molecular results. Molecular Biological
Evolution 3: 222–242.

Shoshani J, Lee PC, Sukumar R, Barnett J, de Alwis L,
Lahari-Choudhury DK, Luxmoore RA. 1991. The Illus-
trated Encyclopedia of Elephants. London: Salamander
Books Ltd.

Silva M, Downing JA. 1995. Handbook of Mammalian Body
Masses. Boca Raton: CRC Press.

Simons RS. 1996. Lung morphology of cursorial and non-
cursorial mammals: lagomorphs as a case study for a pneu-
matic stabilization hypothesis. Journal of Morphology 230:
299–316.

Simpson GG. 1945. The principles of classification and a clas-
sification of mammals. Bulletin of the American Museum of
Natural History 85: 1–350.

Skinner JD, Louw GN. 1996. The Springbuk Antidorcas
Marsupialis (Zimmermann, 1780). Transvaal Museum
Monographs no. 10. Pretoria: Transvaal Museum.

Smith WP. 1991. Mammalian species no. 388: Odocoileus
virginianus. New York: The American Society of
Mammalogists.

Sokal RR, Rohlf FJ. 1995. Biometry. New York: W H
Freeman & Company.

Sokolov VE. 1974. Mammalian species no. 38: Saiga tatarica.
New York: The American Society of Mammalogists.

Stephens DW, Krebs JR. 1986. Foraging Theory. Princeton:
Princeton University Press.

Steudel K, Beattie J. 1993. Scaling of cursoriality in mam-
mals. Journal of Morphology 217: 55–63.

Steudel K, Beattie J. 1995. Does limb length predict the rel-
ative energetic cost of locomotion in mammals? Journal of
Zoology, London 235: 501–514.

Strang KT, Steudel K. 1990. Explaining the scaling of trans-
port costs: The role of stride frequency and stride length.
Journal of Zoology, London 221: 343–358.

Tassy P, Shoshani J. 1988. The Tethytheria: elephants and
their relatives. In: Benton, MJ, ed. The Phylogeny and Clas-
sification of the Tetrapods. Oxford: Clarendon Press, 283–
315.

Taylor CR. 1985. Force development during sustained loco-
motion: a determinant of gait, speed and metabolic power.
Journal of Experimental Biology 115: 253–262.

Taylor CR, Heglund NC, Maloiy GMO. 1982. Energetics
and mechanics of terrestrial locomotion. I. Metabolic energy
consumption as a function of speed and body size in birds
and mammals. Journal of Experimental Biology 97: 1–
21.

Taylor CR, Heglund NC, McMahon TA, Looney TR. 1980.
Energetic cost of generating muscular force during running:
a comparison of large and small mammals. Journal of Exper-
imental Biology 86: 9–18.

Thomason JJ. 1985. Estimation of locomotory forces and
stresses in the limb bones of recent and extinct equids. Pale-
obiology 11: 209–220.

Thulborn RA. 1982. Speeds and gaits of dinosaurs. Palaeo-
geography, Palaeoclimatology, Palaeoecology 38: 227–256.

Tucker V. 1970. Energetic cost of locomotion in animals. Com-
parative Biochemistry and Physiology 34: 841–846.

Turner A. 1997. The Big Cats and their Fossil Relatives. An
Illustrated Guide to Their Evolution and Natural History.
New York: Columbia University Press.

Van Valkenburgh B. 1987. Skeletal indicators of locomotor
behavior in living and extinct carnivores. Journal of Verte-
brate Paleontology 7: 162–182.

Wayne RK, O’Brien SJ. 1987. Allozyme divergence within
the Canidae. Systematic Zoology 36: 339–355.

Weyand PG, Sternlight DB, Bellizzi MJ, Wright S. 2000.
Faster top running speeds are achieved with greater ground
forces not more rapid leg movements. Journal of Applied
Physiology 89: 1991–1999.

