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Fig. 1. Amino acid incorporation into
protein by microsomes and pH-5 fraction
from hypertrophied and control muscle.
O, control; @ hypertrophied. Microsomes
and pH-5 fraction equivalent to 0.2 g of
muscle, for both preparations. Assay sys-
tem same as for Table 2.

average value for four preparations be-
ing 73 = 11 ug of RNA per gram
of hypertrophied muscle and 27 =+ 4.3
pg of RNA per gram of control mus-
cle. Protein in the microsomal frac-
tion, on the other hand, is only slightly
higher (1.8 = 0.3 mg of protein per
gram of hypertrophied muscle versus
1.7 = 0.4 mg of protein per gram of
control muscle). The corresponding val-
ues for RNA and protein concentra-
tions in microsomes prepared from the
proximal half of the hypertrophied
muscle and its control are 41 ug of
RNA per gram of hypertrophied mus-
cle and 20 pg of RNA per gram of
control muscle; and 1.5 mg of pro-
tein per gram of hypertrophied muscle
and 1.4 mg of protein per gram of con-
trol muscle. These results indicate that
the increased rate of protein synthesis
in the hypertrophied muscle in vitro
is due to an increase in the amount of
ribosomes.

The increased activity observed with
the system from hypertrophied muscle
is probably not due to differences in
the concentration of amino acids in
the hypertrophied and control muscles.
Concentrations of free valine, leucine,
and phenylalanine were too low in the
microsomes for determination by the
method of Stein and Moore (I4); there
was less than 0.3 nmole of these am-
ino acids per 0.34 mg of microsomal
protein, which is the amount of the
microsomes used in the amino acid-in-
corporation experiments. In the super-
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natant fraction obtained after centrifu-
gation at 105,000g—the fraction from
which the pH-5 enzyme is precipitated
—the concentration of phenylalanine
was identical for control and experi-
mental muscle, whereas the concentra-
tions of valine and leucine were greater
in the hypertrophied muscle by about
20 percent.

Our results permit several tentative
conclusions concerning the biochemical
events leading to skeletal muscle hyper-
trophy. The higher rate of protein syn-
thesis in vitro with the hypertrophied
muscle indicates that the net increase
in protein content of the hypertrophied
muscle cannot be due solely to a de-
creased rate of protein degradation.
The localization of the higher incor-
porating activity in vitro in the micro-
somal fraction is probably related to
the higher RNA content of that frac-
tion. It is known, however, that the
increased activity in vitro is not due
exclusively to increased amounts or
availability of messenger RNA since
the increase is still apparent, and even
enhanced, in the presence of an arti-
ficial messenger, polyuridylic acid.

M. HaMmosH,* M. LEScH
J. BArRON,T S. KAUFMAN
Laboratory of General and
Comparative Biochemistry,
National Institute of Mental Health,
Bethesda, Maryland 20014
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Vertical Diurnal Migration and Endogenous Rhythmicity

Abstract. Experimental studies of mixed populations of marine zooplankton
have demonstrated that internal rhythms, synchronized by a light-dark cycle,
are of dominant importance for the vertical migration of several species of crus-
taceans. For certain other organisms, the vertical migrations observed in the ex-

- periments can be accounted for as direct responses to light intensity only. Per-

formances intermediate between these extremes were also observed, as well as
behavior based on biological timing mechanisms that are not rhythms in the usual -

sense,

The vertical diurnal migration of
zooplankton represents one of the most
conspicuous and widespread natural
manifestations of daily rhythmicity that
can be observed in animal activities.
It is now well established for terres-
trial organisms that internal biological
rhythms are the primary mechanisms
responsible for cyclic activity under field
conditions, although concurrent en-
vironmental stimuli also play important
roles in modifying that activity (I).
The hypothesis that endogenous rhyth-
micity contributes to the phenomenon
of vertical migration of plankton, how-

ever, has been largely neglected. The
current viewpoint, as reflected in re-
views and summaries of the subject
(2), is that the animals are responding
primarily, if not exclusively, to con-
current environmental stimuli, that is,
that the rhythmic behavior is exogenous
only. While this conclusion derives sup-
port from several lines of evidence, it
has by no means been rigorously es-
tablished.

