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Abstract

 

This study provides evidence that a circadian light-entrainable oscillator is at least partially involved in the timing of food-anticipatory
activity (FAA) in a fish, the golden shiner, 

 

Notemigonus crysoleucas.

 

 Shoals of four golden shiners were fed for 11–20 days at a fixed daily
time (either early night, midnight, late night, early day, midday, or late day). Most (78%) shoals developed peaks of FAA during that pe-
riod of time. Food was then withheld for 7 days, and the light–dark (LD) cycle was either advanced or delayed by 6 h on the first of those
days. The activity waveform of most (53–58%) shoals shifted along with the LD cycle, as indicated by significant correlation coefficients
between pre- and postshift waveforms plotted relative to LD. Nonsignificant correlations were linked to low activity levels rather than to
persistence of the activity peak at the old clock time. Activity shifts were gradual, taking 2–4 days, which indicates that the underlying
mechanism is circadian rather than hourglass. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

 

Food-anticipatory activity (FAA) is an increase in activ-
ity levels, preceding mealtime, that develops after the ani-
mal has experienced many days of food delivery at a fixed
time. Various models exist to describe the internal mecha-
nism that could lead to food anticipation [8]. Some of these
models involve hourglass mechanisms: a periodic environ-
mental factor, such as a meal or the onset of light, could set
a timer in motion every day, and this hourglass timer would
run a course that corresponds to the learned time span be-
tween the environmental factor and the next meal time. Ac-
tivity levels would rise as the timer nears the end of its
course. Other models resort to circadian mechanisms: for
example, a circadian oscillator could be set in motion and
entrained by the daily food arrival, and its phase would be
determined by mealtime. Alternatively, a circadian oscilla-
tor could be entrained by light, and the animal could learn
the phase of the oscillation at which food arrives, with activ-
ity levels increasing as this learned phase approaches.

Most of the studies that have sought empirical support
for these various models have been conducted on mammals
[8]. FAA has also been reported in fishes (mummichog,

 

Fundulus heteroclitus

 

 [2]; bluegill sunfish, 

 

Lepomis macro-

chirus

 

 [2]; goldfish, 

 

Carassius auratus

 

 [4,17,19]; loach, 

 

Mis-
gurnus anguillicaudatus

 

 [9]; mudskipper, 

 

Periophthalmus
cantonensis

 

 [10]; sea bass, 

 

Dicentrarchus labrax

 

 [18]), but
few studies have looked at fish with a view to distinguish be-
tween models of FAA timing [for exceptions, see [17,18]).
Here, we report on a study with a new species, the golden
shiner 

 

Notemigonus crysoleucas

 

, and a simple protocol, the
shifting of the light–dark (LD) cycle, in an effort to distin-
guish between hourglass and circadian mechanisms and to
show that light signals are important in the timing of FAA.

We let golden shiners learn the daily time of food delivery
and develop FAA, but then we stopped giving them food
while phase-shifting the LD cycle (advancing or delaying it by
6 h). On the premise that light signals may anchor FAA, we
predicted that FAA would not remain at the old clock time, but
would shift along with the new LD cycle. However, typical of
circadian mechanisms, and contrary to hourglass mechanisms,
the shift in FAA was predicted to be gradual rather than instan-
taneous. On the basis of a previous study with the same species
where learned spatio-temporal patterns of activity shifted in 3
days after a 6-h shift in the LD cycle [13], we expected the
gradual FAA shift to be of a similarly short duration.

 

2. Material and methods

 

Minnow traps were used to capture golden shiners in
Folly Lake, 12 km south of Moncton, New Brunswick, Can-
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ada, between May and October. Only fish between 50 and
120 mm in total length were kept. These fish were placed in
groups of 50–80 inside 180-l holding tanks, with water at a
temperature of 16 
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 2

 

8

 

C. The room was illuminated by
windows, and the photoperiod was therefore natural. For a
minimum of 2 weeks, the fish were fed Nutrafin food flakes
at the surface, five times a day between dawn and dusk.

