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ABSTRACT

Supervisor: Dr. J.L. Littlepage

Diel variations in chlorophyll a concentration, photosynthetic
potential and total particulate volume were followed in several marine
environments. In an inshore location, all three measurements showed
a diel variation at the surface, with maximum values during the day
and minimum values in the dark period, but only the photosynthetic
potential measurements continued to show a diel rhythm after correction
for biomass changes. At 30 meters, there was no apparent diel variation
in chlorophyll a concentration or total particulate volume but a slight
rhythm, similar in phase to the surface rhythms, existed for photo-
synthetic potential. This rhythm continued when corrected for biomass
changes, although the amplitude was much less than at the surface.

A similar diel rhythm for photosynthetic potential (with a maximum
during the day and a minimum at night), was found to occur in two
locations in the open ocean. Laboratory experiments on natural phyto-
plankton populations, showed identical rhythms in photosynthetic potential
as measured in situ. The rhythms were found to continue during an
extended dark period, and the timing of the maxima and minima could
be altered by changing the light-dark cycle.

The rhythms in photosynthetic potential were not caused by changes
in cellular chlorophyll a. In addition, temperature, salinity, nitrate

concentration and the daily variations in light intensity were not
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INTRODUCTION

The determination of plant production and standing crop has

been a major goal of recent oceanographic investigations. Since
1957, however, it has become evident that some measurements of
these parameters varied considerably, depending on the time of sampling
(Table 1). Plant production, which is the amount of organic material
produced by photosynthesis, was usually expressed as photosynthetic
potential, the amount of photosynthesis occurring at a given light
intensity. Standing crop, or biomass, has been defined by
Strickland (1960) as ''the instantaneous value of the amount of living
plant material present in the water” and was normally expressed as
chlorophyll content or cell numbers per unit volume of water.
The variations in the photosynthetic potential and standing crop

were often diel in nature, occurring regularly every 24 hour period.

ty and Oguri (1957) were the first to report diel variations in
photosynthetic potential. They found a S-fold difference in tropical
Pacific waters, between a morning maximum and a minimum during the
evening, and attributed the variations to changes in the ability of
phytoplanktcn cells to assimilate carbon, rather than to population
changes. However, neither cell numbers or chlorophyll conceuirations
were measured.

Yentsch and Ryther (1957) and Shimada (1958) found that the

chlorophyll a concentration in inshore waters, parallelled that of



the photosynthetic potential, with maxima during the morning and a
minimum at night. Photo-oxidation of the plant chlorophyll was
suggested by both groups as the cause of the variaticns. Cell
numbers, however, were not mocnitored in either of these studies, and
thus the effects of zooplankton grazing and/or physical transport
of the water mass, could not bz determined.

Diel variations in chlorophyll a conqentration in inshore waters
have also been reported by Ryther et al (1958) and Yentsch and
Scagel (1958) with a maximum during the afternoon and minimum valuves
in the dark period. Both groups reported that the variations in
chlorophyll a were greater than could be attributed to changes in the
phytoplankton population.

Ryther and co-workers felt that the changes in chlorophyll were
due to decomposition and resynthesis of the pigment, the former
being enhanced by high incident radiation. Yentsch and Scagel also
felt that bleaching of chlorophyll by light and resynthesis were
responsible for the variations measured, and concluded that
fluxuations in photosynthetic potential reported in the literature,
were due to changing chlorophyll content.

Wood and Corcoran (196c) and Glooschenko (1967) both found a diel
variation in chlorophyll ccncentration in oceanic waters, but the
fo?mer attributed the differences solely to changes in the phytoplankten

population. Glooschenko, however, felt that the variations in



chlorophyll a and ¢ were greater than could be accounted for by
population changes, although cell numbers were not actually measured.
He felt that these cellular variations in chlorophyll, regulated by
incident light, would result in a constant photosvnthetic rate.
Lorenzen (1963) in an inshore environment, and McAllister (1963)
in oceanic waters, both found a parallel relationship between
chlorophyll a concentration and photosynthetic potential, with
maximum values near midday, decreasing to a minimum in the dark
period. They also found a similar variation in assimilation ratios,
defined as the amount of photosynthetic potential per unit of
chlorophyll. McAllister concluded that daily changes in zooplankton
grazing as well as some biological rhythm within the plant cell,
would result in a diel variation in photosynthetic potential. Lorenzen
suggested that there were diel changes in cellular concentrations
of chlorophyll a, due to photo-oxidation and resynthesis of the
pigment, but felt that there was also a variation in the photosynthetic
efficiency (the amount of photosynthetic production per unit of
chlorophyll) in the cell as well.
Newhouse et al (1967) found in inshore waters, a diel variation
in the photosynthetic potential, similar to those repcrted by
Lorenzen and McAllister. They concluded that the variations resulted
frpm a combination of grazing effects, compounded by diel physiological

variation (biological rhythm) in carbon assimilation.