Extensive laboratory studies leave no
doubt that light intensity as well as
other environmental factors such as
temperature, hydrostatic pressure, and
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pH can affect the direction and intensi-
ty of swimming of zooplankters. Fur-
thermore, field studies have often dem-
onstrated strong correlations between
light intensity and vertical position of
zooplankton, but these observations can-
not distinguish between a primary role
of the stimulus, as a direct cause of
vertical distribution, and a secondary
role, as a modifier of an internal rhyth-
micity. Backus, Clark, and Wing (3)
have recognized, for example, that the
rise of the deep scattering layer toward
the surface during a solar eclipse con-
firms that light influences behavior, but
does not rule out internal rhythmicity
as the underlying cause for normal mi-
gration.

The usual techniques involved in lab-
oratory studies of vertical migration
leave much to be desired. The animals
are usually collected in a net, which, at
the very least, disturbs them. Then they
are placed in a narrow column of wa-
ter, which greatly restricts their move-
ments. Changes in vertical distribution
are followed over time, but this has
generally been of short duration, owing
to rapid death of the animals. Observ-
ing these tiny organisms has required
that either continuous light be used, or
that the counts be quickly effected dur-
ing a brief period of illumination. But
bright light often masks rhythmic re-
sponses, and even brief light flashes
can cause marked phase shifting of an

internal rhythm. The existing reports
of endogenous rhythmicity in zoo-
plankters are not particularly convinc-
ing, probably as a direct result of these
several experimental difficulties.

The early studies of Esterey (4) led
him to conclude that three species of
copepods (Acartia tonsa, A. clausi, and
Calanus finmarchicus) can, under some
experimental conditions, show internal
timing in their swimming behavior, but
Esterley’s experimental animals were
usually kept in darkness in the Jabora-
tory for only a few hours. On the aver-
age, a larger fraction of the copepods
tended to be in the top portion of a
cylinder of seawater between 6 and 8
p.m. than were present during the
midday hours. After 8§ p.m. the animals
again returned to lower levels, and on
two occasions when enough specimens
survived, a similar rise, of short dura-
tion, was observed on the second night
of captivity. These results have received
relatively little attention, perhaps be-
cause such a short-duration rise does
not correspond with expectations based
on field observations of vertical migra-
tion. Furthermore, Schallek (5), study-
ing one of these same species, 4. tonsa,
found no evidence for persistent rhyth-
micity.

In a more recent study, Harris (6)
suggested again that the vertical migra-
tion of C. finmarchicus may involve
internal timing, but in this case the ex-

Table 1. Vertical migration (first experiment).

Vertical migration*

Animal During Pc:i:;:igrg“’e Pattern’
light "
cycle constant
conditions
Dark-active animalsi
Nototropis sp. (amphipod) Yes Yes A
Exosphaeroma sp. (isopod) Yes Yes A
Peltidiad copepods Yes Yes B
Cyclaspis sp. (cumacean) Yes Yes B
Tiron sp. (amphipod) Yes No C
Metamysidopsis elongata (mysid) Yes No D
Epicarid isopods (larval stages) Yes No D
Light-active animalsi
Lacophontid copepods Yes No E
Euterpina sp. (copepod) Yes No E
No migration observed
Labidocera spp. (copepod) No No
“Acartia” spp. (copepod) No No
Chaetognaths No No
Medusae No No

* Because of the short duration of this experiment,

no statistical test for rhythmicity can be

applied to the data which will make adequate allowances for possible monotonic time trends, such
as those due to mortality. The interpretations of the data in these columns, therefore, represent

subjective but deliberately conservative decisions.

1 Pattern refers to a categorization of the

observations, in terms of the component graphs of Fig. 1; for example, Exosphaeroma sp. (pattern

A) showed a behavior most comparable with that of Nototropis sp.

animals are defined

(Fig. 1A). % Dark-active

as those that showed significant maxima of surface abundance during the

dark phase of the light-dark cycle; light-active animals showed opposite behavior.
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perimental observations were presented
in the form of a single graph based on
“daily averages,” a method of data sum-
mary which does not permit a decision
about whether rhythmicity in the usual
sense was actually involved (7). Some-
what more convincing data were pre-
sented for the freshwater cladoceran,
Daphnia magna.

The experiments described below
were performed to reassess the pos-
sible contribution of internal rhythmici-
ty to the vertical diurnal migration of
nearshore zooplankters. We have used
experimental techniques that eliminate
or minimize several of the possible dif-
ficulties inherent in previous methods.