In nature, most golden shiner populations seem to be cre-
puscular [5,7,21], but others have been found to feed during
both day and night [3]. We did not know the natural activity
pattern of the population we used, but we knew from previ-
ous experience that their activity in the laboratory is corre-
lated with food availability, irrespective of whether the food
is given during the day or at night. From this prior experi-
ence we assumed that the five diurnal feeding times used in
the holding tanks led to the fish being broadly diurnal at the
beginning of the experiments.

Experiments took place throughout the year. Shoals of
four fish were moved to another room which, as far as we
can tell, was not exposed to daily factors (such as traffic
noise, construction noise, regular entry of personnel) other
than the photoperiod. The latter was light–dark 12-12 h,
without twilight transitions between light and dark, and pro-
vided by incandescent lights with an intensity of 700–900
lux at aquarium level. Each shoal was placed in 37-l aquaria
(50 
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 25 

 

3

 

 30 cm). Water temperature was 18 
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C. Each
aquarium was equipped with a half flower pot lying at the
bottom to provide a refuge for the fish and with a small fil-
ter mounted at one end.

At the end of each aquaria, opposite the filter, food was
delivered by an automatic feeder that dropped approxi-
mately 40 mg of Nutrafin food flakes at the surface. (From
prior experience, we knew that 40 mg was a quantity that
was always completely consumed within minutes by a shoal
of four fish and that did not lead to notable loss of condition
over the maximum 3-week period of our intended study. We
also knew that these commercial flakes provide a balanced
food source for shiners, ensuring long-term survival in cap-
tivity.) A plastic barrier prevented the floating flakes from
spreading more than 20 cm away from the drop point. For
11–20 days (training phase), the fish were fed only once a
day, at the same time every day. This time could be 1 h after
lights-off (early night), 6 h after lights-off (midnight), 11 h
after lights-off (late night), 1 h after lights-on (early day), 6
h after lights-on (mid-day), or 11 h after lights-on (late day).
We chose these six times to see whether the response of
FAA to shifted LD cycles could be generalized across many
daily times of food delivery.

Twelve shoals were assigned to each of those six times,
for a total of 72 shoals tested (288 different fish). Shoals
were used instead of individuals because golden shiners, a
very gregarious species, seldom display activity when kept
single. In circadian studies on European catfish, 

 

Silurus gla-
nis

 

, and white sucker, 

 

Catostomus commersoni

 

, shoals gave
clearer and more robust activity patterns than single individ-
uals [1,6]. In circadian studies on sea bass, no difference

was detected between the results of shoals and single indi-
viduals [16,18].

After the training phase, food was withheld for 7 days
(healthy shiners can easily sustain such a level of food dep-
rivation) and on the first of these days, the LD cycle was ei-
ther advanced by 6 h (half the shoals, 6 for each daily time
of food delivery) or delayed by 6 h (the remaining shoals).
LD cycles were advanced by shortening the first dark period
to 6 h instead of 12, and were delayed by lengthening the
first dark period to 18 h instead of 12.

Throughout the experiment, activity was recorded with a
modulated infrared beam that crossed the short length of the
aquarium, directly below the feeder, approximately 4 cm
away from the end and 8 cm below the surface. Beam inter-
ruptions caused by any of the four fish (or more than one
fish simultaneously) moving in any direction were recorded
by computer. The software (Dataquest III, Mini-Mitter Co.,
Sunriver, OR) tallied the number of interruptions for each
aquarium in blocks of 6 min.

