releasing the marker. Radioimmunode-
tection, in which relatively specific anti-
bodies are directed against these tumor-
associated products and computer-as-
sisted enhancement is made of tumor/
nontumor radioactivity count ratios by
dual isotope subtraction, provides an op-
portunity for noninvasive detection of
tumors in man. Moreover, the increased
accretion of these antibodies in certain
neoplasms suggests that they could
serve as carriers of drugs or radiation
for more selective anticancer therapy.
The locating of tumors in mice by means
of labeled monoclonal antibody (9) also
suggests that this may be another ap-
proach toward developing very specific
tumor-locating radioactive antibodies for
clinical applications.
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Bioluminescence in Mesopelagic Squid:

Diel Color Change During Counterillumination

Abstract. Two species of mesopelagic squid greatly altered the color of their bio-
luminescence during counterillumination. The color change was triggered by
changes in water temperature corresponding to those normally encountered by these
vertically migrating animals. These squid can probably conceal themselves under the
different colors of downwelling light that they encounter in their day and night habi-

tats.

Concealment is difficult for opaque an-
imals living in the sunlit waters of the
open ocean, since they are silhouetted
against downwelling light. There is no
complete solution to this problem for an-
imals living in the upper few hundred
meters of the ocean, where downwelling
sunlight is intense. However, in the
deeper, dimmer depths of the upper meso-
pelagic zone (/), animals can eliminate
their silhouettes with bioluminescence.
To effectively counterilluminate, the ani-
mal must regulate the intensity of its bio-
luminescence and accurately match the

Relative Intensity

angular distribution and color of the
downwelling daylight. Recent studies in-
dicate that some mesopelagic animals
have some of these abilities (2).

Similar problems with camouflage
arise for mesopelagic animals at night. In
Hawaiian waters, nearly half of these an-
imals migrate into the upper 400 m at
night, and many reach the upper 100 m
(3), depths at which the photic environ-
ment is extremely complex. The intensi-
ty of detectable downwelling light near
the surface varies over several orders of
magnitude with the phase of the moon

Fig. 1. Emission
spectra of lumines-
cence from an Abra-
liopsis sp. B individ-
ual, with superim-
posed spectral irra-
diance curves of
moonlight and sun-
light in the ocean.
The thick solid line
represents  biolumi-
nescence at 8°C; the
thin solid line, bio-
luminescence at 23°C.
The gap from 476 to
492 nm is the emis-
sion band region of
the overhead light.
Error bars are drawn
at 95 percent confi-
dence intervals (N =
6). The dashed line
represents sunlight off

500
Wavelength (nm)

450
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Hawaii at 380 m (7);
the dotted line, moon-
light off Enewetak at
20 m (9).

SCIENCE, VOL. 208, 13 JUNE 1980

550 600



). The color of transmitted moonlight
changes from approximately white to
blue with increasing depth. The radiance
distribution of light underwater is strong-
ly affected by depth, lunar altitude, and
cloud cover. If animals are to counter-
illuminate effectively during the night,
they must regulate not only the intensity
of their light, but the color and angular
distribution as well.

Until now, measurements of biolumi-
nescence had not been made on a me-
sopelagic animal under conditions that
would permit testing for behavioral con-
trol over color and angular distribution.
To test the ability of counterilluminating
squid to regulate color, we measured
their emission spectra under simulated
day and night conditions (5). Two spe-
cies were examined: Abraliopsis sp. B
(seven specimens) and Abralia trigonura
(three specimens) (5). They were main-
tained in a shipboard laboratory
equipped to simulate the temperature
and light characteristics of their habitat.

Each squid was placed in a thin, clear
plastic tube through which water flowed.
Light from a diffuse source above the an-
imal passed through one of three inter-
ference filters (peak transmission at 446,
488, and 554 nm). Two fiber-optic light
guides were placed beneath the head of
the squid. Bioluminescence in response
to the overhead light passed through one
guide to a double monochromator con-
nected to a photomultiplier tube (PMT).
The output of the PMT was measured by
a photon counter. The second light guide
led to a second PMT, whose output was
monitored to determine whether the bio-
luminescence fluctuated in intensity dur-
ing a spectral scan. If greater than minor
fluctuations occurred, the scan was dis-
carded. A third fiber-optic probe and
PMT monitored the intensity of the over-
head light (6).

