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Energy Cost of Animal Locomotion

Gold (/) has presented an interest-
ing hypothesis regarding energy ex-
penditure in animal locomotion, that
the cost of a step, wingbeat, or swim
stroke (in calories per gram per
“step”) is independent of body size
and stepping (flapping, stroking) fre-
quency. This hypothesis merits investi-

gation; unfortunately Gold did not
compare it with available informa-
tion.

In order to check the specific energy
cost (C) values derived by Gold, I
calculated C for three animals, taking
information from Tucker (2, 3), Breit
(4), Gray (5), and Muybridge (6).
The calculations for Table 1 may need
some refinement, but of the three only
the horse conforms to Gold’s predic-
tion. The hypothesis may fit for walk-
ing animals, but there are some fun-
damental differences in flying and
swimming which indicate that Gold’s
hypothesis is oversimplified.

Gold regards as similar the slopes
relating log C and log body mass for
runners and flyers, —0.40 (7) and
—0.227 (2), respectively. In allometric
analysis these values would not be re-
garded as similar.

There is also a fundamental differ-
ence between flying and swimming. The
specific energy cost can be obtained as:

C = energy cost X stride length
=cal g* cm™ X cm step™
= cal g™ “step””’ (1)

or

C = metabolic rate/step frequency
= cal g™* hour™/step hour™
=cal g™ “step”™ 2)

If Eq. 2 is used, note that the speed
and tailbeat frequency (‘“‘stepping fre-
quency”) of a fish are linearly propor-
tional (5), while wingbeat frequency
is independent of airspeed (3, 8).
Finally, Gold is qualitatively correct
in stating that the proportion of body
mass devoted to propulsion increases
from mammals to birds to fish. Accord-
ing to Gray (5), however, only 45
percent of the mass of a fish is muscle,
which does not support Gold’s remark
that most of the body structure of the
fish seems to be devoted to propulsion.
WILLIAM A. CALDER III
Department of Biological Sciences,
University of Arizona, Tucson 85721

Table 1. Values of the specific energy cost (C) in calories per gram per “step” ca}culated from
the information available for the horse, budgerigar, and salmon are compared with the values

derived by Gold (1).

C (cal g™ “step™?)

Animal Gold’s Calculated/Gold’s
Calculated derivation
Horse (walking) 2.87 X 10-#* 3 % 10 0.96
Budgerigar (flying) 2.02 X 10-%f 1Xx 10 20.2
Salmon (swimming) 1.26 X 10-*% - 4 X 10° 3.15

* From (2), (2.61 cal g-' hour—)/(5 km/hour-!) =0.522 cal g-* km-i. From (6), for the horse
“Eagle,” (2.2 m/stride)/4 = 5.5 X 10-* km/step; 0.522 cal g-* km-1 X 5.5 X 10-t km/step = 2,87 x 10-*

cal g step—t. -
per minute gives 2.02 X 10-3 cal g-! wingbeat—1.

4 From (3), 102 cal g hour-* = 1.70 cal g-! min—%; dividing this by 840 wingbeats

i From (4, p. 82, figure 2), 880 mg of O, per

kilogram per hour — 8.21X 10—+ cal g—* sec—!; dividing this by 78 cm/sec gives 1.053 xlﬁ cal gt
cm-t for 20-cm salmon. From (5, p. 48), the distance traveled between tailbeats is 0.6 times the
length; 0.6 X 20 cm =12 cm. Then 1.053 X 10-3 cal g* cm-1 X 12 cm/tailbeat = 1.26 x 10-* cal g
tailbeat-2.
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Calder has demonstrated that for
swimming and flying the “step rule”
cannot be interpreted as implying the
constancy of energy expenditure for
each contraction of the animal’s pro-
pulsive muscles, but must be more nar-
rowly construed to imply only the
constancy of energy expenditure per
characteristic length.

Herschman (1) has noted that the
reported interspecific constancy of the
strength of muscle (approximately 4
kg/cm?), in fact, implies a constancy
in the quantity of energy available per
contraction per unit of muscle mass
(approximately 1 cal/kg). It is instruc-
tive to combine this with Calder’s ob-
servation and- some rough anatomical
assumptions.

If ¢ is the derived energy cost per
step (per characteristic length), then we
may write

co (m/M)n

where m is the mass of propulsive mus-
cle, M is the animal’s body mass, and
n is the number of muscle contractions
required for the animal to travel one
characteristic length. The ratio of the
c¢ values for running, flying, and swim-
ming, respectively, is 15:5:2 (2). For
runners, a reasonable value of m/M is
0.1; for flyers and swimmers, respec-
tively, 0.2 and 0.45 are rough values.

Taking Calder’s observation that n =
1 is an excellent approximation for
running, we find that

n=1/6=0.167 (flying)
n=296 (swimming)

These are at least qualitatively consistent
with Calder’s demonstration that a
salmon requires about two strokes to
swim its own body length, whereas a
budgerigar traverses about a meter,
some four or five times its wingspan,
per wingbeat.

ALBERT GOLD
Rockefeller University,
New York 10021
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