The studies involved repetitive sam-
pling of a mixed population of zoo-
plankton contained in a large concrete
tank, 11 by 5 by 2% m deep. The
building which enclosed the tank was
light tight; access to the tank en-
closure was provided by a door fitted
with two sets of opaque curtains at-
tached in the form of a light-lock.
The imposed light-dark cycle included
a maximum light intensity of about 100
lux at the water surface, and an in-
tensity of about 0.02 lux during the
dark phase. Artificial twilight transi-
tions of 30 minutes’ duration were pro-
duced by a motor-driven rheostat.

The experimental animals were ob-
tained from the Scripps Institution of
Oceanography seawater system, which
pumps unfiltered seawater continuously
from a depth of about 6 m about
300 m offshore. Following the technique
of Fleminger and Clutter (8), the tank
enclosure was brightly illuminated while
a continuous stream of seawater, with
contained plankters, was poured into
one side of the tank; drainage was
through surface overflow ports on the
opposite side. This procedure avoided
direct handling of the animals. In addi-
tion, plankton were concentrated within
the tank, because most species swam
downward in response to the bright
overhead light and thereby avoided the
outflow ports. Such a concentration pro-
cedure presumably selected for dark-
active animals (that is, those that are
normally present at the ocean surface
only during the night), although light-
active animals were also observed (see
below).

Sampling of the organisms was ac-
complished with a set of three nets,
25 cm in diameter and having 0.24-
mm apertures. The three nets were
mounted in a horizontal row beneath
the front end of a floating wooden
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frame, with net centers at a depth of
30 cm from the water surface. The
entire assemblage could be towed the
length of the tank by means of an
above-water bridle and a tow line which
was
drum. Average towing speed was about
25 cm/sec. The sampling method was
designed to minimize net-avoidance
by the animals (8).

The samples thus obtained provided
information only on the changes in
abundance of the various species at the
surface, but such changes adequately
reflected temporal patterns of vertical
migration. Since samples were not taken
at the bottom and intermediate depths,
the technique did not distinguish be-
tween the possibility that the organisms
moved en masse from a position near
the bottom to a position near the top,
and the possibility that the organisms
alternated from high densities near the
bottom to a more uniform distribution
throughout the water column.

The first experiment was conducted
between 31 March 1966 and 2 April
1966. Animals were concentrated for 4
days within the tank, and thereafter
were treated with a light-dark cycle
with light from noon until midnight
for 3 days before sampling was begun.
Samples were taken at 4-hour intervals
for 2 days. The light cycle was dis-
continued at midnight on 31 March,
permitting 1%%2 days of sampling under
constant dim-light conditions (0.02 lux).
The second experiment was conducted
in July 1966. Animals were concen-
trated for 5 days, and then treated
with a light-dark cycle with light from
midnight to noon (reverse from the first
experiment) for 6 days. Sampling was
begun on the 4th day of the light
cycle (24 July) and continued at 3-hour
intervals for 6 days, of which 4 days
were under constant dim-light condi-
tions. Water temperatures were not
measured in the first experiment; dur-
ing the second experiment, regular sur-
face temperature measurements after
each sampling ranged between extreme
values of 19.7° and 20.2°C, with no
indication of a daily cycle.

Observations from the two experi-
ments- are summarized in Figs. 1 and
2 for selected species and species
groups. Tables 1 and 2 provide addi-
tional information on these as well
as other organisms. Those organisms
which are listed in only one of the two
tables were either absent in the other
experiment or were present in such low
abundance that no conclusions seem
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reeled by hand onto a large -

warranted. A comparison of the results
of the two experiments for various
taxonomic groups indicates that the
kind of behavior shown is a species
characteristic which was generally re-
producible. '
Most of the organisms showed sig-
nificant vertical migratory behavior in
the presence of the light-dark cycle. In
addition, several species (see Fig. 2E)
showed inverse vertical migration, with
greater abundance at the surface dur-
ing the hours of light, a kind of be-
havior seldom reported from field stud-
ies. Data -obtained during these normal
light-dark cycles did not provide any

‘indication of the behavioral mecha-

nisms involved, but do suggest that the
tank approximated a natural environ-
ment for many of the species; it seems
to us unlikely that factors such as the
shallowness of the tank could induce
vertical migration in a species which
does not normally show such behavior.
It is conceivable, however, that the
environment provided may have inter-
fered with normal behavior in other
species, and therefore negative evidence
from these experiments should not
necessarily be interpreted to mean that
the species does not migrate vertically
in the field.