The temperature of the water passing
through the holding tube was altered to
correspond to temperatures normally en-
countered by the vertically migrating
squid in their day and night habitats (6 to
8°C in the day; 23 to 25°C at night). The
intensity of the overhead light was 2.9 X
10~ uW/cm?, which corresponds ap-
proximately to that prevailing at a depth
of 460 m during midday off Hawaii (7).
One specimen of A. trigonura was exam-
ined at intensities up to 4.7 X 107! uW/
cm? (seen during midday at a depth of
about 315 m).

Both species of squid greatly altered
the color of their luminescence between
simulated day and night conditions.
Emission spectra of counterilluminating
squid under day temperature conditions
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were similar to the irradiance spectra of
downwelling daylight at about 400 m
(Figs. 1 and 2} (7). The luminescence of
Abraliopsis sp. B in cold water peaked
between 468 and 484 nm [full bandwidth
at half-maximum intensity (FWHM) was
about 40 nm]. The ‘‘day’’ luminescence
peak for A. trigonura was between 476
and 492 nm (FWHM, about 33 nm).
Under night temperature conditions,
the luminescence of Abraliopsis sp. B
exhibited a broad maximum between ap-
proximately 440 and 540 nm, with the
FWHM extending from just over 400 nm
to about 560 nm (Fig. 1). Abralia tri-
gonura under these conditions exhibited
a bimodal curve, with one peak near 440
nm (FWHM, about 55 nm) and the other
near 536 nm (FWHM, about 46 nm) (Fig.
2). The color of the luminescence of
Abraliopsis sp. B under nighttime condi-

Fig. 2. Emission
spectra of biolumines-
cence from an A. tri- J
gonura individual.
The thick solid line
represents  biolumi-
nescence at 6°C
(overhead light emis-
sion peak, 554 nm);
the thin solid line,
bioluminescence  at
25°C. The gap from
476 to 492 nm is the
emission band region
of the overhead light.
Error bars are drawn
at 95 percent confi-
dence intervals (N = .
4 and 6, respective-
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tions was similar to the color of
moonlight at 20 m in the ocean off
Enewetak (Fig. 1). Although the ‘‘night”
color of luminescence from A. trigonura
matched that of moonlight less well, the
match was closer than that of the day
color.

The three color filters used on the
overhead light had no effect on the color
of the animals’ luminescence. Rather,
the shift in the color of luminescence was
directly triggered by the temperature of
the water surrounding them. Regardless
of the time of day or the color of the fil-
ters used, both kinds of squid could be
induced to alter the color of their lumi-
nescence rapidly in either direction by
changing the water temperature. Inter-
mediate temperatures produced inter-
mediate emission spectra. Although tem-
perature was the important stimulus in

480
536

ly). 0=
400

Fig. 3. Emission
spectra of biolumines-
cence from an A. tri-
gonura individual un-
der high light in- .
tensity. The thick sol-
id line represents
bioluminescence  at
6°C (overhead light at
2.9 X 107 uW/cm?;
the thin solid line,
bioluminescence  at
24°C (overhead light
at 4.7 x 1071 uW/
cm?). The gap from
476 to 492 nm is the a
emission band region
of the overhead light.
Error bars are drawn
at 95 percent confi-
dence intervals (N =

100+

40
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this study, variations in pressure may al-
so affect the color of squid luminescence
in the ocean. The color of downwelling
light is related to depth, and pressure is a
more accurate depth indicator than tem-
perature.

Abralia trigonura exhibited additional
color shifts in response to increasing
light intensity when temperature was
held constant. The day emission band
became broader (maximum between 468
and 492 nm; FWHM, about 56 nm) and
the night band became narrower (maxi-
mum between 468 and 508 nm; FWHM,
about 88 nm) (Fig. 3). Under bright light,
the optimal color seems to be sacrificed
in order to obtain maximum intensity.