A biological rhythm was also suggested by Eppley et al (1971a)
for being at least partly responsible for variations in the photo-
synthetic potential. They measured changes in cultures of natural
phytoplankton population, and found a diel variation in the time of
cell division, but not in the synthesis of chlorophyll a. However,
their data implied that the amount of chlorophyll a per cell, as well
as the photosynthetic potential per unit of chlorophyll a, both
wnderwent a diel variation.

In all of the wvariations in photosynthetic potential discussed
so far, minimum values have occurred during the dark period. Ryther
et al (1961), however, found that in the Sargasso Sea the chlorophyll a
concentration, integrated over the euphotic zone, decreased during
the night, but the total photosynthetic production (calculated from
24-hour in situ measurements) was greater for samples collected in
the dark period. These data suggest an increase in photosynthetic
efficiency during the dark period. However, cell counts wers not
made, and thus differences which might be caused by population changes
cannot be determined.

Goldman et al (1963) also.found higher rates of photosynthetic
production during lower light intensities, in an investigation cof
Antarctic lake phytoplankton. He attributed the decrease during the higher
light intensities to light inhibition, but because chlorophyll measure-

ments were not made, it is not known whether the decrease is due to pigment



changes or to the inhibition of another segment of the photosynthetic
mechanism.

It can be seen from the literature reviewed here, that diel
variations in chlorophyll a concentration and photosynthetic potential
exist, but the reasons given for these variations differ  between
some authors. In addition, the time of the maximum and minimum were
not always the same. Changes in the phytoplankton population and/or
cellular changes in pigments were suggested to explain the differences
in chlorophyll @ concentration. Variations in the photosynthetic
potential have been attributed to changes in chlorophyll a (either
through population changes or to a variation in cell pigments) or to
some biological rhythm affecting the photosynthetic mechanism.

However, it is important to note that in none of the studies,
were chlorophyll a, photosyrnthetic pctential, and cell counts measured
simultaneously. If ratios involving the photosynthetic potential per
cell, chlorophyll a per cell, and photosynthetic potential per unit
of chlorophyll a were followed, one would be able to determine
whether the variations were caused by population changes, or were
cellular in nature. For example, if a variation in photosynthetic
potential was a result of changes in cellular chlorophyll, then one
would expect a change in chlorecphyll a per cell, but not necessarily
in‘the amount of photosynthesis per unit of chlorophyll a.

However, if the diel variations in photosynthetic potential were

endogeneous rhythms involving the photosynthetic mechanism, then




differences in the amount of carbon uptake per cell would occur,
as well as variations in the photosynthetic potential per unit of
chlorophyll a. A diel variation due to population changes alone,
would not show any differences in the calculated ratios.

A study was therefore initiated to investigate the variations
in chlorophyll a, photosynthetic potential and total particulate
volume (used as a measurement of the phytoplankton population) in
natural phytoplankton communities, and to determine whether the
variations were intracellular or due tc changes in biomass.

Experiments were done over 24, 48 and 72-hour time periods to test

whether any changes in the above parameters were diel in nature.




A summary of diel varjations in phytoplankton.

TABLE 1

Location Variation(s) Time of Time of Suggested Causes Reference
Measured Maximum Minimum For Variations
Qff-Shore Waters:
Tropical Pacific 1) Photosynthetic Potential - mid-day start of dark biological rhythm and/or Doty and Oguri
changes in chlerophyll (1857)
Tropical Pacific 1) Photosynthetic Potential morning afternoon variations in chlorophyll Shimada, (1958)
2) Chlorophyll Concentraticn A morning afternoon =
Sargasso Sea 1) Chlcrophyll Concentration day dark 1) effect of light Rhyther, et al
(total euphotic zone) (1961)
2) Photosynthesis (2% hr - dark day 2) possible effect by
in situ, in total euphotic nutrients
zone )
N.E. Pacific i) Chlorophyll a Concentration , wmorning, dark (1800, 1) grazing plus cellular McAllister, (1963)
dark (2902) 0200) changes
2) Photosynthetic Potential ~ morning dark (2000) 2) biclogical rhythms,
chlorophyll changes
plus grazing
3) Assimilation Ratios morning dark (2000) 3) biological rhythms,
chlorophyll changes
Sargasso Sea 1) Photosynthetic Potential morning dark 1) biological rhythms and Goering, et al,
(0600) cellular changes (1964)
Z2) Chlorophyll Concentration evening dark possibly influenced by
(1800) nutrients
2) same as above
Tropical Atlantic 1) Cell Numbers day night 1) prazing Wood and Corocran,
2) Chlorophyll Concentration varied varied 2) grazing (1966)