Whitehead GK. 1993. The Whitehead Encyclopedia of Deer.
Shrewsbury: Swan-Hill Press.

Wyss AR, Flynn JJ. 1993. A phylogenetic analysis and
definition of the Carnivora. In: Szalay FS, Novacek MJ,
McKenna MC, eds. Mammal Phylogeny. New York: Springer
Verlag, 32–52.

Yom-Tov Y, Mendelssohn H, Groves CP. 1995. Mammalian
species no. 491: Gazella dorcas. New York: The American
Society of Mammalogists.

Young IS, Warren RD, Altringham JD. 1992. Some proper-
ties of the mammalian locomotory and respiratory systems
in relation to body mass. Journal of Experimental Biology
164: 283–294.

Zarrugh MY, Todd FN, Ralston JH. 1974. Optimization of
energy expenditure during level walking. European Journal
of Applied Physiology and Occupational Physiology 33:
293–306.



708 PER CHRISTIANSEN

© 2002 The Linnean Society of London, Zoological Journal of the Linnean Society, 2002, 136, 685–714

APPENDIX 1

Regression coefficients, 95% confidence intervals for the regression coefficients, significance of the variables (two-
tailed P; significance level set at P � 0.10), correlation coefficients, standard errors of the estimate (SEE) and F
statistics for significance of the regression (DF = tn-i+1, where i is number of variables) for all regression equations. A
number in parentheses in front of a regression slope coefficient indicates the ‘independent’ variable in question and the
numbers correspond to the numbers listed in Table 2. In all cases the ‘dependent’ variable is log running speed (km h-1).
Standard and independent contrasts regression equations within the various categories are ordered according to the size
of the correlation coefficient, going from the lowest to the highest value. Some multivariate independent contrasts regres-
sion equations are in italic. They were based on re-analysis on a restricted data set, where some contrasts were removed
as the initial analysis on the full data set had indicated that they were either outliers or possessed a large leverage.

BIVARIATE ANALYSIS

Forelimb
Standard least squares regression

Independent contrasts least squares regression

Hindlimb
Standard least squares regression

A ± 95% CI P B ± 95% CI P R SEE F P

1.868 ± 0.114 0.000 (7) -0.454 ± 0.433 0.040 0.236 0.123 4.366 0.040
1.271 ± 0.412 0.000 (3)  0.193 ± 0.148 0.011 0.289 0.122 36.624 0.011
1.361 ± 0.184 0.000 (8)  0.031 ± 0.015 0.000 0.444 0.114 18.165 0.000
1.362 ± 0.135 0.000 (4)  0.003 ± 0.001 0.000 0.560 0.105 33.818 0.000
1.596 ± 0.059 0.000 (6)  0.208 ± 0.071 0.000 0.562 0.105 34.127 0.000
1.301 ± 0.151 0.000 (5)  0.432 ± 0.142 0.000 0.575 0.104 36.624 0.000

B ±95% CI P R F P

(7) -0.146 ± 0.514 0.574 0.066 0.321 0.574
(6)  0.158 ± 0.142 0.029 0.250 4.916 0.029
(3)  0.178 ± 0.158 0.028 0.252 5.005 0.028
(5)  0.346 ± 0.211 0.002 0.355 10.684 0.002
(4)  0.002 ± 0.001 0.001 0.376 12.209 0.001
(8)  0.023 ± 0.013 0.001 0.377 12.252 0.001

A ± 95% CI P B ± 95% CI P R SEE F P

1.132 ± 0.446 0.000 (9) 0.219 ± 0.157 0.007 0.307 0.121 7.718 0.007
1.394 ± 0.174 0.000 (11) 0.344 ± 0.165 0.000 0.436 0.114 17.320 0.000
1.427 ± 0.147 0.000 (14) 0.067 ± 0.030 0.000 0.462 0.113 20.124 0.000
1.914 ± 0.065 0.000 (15) -0.474 ± 0.177 0.000 0.527 0.108 28.396 0.000
1.402 ± 0.125 0.000 (10) 0.001 ± 0.001 0.000 0.550 0.106 32.108 0.000
1.576 ± 0.064 0.000 (12) 0.261 ± 0.088 0.000 0.566 0.105 34.850 0.000
1.298 ± 0.144 0.000 (16) 0.038 ± 0.012 0.000 0.597 0.102 41.038 0.000
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Independent contrasts least squares regression