For each aquarium, and for each of the 6-min blocks of a
24-h period, the number of beam interruptions was averaged
over the last 5 days of the training phase, to obtain daily ac-
tivity waveforms. These waveforms were examined to de-
termine whether FAA was present (FAA was defined as a
gradual increase in activity levels above the daily average,
culminating within 1 h of mealtime). The same was done for
the last 5 days of the shift/no-food period (the first 2 days
were omitted to allow for gradual phase-shifting of FAA).
To see if the shift/no-food waveforms, graphed relative to
the new LD cycle, were similar to the previous training
stage waveforms (in other words, to see if FAA had fol-
lowed the LD shift), we used a correlational approach. For
this, each 24-h waveform was reduced to 48 half-hour tal-
lies of beam interruptions. A Pearson correlation coefficient
was then calculated between the training and shift/no-food
waveforms for each shoal. Significant coefficients were
considered indicative that the activity waveform had fol-
lowed the shifted LD cycle. Within each experimental
group of 6 shoals, level of significance started at 0.05/6 

 

5

 

0.008 but then gradually increased to a maximum of 0.05
according to a sequential Bonferroni correction [14]. A co-
efficient was also calculated for both waveforms plotted rel-
ative to the same clock time, rather than LD time. Signifi-
cant correlations in this case would indicate that FAA did
not shift along with the LD cycle and remained at the same
old clock time.

Actograms were also obtained for each shoal and exam-
ined to be subjectively classified into one of the four follow-
ing categories describing the behavior of activity peaks fol-
lowing the LD shift: (a) indeterminate: impossible to tell
whether activity peaks, if present at all, shifted or not; (b) no
shift: activity peaks remained at the same clock time for
both the training and shift/no-food phases; (c) immediate
shift: the activity peak shifted completely after the first or
second new light-to-dark or dark-to-light transitions that
preceded the old clock time of food delivery; and (d) grad-
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ual shift: during at least 2 days, an activity peak started
around the old clock time but eventually slid across to a new
clock time that corresponded to the 6-h delay or advance of
the LD cycle.

 

3. Results

 

Of the 72 shoals tested, 56 (78%) displayed FAA during
the training phase (Fig. 1, top panels of each pair). Of the re-
maining 16 shoals, 5 showed consistently low activity levels
at all times, and 11 had rising activity levels at an inappro-
priate time (of those 11, 8 were fed at midnight but had ac-
tivity peaks during the day or at crepuscular times). A cer-
tain proportion (17%) of the shoals fed near “dawn” or
“dusk” were bimodal, displaying peaks of activity not only
before the normal time of food delivery but also before the
other crepuscular time, even though no food was given at
that second time.

Most of the shoals shifted their activity peaks along with
the new LD cycle, be it for advances or for delays: 53–58%
of the shoals had significant correlation coefficients be-
tween their training and shift/no-food waveforms (relative
to LD time, Table 1, Fig. 1). Lack of significant correlation
was not necessarily caused by persistence of activity peaks
at the old clock time: only four shoals had significant coeffi-
cients when the shift/no-food waveforms were plotted rela-
tive to clock time (Table 1). Rather, on the basis of a visual
examination of the waveforms, lack of significant correla-
tion was caused mostly by very low activity levels after the
LD shift.

On the basis of visual examination of actograms, more
shoals were deemed to have shifted their activity patterns
than revealed by the correlation analysis. Nearly two thirds
of the shoals appeared to have shifted their activity peaks
gradually (Table 2, Fig. 2). These gradual shifts took 2–4
days (Fig. 2). Less than one-sixth of the shoals had immedi-
ate shifts. Many of these shifts were not truly immediate, as
a peak of activity often persisted for one day at the old feed-
ing time (by the second day however, the peak had com-
pletely shifted). Most of the remaining shoals were classi-
fied as indeterminate. Only two shoals were deemed to have

Fig. 1. Pairs of waveforms depicting the daily activity of golden shiner
shoals fed at a fixed time every day (top panel of each pair). The top pairs
show a 6-h light–dark delay, whereas the bottom pairs show a 6-h advance.
Open and filled bars at the top of the panels represent light and dark times,
respectively. Triangles above panels indicate the feeding time, whereas
small vertical lines below panels show what would have been the new feed-
ing time had food delivery been maintained and shifted along with the light–
dark cycle. Horizontal lines across the waveforms represent the average
daily level of activity. All waveforms are based on the average of 5 days.