(occasionally)




Table 1, cont'd.

Temporate Pacific

Tropical Pacific

Inshore Waters:

Woods Hole Harbor

Atlantic Estuary

Pacific Inlet
(Washingten)

Antarctic
Fresh-Water

Atlantic Estuary

Weddell Sea

Hawaii, Inshore

1)

1)

1)

2)

1)

1)

2)

1)

1)
2)

3)

1)
2)
3)

2)

Chlorophyll Concentration

%
Assimilation Ratio ( no dark

period measured)

Chlorophyll Concentration

Photosynthetic Potential

Chlorophyll Concentration

Chlorophyll Concentration

Chlorophyll Per Cell

In Situ Photosynthesis
(24 hr light cycle)

Photosynthetic Potential
Chlorophyll Concentration
Assimilation Ratios

Photosynthetic Potential
Chlorophyll

Assirilation Ratios

(24 tr light cycle)

Photcsynthetic Potential

Photosynthetic Fotential
per unit biomass

+ dark

afternoon

morning -
afternoon
morning -
afternoon

afternoon

dark

dark -
morning

lowest light
(midnight)

mid-day

mid-day
mid-day

midnight
midnight
midnight

afternoon

afterncor

day

%
mid-day

noon-dark

noon-dark
dark

afternocn

mid-day
mid-day

dark
dark
dark

mid-day
mid-day
mid-day

early
morning
early
morning

1) influence of light

light inhibition with
influence by nutrients

1) influence of light

2) changes in chlorophyll

1) light plus influence
of nutrients

1) influence of light
and nutrients

2) influence of light
and nutrients

1) light influence on
chlorophyll

1) changes in chlorophyll

2) influence of light

3) cellular changes in
efficiency

1) light inhibition

2) influence of light

3) possible biclogical
rhythm

1) changes in biomass

2) biological rhythm +
excretion

Glooshenko, (1967)

Malone, (1971)

Yentsch and
Ryther, (1957)

Ryther, et al,
(1958)

Yentsch and
Scagel, (1958) o

Goldman, et al,
(1963)

Lorenzen, (1963)

El-Sayed and
Mandelli (19265)

Newhouse, et al,
(1967)



Table 1, cont'd.

Artic Fresh-Water
Cultures:
Euglena gracilis

Duraliella
tertiolecta

Skeletonema
costatum

Ditylum
brightwellit

Cbccdlithua
luxlegi

1)

1)

1)

2)

3)

4)

1)

2)
- 3)
y)

1)
2)

3)

1)

2)

In Situ Photosynthesis
(24 hr light cycle)

Chlorophyll Concentration

Cell Division

Cell Pigment
Photosynthetic Potential

Assimilation Ratios
Photosynthetic Potential
per cell

Chlorophyll Per Cell
Assimilation Ratios

Cell Division

Cell Division

Chlorophyll Per Cell

Assimilation Ratios
Cell Division

Chlorophyll Per Cell
(implied from data)

evening

light

start of
dark
light

light

light
mid-light

mid-light
mid-light
nid-light

start of
dark

start of
dark

end of 1lizht

dark

light

mid-day

dark

light

dark

dark

dark
dark
dark
dark
dark
end of dark
end of dark

mid-dark

light

dark

1)

1)

2)

3)

)
1)
2)

3)
4)

2)

3)

1)

2)

light inhibition of
chlorophyll

synchronous culture

phasing of cellular

activities to a light-~
dark cycle
phasing of
activities
dark cycle
biological rhythm

cellular
to a light-

biclegical rhythm
cyclic synthesis
biological rhythm
phasing with light-
dark cycle

phasing with light-
dark cycle

phasing with light-
dark cycles

light and/or biological
rhythm

phasing of cellular

activities to light-
dark cycles

phasing of cellular

activities to light-
dark cycles

Kalff, (1969)

Gibor and
Meehan, (1961)

Eppley and
Coatsworth, (1966)

[{o}

Jorgensen, (1966)

Eppley, et al,
(1967)

Paasche, (1967)



Table 1, cont'd.