The observations under constant con-
ditions, following the light cycle, pro-
vide evidence for the existence of en-
dogenous timing in several species. For
Nototropis sp. (Figs. 1A and 2A), the
internal rhythmicity was so strongly ex-
pressed that the vertical migration un-
der constant conditions differs only in
amplitude from the migration during
the light cycle. The data also clearly
imply that the endogenous circadian
rhythm of this species can be rapidly
and completely entrained by a lighting
cycle, since the timing of migration un-
der constant conditions corresponded
closely in both experiments with the
prior imposed lighting cycle, and
showed no consistent relationship with
the outdoor daytime. The inverse tim-
ing produced in the two experiments
also shows that the rhythmic behavior
was not a response to some cyclic en-
vironmental factor that was uncon-
trolled in the experiment (for example,
atmospheric pressure, cosmic radiation
and so forth).

The data for Nototropis, as well as
for several other organisms shown in
Figs. 1 and 2, suggest a general trend
toward decreasing abundances as the
experiment progressed. In some cases,
these trends may represent behavioral

Table 2. Vertical migration (second experiment).

Vertical migration®

Animal Dl}ring Pc(riil;%;gzce Patternt
hgtllt constant
cycle conditions
Dark-active animalsi
Nototropis sp. (amphipod) Yes Yes A
Peltidiad copepods Yes Yes B
Tiron sp. (amphipod) Yes No C
Megaluropus sp. (amphipod) Yes No C
Cyclaspis sp. (cumacean) Yes No C
Epicarid isopods (larval stages) Yes No D
Metamysidopsis elongata (mysid) Yes No D
Labidocera spp. (copepod) Yes No D
Emerita analoga larvae (decapod) Yes No D
Light-active animalst
Laeophontid copepods Yes No E
Euterpina sp. (copepod) = No E
Acanthomysis macropsis (mysid) + No E
Cyprid larva (cirripedia) Yes No E
No migration observed
“Acartia” spp. (copepod) No No F
Archaeomysis sp. (mysid) No No
Chaetognaths No No
Medusae No No
Mollusc larvae No No

* Significance of the day-night differences was evaluated by the Mann-Whitney U test. For t_he
“light-cycle” decision, data from the hours of illumination on 25 and 26 July were compared with

data from the dark hours of these same dates (24 values in each class);

similarly, for the

“persistence’ decision, data from midnight to noon on 27 and 28 July were compared with data

from noon to midnight. A

“Yes” decision indicates significance at the
01> P> .001; “No” indicates a probability greater than .01.

001 Ievel; = indicates
4 Pattern refers to a categorizatiord

of the observations, in terms of the component graphs of Fig. 2. Thus, Megaluropus sp. (pattern C)

showed behavior most comparable with that of Tiron sp. (Fig. 2C).

f Dark-active animals are

defined as those that showed significant maxima of surface abundance during the dark phase of the
light-dark cycle; light-active animals showed opposite behavior.
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adaptations of the organisms to the en-
vironment provided, but true decreases
in population size are also likely. “Graz-
ing” by the net would contribute to this
phenomenon. Each net-tow filtered
slightly more than 1 percent of the to-
tal volume of water present, and a
larger fraction of a given species could
have been removed during those times
at which the organisms may have been
concentrated in a relatively thin layer
near the surface. Gut contents of preda-
tors, particulary chaetognaths and me-
dusae, suggest that appreciable preda-
tion also occurred, probably intensified
by the heavy concentration of organisms
present. In addition, abnormally high
mortality may have been induced in
certain species by the lack of circula-
tion in the tank, perhaps due to re-
duced oxygen tension or to the accumu-
lation of metabolic by-products.

The data for the peltidiad copepods
(Figs. 1B and 2B) indicate that both
internal rhythmicity and concurrent
light intensity play important roles in
their normal vertical migration. Under
constant dim light, there was clear evi-
dence for rhythmic changes in surface
abundance in phase with the prior light
cycle. Large numbers of the animals,
however, remained at the surface dur-
ing the hours corresponding to the
previously imposed “daytime,” a be-
- havior which is in marked contrast
to the virtual absence of these animals
at the surface during the previous light
phase of the actual light cycle. The re-
sults imply, then, that the vertical mi-
gration of these species is based upon
an internal rhythm that is entrained by
a light-dark cycle, but that bright light
also acts directly as a stimulus, superim-
posed on the endogenous rhythmicity,
to suppress swimming near the water
surface.

