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ABSTRACT
Seasonal sequences of bioluminescense in waters around Woods Hole were measured in
1961 to 1963. Peak activities occurred in October-November (once) and in April-May

(twice). Bioluminescense at night is usually quantitatively greater than during the day.
Greater differences during summer correlate with the seasonal maximu m in solar radiation.
Endogenous "biological clock" rhythms that are apparent during summer months disappear
when water temperatures fall below approximately 14°C. Interrelationships between exogenous and endogenous rhythms are discussed.

Introduction. In the oceans' surface waters, the capacity for bioluminescence
is at a maximum about midnight and at a minimum during midday (Backus
et al. 1961 ). Varying explanations for these diurnal changes have been offered.
In the open ocean, the diurnal pattern has been observed throughout the
euphotic zone, with day-to-night differences least near the base of the euphotic
zone (Yentsch et al. 1964); from these observations it was concluded that
diurnal changes in light intensity directly control the intensity of bioluminescence through the processes of photoinhibition and photoenhancement.
Kelly and Katona ( 1966) observed, in natural populations from Woods Hole
waters, that the sensitivity of bioluminescence to light varied diurnally, controlled by an endogenous 'biological clock' rhythm. Soli ( 1966) observed that
bioluminescent dinoflagellates in shallow tropical waters migrate downward
during the day and congregate near the surface at night, thereby partially
initiating a diurnal pattern.
r. Contribution 2065 from the Woods Hole Oceanographic Insti tution. Accepted for publication
and submitted to press 3 February 1968. This work was supported by National Science Foundation
contracts GB 5456 and GB443 r with the Woods Hole Oceanographic Institution. The authors
acknowledge the assistance of A. S. Wing.
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As part of a continuing study on bioluminescence in natural populations,
seasonal measurements of the capacity for bioluminescence (stimulated) were
made in the surface waters off Woods Hole. These measurements were made
to investigate: (i) whether a relationship exists between the ratio of nightto-day bioluminescence and to seasonal change in solar radiation, assuming
that diurnal changes in light intensity directly control bioluminescence; (ii)
whether endogenous rhythm occurs persistently in natural populations, assuming that exogenous rhythm (diurnal change) is present throughout the
year and is somehow under the control of the endogenous rhythm.

Methods. The apparatus used for the measurements of bioluminescence was
basically the same as that described by Backus et al. (1961). Seawater was
pumped through a cuvette at 24 1/min. The cuvette was viewed by a photomultiplier, RCA 6655, with an S-1 I response. The cuvette and tube were
in a light-tight container. Bioluminescence was stimulated by the turbulent
flow through the cuvette. Individual flashes were recorded as counts and were
tallied. To test for endogenous rhythms, 100 l of Vineyard Sound surface
water were held at ambient temperature in a darkened container and periodically pumped through the cuvette and back into the container. Every hour
a time switch started the pump and then stopped it after it had run for one
minute.
Results. The waters around Woods Hole vary seasonally over wide ranges
of water temperature and solar radiation, with slight changes in salinity (Fig. I a).
The minimum solar radiation, about 100 langleys per day, occurs in December,
and the maximum, around 6 50 langleys per day, occurs in July. Freezing water
temperatures (- 2.5°C) occur in February and near-tropical temperatures
( 24.0°C) occur in July and August.
The mean weekly bioluminescence at midday and midnight was measured
for 20 months (Fig. I b). The variation is greatest in the nighttime counts.
The maximum bioluminescence occurred during fall and early winter or in
early spring, whereas the minimum occurred in late winter, summer, and early
fall. These pulses of bioluminescence correlate roughly with the seasonal
sequence of phytoplankton in waters off Woods Hole (Fish 1952). A massive
amount of bioluminescence, nighttime maximum, occurred during the fall of
1961. This occurred with a large bloom of diatoms and dinoflagellates (Conover,
unpublished).
The ratio of day and night counts was not constant throughout the year;
the ratios were smaller during the winter. Frequently nighttime counts were
10 to 100 times greater than daytime counts (Fig. I b). During a few days
in winter, when the amount of daylight was low, nighttime counts were lower
than the daytime counts. In summer, nighttime counts were approximately
250 to 700 times greater than daytime counts (Fig. 1 b). The seasonal trend

....

w
0

300

300

200

100

100

....
HOURS
Figure

200

<:,j
i-..:
\.)

100

..

2.

Stimulated bioluminescense of a natu ral popula tion in total darkness ; started Octobe r 28, 196 5; water temperature 14° C .

200

..

.. .....

.. . ... ....... .

..... .

. .... ....

..
. . ... ...

100

L..J....L..I....LL-'--'.-'--'-'--'2W
3'-45
' -'-'-'--'-'--'--'--'--'JIJl '4 '5 '-'--'--'--'-'--'--'-'--'2J3 4
~ 5'-'-'-'--'--'--'-'--'--'JIJl 4~ 5:-'-'-'-'-'--'-'--'--'-2-:'-.3:-'4J5-'--''-'-'-'--'-'--'--'--'-IJI 4J5-'--'L...I....L..I....LL-Ll..J.23.J.4_j5...J_LLLL.L.L..L..l..J.l_j
l 4-'5-'-LJ O

HOURS
Figure 3. Stimulated bioluminescense of a natural population in total darkness; started December , 6, , 96 5; wa ter temperature 5.5° C.

