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Summary

Does limb design influence the cost of locomotion in quadrupedal mammals? If
not, morphologists must dismiss the economy of locomotion from consideration
when assessing the adaptive factors shaping limb structure. Several studies have
recently used externally applied loads to demonstrate a relationship between limb
mass distribution and energy costs in human subjects. It is not clear whether a
similar correlation would hold for quadrupeds, given their very different gaits.
The present study addresses this question by measuring the rate of oxygen
consumption in domestic dogs running on a treadmill with mass added either to
the limbs or to the back. Trials with no additional mass were used as a control. The
use of externally applied loads has the advantage of allowing limb mass to be
altered in a system in which other aspects of physiology that might influence cost of
locomotion are held constant. The cost of adding mass to the limbs in dogs was
found to be significantly greater than that of adding it at the center of mass. Limb
mass distribution does affect the cost of locomotion in quadrupeds. A comparison
of the results from a variety of studies in which the energetic cost of adding
external loads has been measured in animals across a wide size range suggests a
qualitative difference in the factors determining the cost of locomotion in large
and small animals.

Introduction.

Locomotion is a critical aspect of the biology of any animal, yet the adaptive
constraints associated with it are not well understood. Discussions of the selective
forces likely to be acting on locomotor structures in mammals have focused on
three major factors: mechanical resistance to the stresses induced by locomotion
(McMahon, 1973; Lanyon and Baggott, 1976; Lanyon, 1981; Alexander, 1981,
1984; Biewener et al. 1983), generation of speed and/or power (Smith and Savage,
1955; Alexander, 1977, Steudel, 1981) and determination of the energetic cost of
locomotion (Howell, 1944; Gray, 1968; Taylor et al. 1974; Alexander, 1982).

The significance of the last of these factors — the energetic cost of locomotion -
has been seriously questioned as an important force shaping the evolution of limb

'tructure as a result of a study in which no difference in cost was detected in three
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species, cheetah, goat and gazelle, that differ substantially in limb morphology
(Taylor et al. 1974). As a consequence, many workers have ruled out selection for
energetic efficiency as an important design constraint on animal limb structure
(Fleagle, 1979; Hurst et al. 1982; Williams, 1983). Other workers (Hildebrand and
Hurley, 1985; Hildebrand, 1988), however, have resisted this conclusion.

To determine whether a controlled experiment could detect a difference in cost
in response to differences in limb mass distribution, Myers and Steudel (1985)
studied human subjects with externally applied loads. Their design allowed limb
mass and its distribution to be altered in a system in which other factors that might
influence locomotor energetics, such as differences in locomotor physiology and
daily fluctuations within a subject, were minimized. The results showed a
consistent, statistically significant, increase in the cost of locomotion when mass
was added to the legs of a subject compared with the results when the same mass
was added at the waist. Thus, it became clear that experimental alterations of limb
mass and its distribution affect locomotor cost, at least in bipedal humans. Other
experiments on human subjects have documented similar increases in cost as a
result of externally applied limb loads (e.g. Martin, 1985; Claremont and Hall,
1988).

It is not clear, however, whether these results can be generalized to non-human
locomotion (Cavanagh and Kram, 1985). The results of the comparative study of
cost in the cheetah, goat and gazelle (Taylor ef al. 1974) would seem to imply that
they cannot. The bipedal gait of humans produces substantially different kinema-
tic patterns from those of quadrupeds, with potentially different capacities for the
storage and recovery of elastic strain energy and/or the transfer of energy between
body segments or between kinetic and potential energy. Furthermore, humans do
not show the pronounced morphological modifications of their limbs characteristic
of many cursorial quadrupeds of similar mass. To date there has been no
analogous experiment to determine whether the cost of locomotion in quadrupeds
varies with differences in limb loading.