 

Table 1
Average (
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SD, 

 

n

 

 

 

5

 

 6, except overall where 

 

n

 

 

 

5

 

 36) Pearson correlation coefficients between the activity waveforms of golden shiner shoals before and after 
a 6-h shift in the light–dark (LD) cycle. The proportion of significant positive coefficients is also shown. The shoals were fed at various daily times before the 
shift, but not after.

Feeding time

6-h LD advance 6-h LD delay

Both waveforms
relative to LD

Both waveforms
relative to clock time

Both waveforms
relative to LD

Both waveforms
relative to clock time

Early night 0.61 
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 0.37

 

2

 

0.21 

 

6

 

 0.15 0.35 

 

6

 

 0.20

 

2

 

0.14 

 

6

 

 0.30
5/6 0/6 3/6 1/6

Midnight 0.37 

 

6

 

 0.31

 

2

 

0.10 

 

6

 

 0.22 0.17 

 

6

 

 0.26 0.12 
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 0.27
3/6 0/6 3/6 2/6

Late night 0.52 
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2

 

0.07 
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 0.12 0.10 

 

6

 

 0.22 0.05 
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 0.13
6/6 0/6 1/6 0/6

Early day 0.09 
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 0.29

 

2

 

0.06 
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 0.12 0.46 
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 0.40

 

2

 

0.23 
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 0.11
1/6 0/6 4/6 0/6

Midday 0.19 

 

6
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0.09 
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 0.22 0.29 
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 0.35 0.03 
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2/6 0/6 3/6 1/6

Late day 0.33 
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0.08 

 

6

 

 0.19 0.53 
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0.25 
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 0.10
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Overall 0.35 
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 0.17 0.34 
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21/36 (58%) 0/36 (0%) 19/36 (53%) 4/36 (11%)
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not shifted at all, at least by this subjective evaluation (the
correlation analysis on waveforms plotted relative to clock
time in Table 1 indicated four no-shift shoals, two of which
were classified as indeterminate by the visual method be-
cause they involved broad peaks of activity; the correlation
coefficients of these latter two were significant irrespective
of whether the waveforms were considered relative to LD or
to clock time, but they were stronger in the case of LD).

 

4. Discussion

 

The results show that golden shiners can reliably develop
FAA irrespective of the fixed daily time at which they were
fed, with the exception of fish fed at midnight. The fact that

the fish were probably diurnal entering the study may ac-
count for their difficulty in developing nocturnal FAA,
though it must be said that in other studies in this laboratory
diurnal shiners did succeed in developing nocturnal FAA
around midnight. We have no good explanation why most
fish failed to show FAA at midnight in this study while they
did in previous ones.

Our results also show that the timing of FAA can be an-
chored by the LD cycle in golden shiners, as a shift in LD
resulted in a corresponding shift in FAA, at least in those
shoals that maintained high activity levels. If the timing of
FAA was solely dependent on food arrival, then after the
LD shift and the removal of food FAA should have re-
mained at the old clock time, or free-ran, or disappeared. In
any of these cases we would not expect it to reappear at a
new time 6-h distant. Yet this is what it did in most in-
stances. In contrast, a maximum of only 4 shoals out of 72
yielded results that were consistent with FAA remaining at
the old clock time.

Our results provide a falsification of hourglass models.
Such models assume that the time of food delivery is mea-
sured by the running of a hourglass mechanism, which is
triggered by an external signal whose phase is fixed relative
to mealtime (the trigger could be the previous meal, or the
time of lights-on or lights-off). Hourglass models are not
compatible with the gradual shifts that were observed in the
FAA of most shoals in this study. If the trigger was meal-
time, FAA should have disappeared because food was not
given after the LD shift. If the trigger was a light signal, the
shift in FAA should have been immediate, a result that was
observed but at a low frequency only. Those few immediate
FAA shifts can be explained in other ways: they may be the
result of a particularly labile circadian oscillator (that FAA
was often maintained at the old clock time for 1 day before
a complete shift took place on the second day is consistent
with this idea) or they may reflect the influence of masking
by light or darkness.