The mechanisms that produce the col-
or changes are obscure. However, in a
brightly luminescing A. trigonura under
night conditions, photophores of dif-
fering brightness can be seen, while un-
der day conditions the photophores have
uniform brightness. Apparently more
than one type of photophore is involved
in producing the bimodal emission spec-
trum displayed by this squid at night (8).
A gradual shift of the day luminescence
peak to longer wavelengths as night con-
ditions are approached, however, sug-
gests that the blue peak in the day and
the green peak at night are produced by
the same photophores. That is, individ-
ual photophores change the color of their
light.

These squid can adjust the color of
their luminescence to approximate the
color of downwelling sunlight in deep
cold waters or of moonlight in warm wa-
ters near the surface. The ability to
match background color, however, does
not imply that potential predators have
color vision. Rather, the appropriate col-
or ensures an intensity match between
bioluminescence and background light in
the eyes of different predators, even if
they have different spectral sensitivities.

Because of the greater variability in
downwelling light near the surface at
night, effective counterillumination there
requires a much more sophisticated sys-
tem than is needed during the day. As we
have shown, squid have considerable
control over the color of the light they
produce. If the animals have similar con-
trol over the angular distribution of their
luminescence, their ability to conceal
themselves in moonlit waters may be as
effective as their daytime counteril-
lumination.

RicHARD EDWARD YOUNG
FREDERICK M. MENCHER
Department of Oceanography,
University of Hawaii,
Honolulu 96822
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Locomotion: The Cost of Gastropod Crawling

Abstract. The power of locomotion of a terrestrial slug rises linearly with crawling
speed. The metabolic cost of movement is 904 joules per kilogram per meter, consid-
erably more than that reported for other forms of locomotion. This high cost is pri-
marily attributable to the production of the pedal mucus by which the slug adheres to

the substratum.

The cost of locomotion of vertebrates
has been extensively studied (/, 2). The
energetics of invertebrate movement
apart from studies on insect flight, have
received far less attention.

In this study, the cost of one wide-
spread form of invertebrate locomotion,
the adhesive crawling of gastropods, has
been examined with the use of the terres-
trial pulmonate slug, Ariolimax colum-
bianus, as an example. Gastropods crawl
using a single appendage, the foot; and
the power of locomotion is typically pro-
vided by a series of muscular waves on
the foot’s ventral surface (3). These
movements are coupled to the sub-
stratum by a thin (10 to 20 um) layer of
pedal mucus which allows the animal to
adhere to the substratum. There are two
consequent disadvantages: (i) The adhe-
siveness of the mucus must be overcome
for the animal to move, and (ii) mucus
must be produced to replace that ex-
pended during locomotion.

The rate at which energy is expended
by the slug as it crawls is the total inter-
nal power, P;, of locomotion expressed
as watts per kilogram of body mass. This
value can be estimated from measure-
ments of the total rate of O, consump-
tion. A large portion of P; (62 to 73 per-
cent) is used in the maintenance of the
slug and is not directly related to loco-

0036-8075/80/0613-1288$00.50/0 Copyright© 1980 AAAS

motion. Consequently the value of inter-
est is the net internal power of locomo-
tion, P;,, which is estimated by measure-
ing the increase in O, consumption
above the resting rate as the animal
moves. For many animals P;, is linearly
related to speed (1, 2, 4), the slope of this
line being a measure of the cost of move-
ment, Cp,,, expressed as joules per kilo-
gram of body mass per meter.

An apparatus was constructed to mea-
sure simultaneously O, consumption and
crawling rate in A. columbianus (5). The
slugs remained stationary during the day
and moved at a varying rate for 3 to 4
hours at night. The resting and active
metabolic rates were determined by con-
tinuously recording respiration rate and
movement over a 24-hour period. The
respiratory quotient for A. columbianus
is 0.95 (6).

Measurements showed a substantial
increase in O, consumption during and
following movement (Fig. 1). The peak
in O, consumption occurs 1 hour after
the peak in crawling rate because (i) the
slugs may respire anaerobically during
locomotion, the resulting O, debt requir-
ing considerable time to be realized as O,
removed from the atmosphere; (i) the
initiation of mucus production, and
therefore the metabolic cost of produc-
tion, may lag behind the onset of crawl-
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