To remedy this situation, the present study measures changes in the energetic
cost of locomotion of domestic dogs produced by experimentally adding mass
either to the limbs or to the body center of mass. As in the experiment on human
subjects (Myers and Steudel, 1985), this design allows experimental control of
many variables other than limb inertia that might influence cost. The results of this
study are used to evaluate the earlier conclusion that limb mass distribution has no
apparent effect on the cost of locomotion.

The metabolic impact of adding mass to animals of different size in this and
other studies are compared in order to investigate the scaling of the relationship
between the mechanical work of locomotion and its energetic cost.

Materials and methods
Experimental approach
Three adult male dogs (20.0, 20.9 and 26.8 kg) were trained to run on a treadmill
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at 1.56ms™!, a slow trot, under three different loading conditions. In all trials the
dogs wore a commercially available dog harness around their shoulders and
specially constructed Neoprene casings on all four limbs. The two experimental
conditions involved adding 0.77 kg of lead either to the dog’s harness or distributed
equally on the four limbs. The casings were positioned so that the mass was added
at the level of the radius and ulna on the forelimb and at the level of the
metatarsals on the hindlimb. All loads were firmly attached to minimize
extraneous movement, but were not so tight as to cause the animals any detectable
discomfort. Runs in which the animals wore the harness and the casings with no
added mass were used as a control. The purpose of the trials with the mass added
to the harness was to provide a measure of the effect of a 0.77 kg mass affecting
only the work done to raise and reaccelerate the center of mass of the body.
Addition of mass to the limbs increased not only the total mass raised and
reaccelerated, but also the work done to move the limbs relative to the center of
mass.

The object of this experimental design was to alter the mass and inertia of the
limbs to an extent similar to that which might occur during the evolution of a less
cursorial locomotion, without producing any concomitant changes in limb length
(which would be likely to change stride length and frequency), intrinsic speed of
contraction of locomotor muscles, the capacity of the limbs to store energy
elastically, and so forth. The fact that naturally evolved differences in limb mass
and moment of inertia are likely to be accompanied by changes in these and other
factors that may influence cost of locomotion make such natural variation
unsuitable for investigating the specific effect of mass distribution on cost.

The training period in which the animals were accustomed to the treadmill, the
weighting system and an open-circuit respiratory gas analysis system lasted 4
months. The rate of oxygen consumption (Vo) under the various loading
conditions gradually declined over the training period. The animals were
considered trained when the Vo, values for each animal under each test condition
no longer decreased with training. All data used in the analysis were taken after
the animals had reached the trained state.

Measurement of oxygen consumption

Rates of oxygen consumption (VOz) were measured using an Applied Electro-
chemistry S-3A/1 oxygen analyzer in an open-circuit system. The animals wore
loose-fitting masks through which room air was pulled at rates of 120-150 1 min~".
I initially tested for leaks by bleeding nitrogen directly on to all joints while
monitoring the fractional concentration of oxygen in the air being pulled through
the system. Any leaks were revealed by a drop in the readings on the oxygen
analyzer and could then be effectively sealed. To test for leaks in the overall
system with the animal in place, oxygen consumption was monitored while the
flow rate was decreased by 10%. This fluctuation in flow rate did not change
observed rates of oxygen consumption under equivalent conditions, indicating

that all expired air was being recovered.
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The analyzer and flow meters were calibrated at the beginning and end of every
test session using the one-step N, dilution technique described by Fedak et al.
(1981), which has been found to be accurate to better than +3 %. A small stream
of the expired gases was removed from the main flow downstream-from the flow
meter and diverted through Ascarite and Drierite to the oxygen analyzer for
continuous monitoring of its fractional concentration of oxygen. Runs continued
until values leveled off, between 7 and 20 min into a run, signalling that a steady
state had been achieved. V, values for the last three successful runs for each dog
under each of the three test conditions were used for data analysis.

Estimation of changes in limb inertial properties

These experiments tested whether an increase in limb mass produced an
increase in the cost of locomotion when other physiological variables were held
constant. To evaluate the significance of any increase in Voz, it is useful to assess
the extent to which the limb loads alter the inertial properties of the limbs.