Gradual phase-shifts after LD changes are a characteris-
tic of circadian clocks, so our results support the notion of
the light-entrained oscillator being circadian. A previous
study [13] had reached the same conclusion after advancing
the LD cycle by 6 h and observing gradual 3-day shifts in
the spatio-temporal activity patterns of golden shiners
trained to a time-place learning task. This study confirms
those previous results and add to them by showing that
gradual shifts can occur in response to LD delays in addi-
tion to advances, and by testing a greater sample size dis-
tributed over a variety of feeding times.

Other studies have investigated the effect of LD shifts on
fishes’ general daily activity rather than on FAA. Both the
catfish 

 

Silurus asotus

 

 [20] and the sea bass 

 

Dicentrarchus
labrax

 

 [16] displayed immediate activity shifts in response
to 6-12 h LD shifts. Published actograms strongly suggest
an influence of masking by light in these studies. On the
other hand, the hagfish 

 

Eptatretus burgeri

 

 took 7–13 days to
resynchronize to a reverse LD cycle, displaying very clear

 

Table 2
Number of golden shiner shoals classified into various categories based on the 
behavior of their daily activity peaks after a shift in the light–dark (LD) cycle

Shift in daily activity peak

Gradual Immediate None Indeterminate

6-h LD advance 22 6 0 8
6-h LD delay 24 3 2 7

Fig. 2. Actograms from golden shiner shoals fed at a fixed daily time (tri-
angles) and then deprived of food and exposed to a 6-h advance (left pan-
els) or delay (right panels) in the 12:12-h light–dark cycle. Filled bars at
top and bottom of panels represent dark time.
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gradual shifts in activity [11]. Notwithstanding this latter
and lone example, it is tempting to suggest that, in some fish
species, FAA may be less susceptible to masking by light
than general non-food related activity, and that it may repre-
sent a better marker of fishes’ circadian clocks for experi-
mental studies.

In conclusion, together with one previous study [13], the
present work on golden shiners suggests the presence within
these fish of a circadian light-entrained oscillator that can be
used to anchor the anticipatory activity of daily food-related
events. Our study, however, has nothing of substance to say
about the possible involvement of food entrainment. It is
possible that the circadian oscillator could also be entrained
by food in addition to light. It is also possible that a second
circadian oscillator, entrainable by food only, could be
linked more or less strongly to the light-entrainable oscilla-
tor. Most reported studies on mammals, including two that
used LD shifts [12,15], seem to favor models with food-
entrainable circadian oscillators [8], though some implic-
itely recognize that a single light-entrainable oscillator
could also explain their results [15]. Some studies in fishes
are also consistent with the idea of food-entrainable oscilla-
tors, though they too cannot eliminate the possibility of a
single light-entrainable oscillator [17,18]. Our results do not
exclude the possibility of food entrainment. They only show
that a circadian light-entrainable oscillator is at least par-
tially involved in the timing of FAA in golden shiners.

 

Acknowledgments

 

We thank Robert Leblanc and Concept

 

1

 

 for helping to
put together the infrared detection system. This study was
supported by an individual grant to S.G.R. from the Natural
Sciences and Engineering Research Council of Canada.

 

References

 

[1] Boujard T. Diel rhythms of feeding activity in the European catfish,

 

Silurus glanis.

 

 Physiol Behav 1995;58:641–5.
[2] Davis RE, Bardach JE. Time-co-ordinated prefeeding activity in fish.

Anim Behav 1965;13:154–62.
[3] Gascon D, Leggett WC. Distribution, abundance, and resource utiliza-

tion of littoral zone fishes in response to a nutrient/production gradient
in Lake Memphremagog. J Fish Res Board Can 1977;34:1105–17.