MULTIVARIATE ANALYSIS, TWO ‘INDEPENDENT’ VARIABLES

Forelimb
Standard least squares regression

Independent contrasts least squares regression

B ±95% CI P R F P

(15) -0.240 ± 0.319 0.140 0.172 2.245 0.140
(11) 0.269 ± 0.257 0.041 0.235 4.331 0.041
(9) 0.203 ± 0.175 0.024 0.259 5.317 0.024

(12) 0.237 ± 0.159 0.004 0.327 8.855 0.004
(14) 0.041 ± 0.026 0.003 0.340 9.654 0.003
(10) 0.002 ± 0.001 0.001 0.366 11.469 0.001
(16) 0.025 ± 0.014 0.001 0.383 12.717 0.001

A ± 95% CI P B1 ± 95% CI P B2 ± 95% CI P R SEE F P

1.257 ± 0.396 0.000 (3) 0.232 ± 0.145 0.002 (7) -0.582 ± 0.416 0.007 0.414 0.116 7.562 0.001
1.157 ± 0.270 0.000 (4) 0.003 ± 0.001 0.000 (7) 0.422 ± 0.479 0.083 0.584 0.104 18.929 0.000
1.681 ± 0.116 0.000 (6) 0.200 ± 0.071 0.000 (7) -0.310 ± 0.368 0.097 0.584 0.104 18.896 0.000
1.258 ± 0.151 0.000 (4) 0.002 ± 0.001 0.022 (5) 0.269 ± 0.196 0.008 0.614 0.101 22.127 0.000
1.416 ± 0.134 0.000 (4) 0.002 ± 0.001 0.004 (6) 0.129 ± 0.086 0.004 0.623 0.100 23.139 0.000

-0.566 ± 0.654 0.089 (1) -0.285 ± 0.080 0.000 (3) 1.032 ± 0.291 0.000 0.638 0.098 25.059 0.000
1.078 ± 0.188 0.000 (5) 0.373 ± 0.137 0.000 (8) 0.022 ± 0.010 0.001 0.655 0.097 27.459 0.000

-0.175 ± 0.515 0.499 (2) -0.062 ± 0.017 0.000 (3) 0.802 ± 0.211 0.000 0.668 0.095 29.410 0.000

B1 ± 95% CI P B2 ± 95% CI P R F P

(6)  0.179 ± 0.166 0.035 (7)  0.002 ± 0.008 0.622 0.256 2.564 0.084
(6)  0.269 ± 0.156 0.001 (7)  0.001 ± 0.007 0.809 0.422 7.704 0.001*
(3)  0.185 ± 0.159 0.024 (7) -0.003 ± 0.008 0.383 0.271 2.882 0.062
(4)  0.002 ± 0.001 0.020 (6)  0.023 ± 0.153 0.762 0.378 6.084 0.004
(4)  0.001 ± 0.001 0.024 (6)  0.124 ± 0.139 0.079 0.497 11.650 0.000*
(4)  0.002 ± 0.001 0.001 (7)  0.003 ± 0.006 0.418 0.387 6.417 0.003
(4)  0.002 ± 0.001 0.000 (7)  0.001 ± 0.005 0.952 0.462 9.639 0.000*
(1) -0.173 ± 0.106 0.002 (3)  0.683 ± 0.345 0.000 0.426 8.076 0.001
(1) -0.208 ± 0.096 0.000 (3)  0.668 ± 0.308 0.000 0.466 9.846 0.000*
(4)  0.001 ± 0.001 0.037 (5)  0.207 ± 0.219 0.064 0.426 8.098 0.001
(4)  0.002 ± 0.001 0.003 (5)  0.113 ± 0.199 0.261 0.477 10.454 0.000*
(2) -0.037 ± 0.017 0.000 (3)  0.558 ± 0.232 0.000 0.493 11.704 0.000
(5) 0.385 ± 0.196 0.000 (8)  0.023 ± 0.012 0.000 0.540 15.012 0.000