Based on the work-energy theorem (e.g. Halliday and Resnick, 1981), the
internal work of locomotion, i.e. the work done to move the body segments
relative to the center of mass, can be considered approximately equal to the sum of
the changes in kinetic energy (E..) and potential energy (E,.) of the body
segments. The body can be treated as a series of linked, rigid segments between
which energy can be exchanged. Atany instant the total energy change of the body
is equal to the sum of the changes in E,. and E,, of its segments. The Ey. of each
segment is the sum of its translational and rotational components (Cavagna and
Kaneko, 1977; Fedak et al. 1982),

Ee = (1/2)Mv? + (1/2)1,07, (1)

where M is the mass of the segment, v is the linear velocity of its center of mass
relative to the center of mass of the body, w is its angular velocity and [, is the
moment of inertia of the segment about its center of mass. The potential energy of
a segment is expressed as:

Epe = Mgh 2)

where g is the acceleration due to gravity and 4 is the vertical displacement of the
center of mass of the segment.

The relevance of these equations is that they indicate which morphological
parameters affect internal work. Mass is an important aspect of potential energy
and translational kinetic energy, while the moment of inertia about the center of
mass is important because of its role in defining rotational energy as indicated
above. Also relevant is the distance between the point of rotation and the center of
mass (d) because:

v=od. (3)

The moment of inertia about the proximal point of rotation (/) is a good first
approximation of limb mass and its distribution because it is defined as a
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combination of the three aspects of work or energy that are determined
morphologically.
Iy=1I,+ Md®. 4)

It would be feasible to calculate the average effective I, of limbs across a series
of individuals or species by filming the animals, documenting the position of the
segments at each instant, determining the mass, center of mass and moment of
inertia of each segment, and combining this information into an estimation of
average limb I, for a stride. This approach, however, suffers from a major
disadvantage. The effective limb I, calculated by this method will differ within an
individual as its speed changes and between individuals and species as a result of
variation in both morphology and gait kinematics. It therefore confounds changes
in [, produced by morphological alterations with changes in I, produced by
kinematic variation. Because limb inertial characteristics and gait kinematics may
vary independently and are both of interest, it seems advisable to describe the
morphological component of I, in a way that is independent of variation in gait.

Consequently, the effect on limb mass distribution of the loads added to the
distal limb segments has been estimated by calculating I, as though the limb was a
single rigid body arranged with segments extended - a single, standardized
configuration. The alteration in I, produced as a result of the addition of mass at a
measured distance from the proximal point of rotation (the shoulder or hip joint)
was calculated as described below. Estimation of limb moment of inertia based on
particular segment configurations has also been used by Jayes and Alexander
(1982).

Limb moments of inertia about the point of rotation have been determined
experimentally for a sample of 12 dead dogs on which total body mass and a series
of variables describing limb morphology have also been measured (K. Steudel and
M. J. Myers, in preparation). Limb length was found to be an excellent predictor
of imb inertia in the forelimb and the hindlimb, which both have coefficients of
determination (#*) of 0.97. These regression equations were used to estimate
unloaded limb moments of inertia for the three dogs used in this study based on
measurements of their limb lengths.

The moment of inertia of the load about the proximal joint of the limb (/,) was
determined experimentally by fastening the 0.19 kg loads (the amount added to
the casings on each limb) to a free-swinging metal rod, which was suspended at one
end. The swing period of the rod plus load was determined in a series of tests with
the load positioned at distances from the pivot equivalent to the distances of the
load from the proximal joint in the forelimbs and hindlimbs of each of the three
dogs. The swing period of the rod alone was also measured. The moments of
inertia for the rod (/;) and for the rod plus load combination (/,) were calculated
using the equation:

I,=Fmgd/4n*, )

h‘ipler, 1976), where ¢ is the swing period of the system, m is the mass of the
system, g is the acceleration due to gravity, and d is the distance from the pivot
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point to the center of mass of the system. The moments of inertia of the load itself
at the various distances from the pivot were calculated by subtracting /. from each
I.+. These values were then used to calculate the absolute and percentage
increases in limb moment of inertia produced by the loads for each limb of each
dog, modelling the limb as a single rigid body.

