possible relation between the pineal
gland and circadian rhythms in two
ways: (i) The pineal gland is necessary
in sparrows for the persistence of the
normal endogenous rhythms of body
temperature and locomotor activity,

and both sleep and body temperature,

changes are produced by injection of
the putative pineal hormone, melatonin
(14). (ii) The hamster pineal gland
has been linked to reproductive phe-
nomena in ways that involve day
length and circadian rhythms (15). It
is not yet possible, however, to fully
relate the biochemical findings to the
physiological studies. The circadian
rhythm of locomotor activity of some
but not all vertebrates (I6) may be
dependent on a pineal melatonin
rhythm controlled by N-acetyltrans-
ferase activity.
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Energy Expenditure in Animal Locomotion

Abstract. A wide variety of data on the energy expended by animals in running,
flying, or swimming can be accounted for by the simple hypothesis that all animals
require the same quantity of energy to carry a unit of their own body mass one
“step.” For running locomotion this is approximately 3 X 10—* calorie per gram

per step.

Schmidt-Nielsen (/) has reviewed a
remarkable range of data on the energy
which animals must consume to achieve
locomotion. He defines a speed-inde-
pendent consumption rate, which I will
call the specific energy cost, C, and mea-
sure in units (2) of calories per gram
per centimeter. This is the energy price
an animal must pay to move 1 g of its
own weight 1 cm. He presented the
data in the form of logarithmic plots
of C as a function of body mass (3).
For as wide a range as six orders of
magnitude in mass, the resulting plots
are straight lines. Data for running,
flying, and swimming are compared and
show that swimming is more energeti-

cally efficient than flying, which is, in
turn, more efficient than running.

A most striking feature of these data,
especially when presented together as
in figure 4 of (I), is the similarity of
the slopes of the fitted lines for all
three modes of locomotion. In dis-
cussing the data on running, Schmidt-
Nielsen notes that they are fit by a
regression line with slope — 0.40, but
he tenders no explanation.

I take a less statistical and more
intuitive view of these plots. Using the
eye as a guide, I assert that the data
are fairly represented by the statement
that the specific energy cost, C, is pro-
portional to the inverse cube root (the
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— Y power) of the body mass, m.

The — Y53 power dependence can be
explained on the basis of a single, sim-
ple hypothesis: Energy cost per unit
mass per “step” is a constant. If W is
the total energy (work) required for
an animal of mass m to traverse dis-
tance d, this statement becomes

W/m = cN = cdl™? 1)

where N is the number of steps the ani-
mal must take to cover distance d, and
I is a step length or characteristic
length for the animal. The energy cost
per unit mass per step, ¢, has units of
calories per gram. The characteristic
length or step length is measured in
centimeters and is comparable, for run-
ning, to a “mean radius” of the ani-
mal’s body. Since, by definition, W =
mdC, we may rewrite Eq. 1 in the form

C=cl" )

It should now be noted that an animal’s
mass is proportional to the cube of its
characteristic length. That is

m =k

3)

where k is a constant which includes

geometric and density information and

has the dimensions of a density.
Equations 2 and 3 combined give

C — Ck1/:; m—l/:l

4)

which is in the form of our original
fit of the data.

For a sphere of unit density, k** ~
1.6 g¥* cm—1, For a man of mass 7 X
10* g whose step length is 100 cm,
ks =~ 0.4. If we take k = 1, in order to
make an estimate, then from figure 4
of (1) we have

¢ =3 x 10" cal g (running)

and similarly

¢ = 10" cal g™ (flying)
c=4 % 107 cal g (swimming)

What is the origin of the step rule?
Why does a stroke cost less than a
flap, which in turn costs less than a
step? A plausible answer to both these
questions might follow along the lines
of that given by Alexander (4) in his
discussion of the relative jumping ability
of various species. His key point is that
in a single contraction, muscle can do
an amount of work proportional to its
mass. Let us now interpret step as the
unit of locomotive effort involving a
single contraction of the animal’s pro-
pulsive muscles. Then, insofar as the
ratio of propulsive muscle mass to total
body mass is a constant, the amount
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of energy available in a step, flap, or
stroke per unit body mass is also a
constant and gives the form of Eq. 4
immediately (5).

With regard to the relative efficiency
of running, flying, and swimming, the
ratio of propulsive muscle mass to body
mass increases from mammals to birds,
with their relatively large pectoral de-
velopment, and finally to fish, where
most of the body structure seems de-
voted to propulsion.

ALBERT GoLD
Rockefeller University,
New York 10021
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Stereoscopic Vision: Cortical Limitations

and a Disparity Scaling Effect

Abstract. The spatial limitations of stereoscopic vision were studied by using
vertical line stimuli containing sinusoidal disparity variations such that different
parts of the line appeared at different depths. Stimuli with a finer grain than about
3 cycles per degree did not elicit depth perception, even though the sinusoidal
curvature was clearly visible monocularly. At low spatial frequencies of curvature,
stereoacuity was limited to the same extent as the monocular sensitivity. The
limiting disparity for Panum’s fusional region and the upper depth limit are sub-
ject to a scaling effect in proportion to stimulus dimensions. The disparity scaling
can be characterized by a fixed maximum angular difference between the parts

of the stereoscopic half-images.

One interesting feature of stereoscop-
ic vision is that it arises only from
the combination of input from the
two eyes. This combination first occurs
principally at the level of the striate
cortex (I). It is therefore possible to
use stereoscopic data to study the
cortical determinants of stereoscopic
depth perception (2). The first part of
this study is concerned with effects of
stimulus patterning on monocular and
stereoscopic acuity. Blakemore (3)
mapped stereoacuity as a function of
retinal position and disparity using
conventional techniques, but he did
not study stimulus configuration. Mat-
subayashi (4) found that stereoacuity
was degraded as the lengths of the line
stimuli used were reduced, but this was
not confirmed in a recent study (5).
Marked differences in the images to the
two eyes reduce stereoacuity (5), but
these are complex signals in terms of
the dimensions of stimulus pattern.

Berry (6), using vertical line stimuli,
studied the relation between vernier
acuity and a modified stereoacuity
using a vernier-type stimulus to each
eye. He found that when the vertical
separation of the lines was increased,
vernier acuity was at first superior to
stereoacuity, and then considerably de-

graded relative to stereoacuity, which
remained essentially constant for all
vertical separations. Berry considered
that a “cortical interaction” may ex-
plain the results, but a simpler hy-
pothesis is that vernier and stereoscopic
processing are carried out by two sys-
tems operating relatively independently
at the higher (cortical) levels. I tested
this hypothesis by using vertical line
stimuli containing a sinusoidal curva-
ture or displacement, which produced
static sinusoidal variations in retinal
disparity when viewed binocularly.
The vertical line stimuli were gen-
erated on the face of an oscilloscope
laid on its side. An oscillator fed a
sinusoidal voltage of variable frequency
and amplitude to the horizontal axis.
The oscilloscope time base of 1 khz
provided the vertical extension of the
lines. Images to the two eyes were
selected by the conventional arrange-
ment of crossed polarizing filters at
the oscilloscope screen and at the sub-
ject’s eyes. The stimulus configuration
consisted of a static sinusoidal line
viewed in one eye and a straight line
in the other. The lines were 15° high
and 10’ thick with a luminance of 10
mlam. The subject perceived this stimu-
lus as a line curved sinusoidally in
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