*Excluding contrasts 67 (collapsing node between Ourebia and Connochaetes) and 70 (collapsing node between Madoqua
and Antilope + Antidorcas + Gazella)
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Hindlimb
Standard least squares regression

Independent contrasts least squares regression

A ± 95% CI P B1 ± 95% CI P B2 ± 95% CI P R SEE F P

1.197 ± 0.237 0.000 (1)  0.055 ± 0.047 0.022 (11)  0.434 ± 0.177 0.000 0.496 0.111 11.937 0.000
0.631 ± 0.440 0.006 (9)  0.257 ± 0.138 0.000 (11)  0.376 ± 0.153 0.000 0.564 0.106 17.053 0.000
1.201 ± 0.189 0.000 (11)  0.273 ± 0.156 0.001 (14)  0.055 ± 0.028 0.000 0.571 0.105 17.667 0.000
1.426 ± 0.403 0.000 (9)  0.168 ± 0.137 0.017 (15) -0.444 ± 0.173 0.000 0.576 0.104 18.147 0.000
1.450 ± 0.126 0.000 (10)  0.001 ± 0.001 0.024 (12)  0.163 ± 0.120 0.008 0.605 0.102 21.099 0.000
1.364 ± 0.153 0.000 (12)  0.131 ± 0.120 0.032 (16)  0.025 ± 0.016 0.003 0.629 0.099 23.942 0.000
1.497 ± 0.130 0.000 (10)  0.003 ± 0.001 0.000 (13) -0.013 ± 0.008 0.001 0.630 0.099 23.999 0.000
1.397 ± 0.130 0.000 (12)  0.212 ± 0.089 0.000 (14)  0.044 ± 0.028 0.003 0.632 0.099 24.248 0.000

-0.786 ± 0.685 0.025 (1) -0.278 ± 0.084 0.000 (9)  1.080 ± 0.291 0.000 0.655 0.097 27.398 0.000
-0.361 ± 0.544 0.190 (2) -0.061 ± 0.017 0.000 (9)  0.847 ± 0.215 0.000 0.681 0.094 31.549 0.000

B1 ± 95% CI P B2 ± 95% CI P R F P

(11)  0.131 ± 0.184 0.164 (14)  0.036 ± 0.026 0.009 0.370 5.872 0.004
(11)  0.256 ± 0.163 0.003 (14)  0.042 ± 0.023 0.001 0.534 14.191 0.000*
(9)  0.267 ± 0.177 0.004 (15) -0.260 ± 0.209 0.016 0.373 5.889 0.004
(1)  0.097 ± 0.069 0.006 (11)  0.557 ± 0.321 0.001 0.384 6.297 0.003
(1)  0.060 ± 0.060 0.050 (11)  0.635 ± 0.271 0.000 0.493 11.408 0.000*

(10)  0.002 ± 0.001 0.001 (13) -0.001 ± 0.001 0.219 0.390 6.536 0.002
(10)  0.002 ± 0.001 0.000 (13) -0.001 ± 0.001 0.076 0.502 11.930 0.000*
(10)  0.001 ± 0.001 0.090 (12)  0.122 ± 0.179 0.178 0.394 6.717 0.002
(10)  0.001 ± 0.001 0.036 (12)  0.177 ± 0.153 0.024 0.422 13.280 0.000*
(12)  0.168 ± 0.162 0.042 (16)  0.001 ± 0.001 0.012 0.426 8.073 0.001
(12)  0.241 ± 0.135 0.001 (16)  0.001 ± 0.001 0.001 0.567 16.800 0.000*
(1) -0.175 ± 0.104 0.001 (9)  0.771 ± 0.316 0.000 0.438 8.653 0.000
(1) -0.216 ± 0.094 0.000 (9)  0.773 ± 0.331 0.000 0.492 11.331 0.000*