All trials were videotaped at 200framess™ using a NAC high-speed video
camera. Stride frequency was measured for each trial by counting the number of
fields per stride and averaging over 10 strides. Knowing the tape speed allowed
conversion to strides per minute.

1

Results

Rates of oxygen consumption for unloaded dogs were similar to those observed
by previous investigators. Expected Vo2 values calculated from data reported by
Taylor et al. (1970) for an 18 kg dog were slightly higher than those obtained here,
while expected values calculated from data reported by Cerretelli e al. (1964) for a
24 kg dog were slightly lower. _

Vo, values for each subject under each of the three loading conditions are given
in Table 1. In all subjects, trials with limb loads produced significant increases in
cost compared with back-loaded runs and control runs (P<0.001, N=6, two-tailed
t-test). There was no significant difference between back-loaded trials and control
runs (P=0.344).

That the effect of the loads was similar in the three dogs tested can be verified
using analysis of variance (ANOVA) with V_ as the dependent variable and dog
and loading condition as independent variables. Both dog and loading condition
had significant individual effects on Vo, (P<0.001), but there was no significant
interaction (P=0.472). This indicates that, although the dogs differed in VOz (due
substantially to differences in their mass), they did not differ in the nature of their
Vo, responses to the loads.

The estimated limb moments of inertia about the proximal joint for the loaded
and unloaded limbs of the three dogs are shown in Table 2. The addition of the

Table 1. Rate of oxygen consumption of limb-loaded, back-loaded and unloaded
dogs running at 1.56 ms™’

Body . )
mass VO;control VOZback Vozlimb
N (kg) (ml O,s71) (mlO,s7h (mlO,s™1h)
Dog 1 3 26.8 8.84+0.07 8.83+0.31 9.52+0.20
Dog 2 3 20.9 8.36+0.21 8.30+0.23 9.25+0.32
Dog 3 3 20.0 6.64+0.24 6.16+0.22 7.49+0.13
Average 22.6 7.95+0.35 7.76+0.43 8.72+£0.33

Values are mean=Ss.E.
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Table 2. Estimated limb moments of inertia (1,) about the proximal joint and
increases in limb moments of inertia due to added loads

Dog 1 Dog 2 Dog 3
Forelimb Hindlimb Forelimb Hindlimb Forelimb Hindlimb

I, unloaded  5.78x10°  9.95x10°  3.86x10°  5.66x10°  4.19x10°  4.59x10°
(gem?’)

I, loaded 6.88x10°  12.44x10°  4.86x10°  7.76x10°  5.20x10°  6.42x10°
(gem?)
% increase 19 25 26 37 24 40

loads, representing between 2.9 and 3.9 % increases in body mass, produced
increases in moment of inertia of between 19 and 26 % in the forelimb and
between 25 and 40 % in the hindlimb.

The dogs responded to the limb loads with a small decrease in stride frequency.
The stride frequencies observed in the limb-loaded trials were significantly lower
than those in control (P<<0.001) or back-loaded trials (P<<0.002). No significant
difference was observed between stride frequencies in back-loaded and control
trials (P=0.432). Stride frequency in the limb-loaded trials averaged 103.8
stridesmin~! (s.£.=2.24, N=9), 96 % of that seen in both the control (average=
107.74stridesmin™', s..=2.57, N=9) and back-loaded (average=108.34 strides
min~!, s.£.=3.07, N=9) trials.