In the design of this study, we had
anticipated two probable outcomes: in-
ternal rhythmicity, or dependence of the
organism primarily on prevailing light
conditions. Behavior such as that shown
by Tiron sp. (Figs. 1C and 2C), there-
fore, came as a surprise to us, in that
it indicates the presence of a nonrhyth-
mic timing mechanism. Following the
last 12-hour light treatment, the ani-
mals rose to the surface, and then re-
turned spontaneously to the bottom sev-
eral hours later in the absence of any
light stimulus. Thereafter they never
reentered the surface in any appreciable
numbers. This suggests the existence
of a timing mechanism related in prin-
ciple to an hourglass, which requires
stimulation by light in each cycle, rather
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than the oscillatory timing mechanism
implied by persistent rhythmicity. Pre-
sumably such internal timing would be
sufficient under field conditions to in-
duce animals to leave the surface wa-
ters during the very early morning
hours, long before any perceptible
change in the light intensity served to
“drive” them from the surface. This
sort of interaction with the environ-
ment, incorporating a time lag, would
(like persistent rhythmicity) result in
behavior completely unrelated to con-
current environmental conditions. These
results suggest, then, that considerable
caution is necessary in searching for
environmental correlates of vertical dis-
tributions of zooplankters.

A number of species, for which the
epicarid isopods serve as an example
(Figs. 1D and 2D), showed no clear
evidence of internal timing mechanisms
in their behavior. Following clear verti-
cal migration during the light cycle,
the animals tended to remain at the sur-
face during constant dim light, with no
significant cyclic time trends in surface
abundance. It should be emphasized,
of course, that such evidence does not
indicate the absence of endogenous
rhythmicity in the species, but only the
probable noninvolvement of an endo-
geous rhythm (if such is present) in
the phenomenon of vertical migration.
The vertical migratory performance can
be most easily interpreted by the hypo-
thesis that the animals were responding
exclusively to concurrent light intensity.

Of the few organisms which showed
an inverse vertical migration during the
lighting cycle (Figs. 1E and 2E), none
showed statistically significant evidence
for the persistence of the behavior dur-
ing constant conditions. The data sug-
gest that these organisms, also, were
primarily dependent on concurrent
lighting conditions as a determinant of
vertical position.

The data for the most abundant
group of organisms, “Acartia” spp. (9),
are open to alternative interpretations.
In the first experiment (data not illus-
trated) these animals showed no evi-
dence of consistent time trends. In the
second experiment (Fig. 2F), statisti-
cal tests for day-night differences gave
no indication of significant changes be-
tween day and night, either during or
after the light cycle. The raw data,
however, suggest a weak tendency to-
ward greater abundance in those sam-
ples taken immediately before and af-
ter evening twilight transition than at
other times, and there is some sugges-
tion in the data that this trend con-

tinued in a rhythmic manner after the
end of the light cycle. Such a migra-
tory pattern, if real, would not be de-
tected by a statistical test based solely
on day-night differences. It seems best
to us to withhold judgment in inter-
preting the suggestion of rhythmicity in
these data pending further studies, and
we have therefore grouped these or-
ganisms with those that showed no sig-
nificant vertical migration in the tank
environment. It should not be over-
looked, however, that the apparent
peaks in abundance for “Acartia” spp.
coincided with evening twilight, a tim-
ing which seems anomalous on ecologi-
cal grounds but which corresponds with
the observations of Esterley (4) for.
both Acartia tonsa and A. clausi.

A surprisingly wide variety of be-
havioral responses involved in vertical
migration were obtained in these ex-
periments, ranging from persistent en-
dogenous rhythms synchronized by
environmental light cycles, to direct
responses to concurrent light intensity.
Responses intermediate between these
extremes were also observed. Still other
organisms possess internal timing mech-
anisms which do not appear to be self-
sustained rhythms. Although the verti-
cal migration of zooplankters may ap-
pear to be a single phenomenon in an
ecological context, conceivably evolved
on the basis of a common selective
pressure, the physiological mechanisms
underlying the field behavior are by
no means uniform.

J. T. ENRIGHT
Scripps Institution of Oceanography,
University of California, La Jolla
W. M. HAMNER
Department of Zoology
University of California, Davis
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