1968]

Yentsch and Laird: Bioluminescence and Endogenous Rhythms

131

in the ratio of night to day is roughly correlated with the seasonal change in
light intensity and water temperature. However, large weekly variations in
ratio and radiation suggest that the ratio is influenced primarily by radiation.
In the experiments to detect endogenous rhythm, darkened natural populations always produced an initial increase in bioluminescence. If a sharp decline
and a second increase were not observed, endogenous rhythm was considered
to be absent. A persistent endogenous rhythm with a 23-to-24-hour period
was observed during October (Fig. 2). With time, rhythmic pulses became less
definite, with a decline in the maximum bioluminescence. Fig. 3 is an example
of a record where no conspicuous rhythm was observed; in this case, following
an initial increase, bioluminescence declined more rapidly during the first Io
hours than during the remainder of the experiment. Some experiments, particularly in winter, showed a slower decline in the bioluminescence during
darkness. Endogenous rhythm was undetected from November to early June,
whereas exogenous diurnal rhythm persisted throughout the year (Table I);
endogenous rhythm appeared repeatedly during August when the water temperature was the highest.
Discussion. The endogenous rhythm of bioluminescence observed in these
natural populations appears to be similar to endogenous rhythm studied in
laboratory cultures of Gonyaulax polyedra; in such cultures (Sweeney and
Hastings 1957) and in natural populations (Kelly and Katona 1966), studies
of the sensitivity of bioluminescence to light show that photoinhibition is at a
maximum from morning through midday and at a minimum during the night.
Endogenous regulation of the sensitivity of bioluminescence to light intensity
could control the diurnal bioluminescence. But, it is difficult to argue for any
endogenous control when the seasonal persistence of endogenous rhythm cannot
be established (Table I) while the diurnal exogenous rhythm is a persistent
year-long feature of natural populations. Endogenous rhythms are not present
in all dinofl.agellates (Hastings 1959); the seasonal change in species in natural
waters could explain the variable appearance of endogenous rhythms. Even if
organisms with 'biological clocks' are present, it would be unlikely that endogenous rhythms could be observed when water temperatures are much below
I 2°c. In G. polyedra the endogenous rhythm disappears at I 1.4°C; however, the organisms are still viable and bioluminescent at that temperature
(Hastings and Sweeney 1957).
In both cultures and natural populations of dinofl.agellates, the capacity for
bioluminescence in darkness increases and reaches a maximum after a few hours.
In G. polyedra the maximum production of the luminescent substrate luciferin
occurs in darkness (Bode et al. 1963). Soli (1966) has emphasized that this
reduced substance is likely to occur in maximum production in a low oxygentension environment. In cultured marine phytoplankton, the capacity for
oxygen evolution by photosynthesis is enhanced by short residence in darkness
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Table I. Seasonal appearance of rhythms of bioluminescence in waters off
Woods Hole. Plus indicates rhythm, minus indicates absence.
Date
VIII /7/65 . ... . . .. . .
VIII / 12/65 . ..... . ..
VIII /30/65 . .... . . . .
IX/8/65 .. . .... .. ...
IX/29/65 . .. ... . .. . .
X/28/65 . . .. . . . .. ...
XI /5/65 . ... .... . . ..
XI / 12/65 .. ... .. ... .
X II / 16/65 .. ... . .. . .
I/3/66 ......... . . . .
I / 17/66 . . . . .. . .....
II /5/66 ...... . . . . . .
II / 15/66 ......... ..
III /4/66 . . . . . . . . . . .
III /7/66 . . . . . . . . . . .
III/18 /66 .... ... . . .
III /25/66 . .. . ... .. .
IV/5/66 . . .. . . . .. . . .
IV/ 18/66 . . . ...... . .
IV/25 /66 ... . ... ... .
V/3/66 ... .. .... . . ..
Vf17 /66 . . .... .. . .. .
V/20/66 .. . . ...... . .
V/26/66 ..... . . . . . ..
VI /3/66 .. . .........
VI/25/66 ... . . . .. . ..
VII /7/66 . .. . .......
VIII /8/66 .. .. . . .. . .
IX/9/66 .. . .... .. . . .

Midday (OC) temp .

Exogenous rhythm
(Night > Day)

21
21
20
18
16
14
8
7.2
5.5
2.5
1.8
0.5
0
0.5
0
1.8
3.9
6.0
7.1
7.8
8.0
10.0
IO.I
13.2
14.8
17.9
20 .0
2 1.0
22.5

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Endogenous rhythm

+

+
+
+
+

+

+
+

(Yentsch and Reichert 1963). It is believed that this results from a more
rapid production of enzymes in darkness than in light. In similar fashion,
luciferin concentrations could be expected to increase in the low oxygentension environment created by darkness. With more light, the synthesis of
luciferin would be rapidly retarded because of highly efficient production of
oxygen by photosynthesis. Therefore, day-to- night changes in bioluminescence
could be the result of variations in substrate producti on, regulated by oxygen
tension, which is controlled by photosynthesis and respiration.
Considering the variety of bioluminescent organisms in the oceans, generalizations about the influence of diurnal migrations upon diurnal bioluminescence are difficult. In shallow tropical waters, diurnal migrations appear to
be very important. In open waters having a deep euphotic zone ( > 50 m), it
is difficult to imagine that the magnitude of vertical migration can change the
pattern of bioluminescence in the uniform manner observed by Yentsch et al.
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(1964). In contrast to Soli's (1966) observations in a shallow tropical lagoon,
the intense tidal action around Woods Hole would tend to obscure most
vertical stratification of organisms resulting from migratory patterns. Moreover, recordings of bioluminescent Rashes in the euphotic zone show that
amplitudes of Rash are much smaller in daylight than in darkness (Clarke and
Kelly 1965), thus demonstrating that the organisms present during daylight
have a reduced capability to bioluminesce.
The data shown in Fig. 1 b reaffirm the importance of light intensity in
controlling the magnitude of diurnal change. The model that considers photoinhibition and photoenhancement (Yentsch et al. 1964) is believed to offer
the only practical interpretation of diurnal changes in bioluminescence in
natural dinoRagellate populations of the open ocean.
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