Discussion
The effect of mass distribution on Vo,

The addition of 0.77 kg of mass (2.9-3.9 % of body mass) to the limbs of the
dogs produced increases in Vo2 that are qualitatively similar to those obtained in
analogous experiments on human subjects. In the current experiments, the
average 3.5 % increase in mass produced by the limb loads increased Voz by an
average of 9.9 % over control values. In human subjects, the addition of a mass
equivalent to 1.4-5.4 % of body mass resulted in increases in Vg, of between 5.4
and 12.1 % (Myers and Steudel, 1985; Martin, 1985; Claremont and Hall, 1988).
Thus, increasing limb moment of inertia by using externally applied loads
produces generally similar effects on cost in bipedal humans and quadrupedal
dogs.

In the present study, the dogs showed a decrease in stride frequency with limb
loading. The various experiments involving limb loads on human subjects have
reported dissimilar effects of the loads on stride frequency. Martin (1985) reported
a slight reduction in stride frequency, similar to that seen in these dogs, but
Claremont and Hall (1988) noted the opposite — a slight increase in stride
frequency in their limb-loaded human subjects.

The observation that the relatively small amount of mass added in the present
experiments did not produce a detectable effect on Vo, when added to the back is
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consistent with previous findings. Taylor et al. (1980) measured the effect on VO2 of
adding mass equivalent to 22 % and 27 % of body mass to the backs of dogs
traveling at three different speeds. Calculation of the expected effect on Vo2 of
adding 0.77 kg of mass to the backs of dogs based on the data of Taylor ef al. (1980)
indicates that the expected increase would be of the order of 0.5ml O, s~!, within
the range of experimental error. Cureton et al. (1978) found that the addition of a
load equal to 10 % of body mass to the backs of human subjects did not have a
significant effect on V. Nielsen er al. (1982) found that even a 25 % increase in
mass obtained with back loads did not produce a significant effect on Vo, in ants.

Are the experimental changes in limb moment of inertia induced in this study of
a magnitude that one might reasonably expect to see within natural populations?
Limb moments in domestic dogs of similar body mass have been shown to vary by
3.4-fold in the hindlimb and 4.0-fold in the forelimb of domestic dogs of similar
body mass (K. Steudel and M. J. Myers, in preparation). Owing to artificial
selection, domestic dogs show greater morphological variation than will be found
in most natural populations. Yet even dogs of the same breed (beagle) and similar
mass showed 2.6-fold variation in moment of inertia in the hindlimb and 3.1-fold in
the forelimb. Thus, the vastly smaller changes in limb moments produced in this
study, between 19 and 40 %, seem well within the range likely to be available for
natural selection. This is especially true because measurement of I, with the limb
segments extended will tend to magnify the percentage change in 7, produced by
the loads because it assesses I, when the added mass is at its most distant from the
proximal point of rotation.

The influence of mass distribution on daily energy budget

That the addition of 0.77 kg (3-4 % of body mass) to the limbs of trotting dogs
produced a 7-22 % increase in the rate of oxygen consumption while a similar load
on the back produced no detectable effect demonstrates that mass distribution
influences locomotor cost. But will these increased locomotor costs influence the
total energy budget of an animal to such an extent that they create significant
selection for more economical limb design?

Garland (1983) has estimated that the ecological cost of transport (the
percentage of an animal’s daily energy budget allotted to locomotion) should be
approximately 10% for dogs of this size. The mass added in the present
experiments would, therefore, increase the daily energy budget by approximately
1% . Could such an increment in an organism’s energy budget result in effective
selection pressure?

I know of no studies that answer this question directly. That small changes in
locomotor efficiency are detected and responded to by animals is suggested by
data on the cost of locomotion in ponies. Rigorous training of the experimental
animals coupled with data collection under very controlled conditions allowed
Hoyt and Taylor (1981) to detect curvilinearity of the relationship between Vg,
and speed within gaits. The deviation from linearity was slight (=0.98), implying
only slightly lower cost to move a given distance when moving at speeds near the