[4] Gee P, Stephenson D, Wright DE. Temporal discrimination learning
of operant feeding in goldfish (

 

Carassius auratus

 

). J Exper Anal Be-
hav 1994;62:1–13.

[5] Hall DJ, Werner EE, Gilliam JF, Mittelbach GG, Howard D, Doner
CG, Dickerman JA, Stewart AJ. Diel foraging behavior and prey se-
lection in the golden shiner (

 

Notemigonus crysoleucas

 

). J Fish Res
Board Can 1979;36:1029–39.

[6] Kavaliers M. Circadian activity of the white sucker, 

 

Catostomus com-
mersoni

 

: comparison of individual and shoaling fish. Can J Zool
1980;58:1399–403. 

[7] Keast A, Fox MG. Space use and feeding patterns of an offshore assem-
blage in a shallow mesotrophic lake. Env Biol Fish 1992;34:159–70.

[8] Mistlberger RE. Circadian food-anticipatory activity: formal models and
physiological mechanisms. Neurosci Biobehav Rev 1994;18:171–95.

[9] Naruse M, Oishi T. Effects of light and food as zeitgebers on locomo-
tor activity rhythms in the loach, 

 

Misgurnus anguillicaudatus.

 

 Zool
Sci 1994;11:113–9.

[10] Nichikawa M, Ishibashi T. Entrainment of the activity rhythm by the
cycle of feeding in the mud-skipper, 

 

Periophthalmus cantonensis

 

(Osbeck). Zool Magazine 1975;84:184–9.
[11] Ooka–Souda S, Kabasawa H, Kinoshita S. Circadian rhythms in loco-

motor activity in the hagfish, 

 

Eptatretus burgeri

 

, and the effect of re-
versal of light-dark cycle. Zool Sci 1985;2:749–54.

[12] Ottenweller JE, Tapp WN, Natelson BH. Phase-shifting the light-
dark cycle resets the food-entrainable circadian pacemaker. Am J
Physiol 1990;258:R994–R1000.

[13] Reebs SG. Time-place learning in golden shiners (Pisces: Cyprin-
idae). Behav Process 1996;36:253–62.

[14] Rice WR. Analyzing tables of statistical tests. Evolution 1989;43:223–5.
[15] Rosenwasser AM, Pelchat RJ, Adler NT. Memory for feeding time:

possible dependence on coupled circadian oscillators. Physiol Behav
1984;32:25–30.

[16] Sánchez–Vázquez FJ, Madrid JA, Zamora S. Circadian rhythms of
feeding activity in sea bass 

 

Dicentrarchus labrax

 

 L.: dual phasing ca-
pacity of diel demand-feeding pattern. J Biol Rhythms 1995;10:256–66.

[17] Sánchez–Vázquez FJ, Madrid JA, Zamora S, Tabata M. Feeding entrain-
ment of locomotor activity rhythms in the goldfish is mediated by a feed-
ing-entrainable circadian oscillator. J Comp Physiol A 1997;181:121–32.

[18] Sánchez–Vázquez FJ, Zamora S, Madrid JA. Light-dark and food re-
striction cycles in sea bass: effect of conflicting zeitgebers on de-
mand-feeding rhythms. Physiol Behav 1995;58:705–14.

[19] Spieler RE, Noeske TA. Effects of photoperiod and feeding schedule
on diel variations of locomotor activity, cortisol, and thyroxine in
goldfish. Trans Am Fish Soc 1984;113:528–39.

[20] Tabata M, Minh–Nyo M, Niwa H, Oguri M. Circadian rhythm of lo-
comotor activity in a teleost, 

 

Silurus asotus.

 

 Zool Sci 1989;6:367–75.
[21] Zaret TM, Suffern JS. Vertical migration in zooplankton as a predator

avoidance mechanism. Limnol Oceanogr 1976;21:804–13.