(12)  0.226 ± 0.159 0.006 (14)  0.032 ± 0.026 0.017 0.451 9.297 0.000
(12)  0.286 ± 0.136 0.000 (14)  0.039 ± 0.022 0.001 0.590 18.981 0.000*
(9)  0.416 ± 0.205 0.000 (11)  0.511 ± 0.263 0.000 0.478 10.807 0.000
(9)  0.303 ± 0.177 0.001 (11)  0.627 ± 0.226 0.000 0.560 16.209 0.000*
(2) -0.039 ± 0.017 0.000 (9)  0.649 ± 0.257 0.000 0.510 12.850 0.000

*Excluding contrasts 67 (collapsing node between Ourebia and Connochaetes) and 70 (collapsing node between Madoqua
and Antilope + Antidorcas + Gazella)
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Fore and hindlimbs
Standard least squares regression

Independent contrasts least squares regression

A ± 95% CI P B1 ± 95% CI P B2 ± 95% CI P R SEE F P

1.367 ± 0.168 0.000 (5)  0.452 ± 0.142 0.000 (13) -0.007 ± 0.006 0.091 0.597 0.103 20.261 0.000
1.387 ± 0.168 0.000 (5)  0.258 ± 0.214 0.019 (12)  0.140 ± 0.131 0.037 0.608 0.101 21.445 0.000
1.455 ± 0.126 0.000 (6)  0.130 ± 0.093 0.007 (10)  0.001 ± 0.001 0.015 0.608 0.102 21.399 0.000
1.447 ± 0.143 0.000 (4)  0.003 ± 0.001 0.000 (13) -0.011 ± 0.008 0.006 0.617 0.101 22.413 0.000
1.372 ± 0.163 0.000 (8)  0.018 ± 0.013 0.009 (12)  0.214 ± 0.092 0.000 0.617 0.101 22.484 0.000
1.026 ± 0.347 0.000 (3)  0.108 ± 0.126 0.091 (16)  0.036 ± 0.012 0.000 0.618 0.101 22.521 0.000
1.410 ± 0.133 0.000 (4)  0.002 ± 0.001 0.007 (12)  0.161 ± 0.110 0.005 0.621 0.100 22.884 0.000
1.422 ± 0.130 0.000 (6)  0.167 ± 0.073 0.000 (14)  0.042 ± 0.028 0.005 0.623 0.100 23.111 0.000
1.581 ± 0.184 0.000 (8)  0.024 ± 0.012 0.000 (15) -0.411 ± 0.166 0.000 0.630 0.099 24.063 0.000
1.369 ± 0.154 0.000 (6)  0.105 ± 0.094 0.029 (16)  0.025 ± 0.016 0.002 0.631 0.099 24.101 0.000
1.244 ± 0.149 0.000 (5)  0.289 ± 0.168 0.001 (10)  0.001 ± 0.001 0.005 0.632 0.099 24.257 0.000
1.414 ± 0.163 0.000 (7) -0.463 ± 0.343 0.009 (16)  0.038 ± 0.011 0.000 0.644 0.098 25.856 0.000
0.694 ± 0.361 0.000 (3)  0.245 ± 0.119 0.000 (10)  0.002 ± 0.001 0.000 0.659 0.096 28.011 0.000
1.134 ± 0.166 0.000 (5)  0.366 ± 0.136 0.000 (14)  0.049 ± 0.027 0.000 0.660 0.096 28.146 0.000
1.114 ± 0.156 0.000 (5)  0.296 ± 0.138 0.000 (16)  0.028 ± 0.012 0.000 0.696 0.092 34.380 0.000

B1 ± 95% CI P B2 ± 95% CI P R F P

(5)  0.347 ± 0.212 0.002 (13) -0.001 ± 0.001 0.484 0.363 5.555 0.006
(5)  0.427 ± 0.218 0.000 (13) -0.001 ± 0.001 0.658 0.427 7.924 0.001*
(7) -0.126 ± 0.482 0.604 (16)  0.001 ± 0.001 0.001 0.369 5.740 0.005
(7) -0.359 ± 0.413 0.087 (16)  0.001 ± 0.001 0.000 0.486 11.001 0.000**
(6)  0.045 ± 0.143 0.533 (10)  0.001 ± 0.001 0.035 0.372 5.875 0.004
(6)  0.126 ± 0.128 0.055 (10)  0.001 ± 0.001 0.019 0.507 12.300 0.000**
(6)  0.082 ± 0.149 0.277 (16)  0.001 ± 0.001 0.012 0.375 5.979 0.004
(6)  0.199 ± 0.139 0.006 (16)  0.001 ± 0.001 0.001 0.539 14.713 0.000***
(5)  0.243 ± 0.257 0.064 (12)  0.131 ± 0.191 0.176 0.385 6.339 0.003
(5)  0.294 ± 0.243 0.019 (12)  0.192 ± 0.173 0.030 0.483 10.783 0.000*
(4)  0.002 ± 0.001 0.001 (13) -0.001 ± 0.001 0.376 0.389 6.491 0.003
(4)  0.002 ± 0.001 0.000 (13) -0.001 ± 0.001 0.204 0.481 10.684 0.000**
(4)  0.001 ± 0.002 0.056 (12)  0.110 ± 0.186 0.244 0.397 6.835 0.002
(4)  0.001 ± 0.001 0.037 (12)  0.183 ± 0.159 0.025 0.517 12.974 0.000**
(6)  0.131 ± 0.135 0.057 (14)  0.031 ± 0.028 0.030 0.398 6.864 0.002
(6)  0.229 ± 0.132 0.001 (14)  0.034 ± 0.025 0.009 0.529 13.977 0.000***
(3)  0.162 ± 0.150 0.035 (16)  0.001 ± 0.001 0.002 0.419 7.751 0.001
(3)  0.095 ± 0.146 0.198 (16)  0.001 ± 0.001 0.000 0.476 10.573 0.000***
(5)  0.239 ± 0.187 0.013 (10)  0.001 ± 0.001 0.014 0.452 9.374 0.000
(5)  0.321 ± 0.193 0.001 (10)  0.001 ± 0.001 0.020 0.504 12.064 0.000*
(5)  0.334 ± 0.207 0.002 (14)  0.034 ± 0.025 0.008 0.474 10.579 0.000
(5)  0.404 ± 0.222 0.001 (14)  0.029 ± 0.024 0.019 0.517 12.940 0.000*
(3)  0.154 ± 0.104 0.004 (10)  0.002 ± 0.001 0.000 0.475 10.664 0.000
(5)  0.312 ± 0.200 0.003 (16)  0.001 ± 0.001 0.002 0.484 11.165 0.000
(5)  0.271 ± 0.188 0.005 (16)  0.001 ± 0.001 0.000 0.544 15.113 0.000***
(8)  0.028 ± 0.013 0.000 (15) -0.243 ± 0.160 0.003 0.487 11.377 0.000
(8)  0.024 ± 0.012 0.000 (12)  0.282 ± 0.146 0.000 0.536 14.693 0.000

*Excluding contrasts 36 (collapsing node between Giraffa and Cervidae + Bovidae) and 70 (collapsing node between
Madoqua and Antilope + Antidorcas + Gazella)
**Excluding contrasts 67 (collapsing node between Ourebia and Connochaetes) and 70 (collapsing node between Madoqua
and Antilope + Antidorcas + Gazella)
***Excluding contrast 67 (collapsing node between Ourebia and Connochaetes)
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