Ditylum 1)
brightwellii
2)

3)

Gonyaulax 1)
polyedra
2)
Natural 1)
Populations

2)
3)

Cell Division
Chlorophyll Concentration

Photosynthetic Potential
per cell

Cell Division
Photosynthesis Per Cell
Cell Division
Photosynthetic Potential

Chlorophyll Per Cell
(implied from data)

light

light
(varied)
light

end of
dark
light

dark

mid-day
mid-day

dark

dark

dark

-light

dark
light

dark
dark

1)
2)

3)

1)
2)
1)

2)
3)

phasing with light-
dark cycles
variations in biomass

variations in biomass

biological clock
biological clock

phasing with light-
dark cycles
biological rhythm
biological rhythm

Paasche, (1968)

Sweeney, (1969)

Eppley, et al,
(1971a)
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METHODS AND MATERIALS
Geographical Location (Figure 1)

The oceanic environment was investigated at two locations in
the N.E. Pacific Ocean. The first study was conducted during the
summer (August - September) of 12639, at Ocean Station P, (145° W
longitude, 50° N latitude) aboard the Department of Transport Weather
Ship, C.C.G.S. Quadra. The station is located in the Sub-arctic North
Pacific Current, which has a general eastward movement. Before reaching
the North American coast, this current splits, with most of ths
movement deflecting south to form part of the California Current
(Pickard,1963). A second ocean station was located in this southward
moving portion of the Sub-arctic Current, at a longitude 129° 20! W,
latitude 48° 50' N. This cruise was carried out aboard the C.N.A.V.
EEQSEXSEE’ in May, 1970.

The inshore environment was studied in Saanich Inlet, Vancouver
Island, the oceanography of which is described by Herlinveaux (1962).
Samples at station E-2, longitude 123° 29! W, latitude 48° 40! N, were

collected aboard the C.N.A.V. Endeavour in May 1970.
Sampling Procedures

At Station P a series of sampling procedures were set up to
measure the variations in photosynthetic potential and chlorcphyll a

concentration over a 24-hour period. Differences between the total
p
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FIGURE 1

Map Showing The Geographical

Location of Sampling Stations.
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population and nanoplankton fraction were investigated, a
differences between the surface and 30-meter populations. For the
‘purposes of this study, nanoplankton was defined as those organisms
passing through a 4i4-micren mesh net. Laboratory studies, using
natural populations from the surface waters, were also done during
this cruise.

Samples collected were placed in 20-litre carboys from which
water for the various analyses was subsequently taken. For the total-
nanoplankton study, surface water only was sampled, using a sea water
supply located in the ship's laboratory. The line for this system was
linked directly with the exterior, with the inlet port about 3% meters
below the sea surface. During the time of the study, the water was
flowing ccntinuously.

For the surface-depth study, water was sampled using & submersible
pump constructed at the Biological Laboratories in Nanaimc. Water
for the laboratory experiments was collected using the laboratory sea
water supply.

During the Endeavour cruise, all samples were obtained using a
large volume sampler, similar to a Niskin sampler, which was built at
the University of Victoria, or a seven-litre Van Dorn bottle.

All field investigations were initiated at 0800 local time, with
a sampling period every two hours. At Station P, each study continued
for 24 hours. Station E-1 was sampled continuously for 72 hours while

at station E-2 two studies were done, each of 48 hours duration.
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During sampling at Station P, the ship was drifting except for
brief intervals (approximately 15 minutes) every four hours when
steaming was necessary for the release of a weather ballcon, or
during rough weather when a constant position was maintained. At
station E-1, a drogue was lowered into the water and followed, so as
to remain in the same water mass. Due to weather conditions the buoy
was removed during the last 36 hours and tihe ship maintained a constant
position. At station E-2, the ship was anchored to a buoy located in

Saanich Inlet.

Laboratory Experiments

Three sets of experiments were set up, which were designed to
measure any changes in photosynthetic potential and chlorophyll a
concentration brought about by altering the photoperiod on natural
phytoplankton populations. Sea water from the laboratory sea water
supply, was pumped through surgical tubing into wooden aquaria which
had been painted with a non-toxic epoxy paint. Both aquaria were
fitted with plexi-glass lids and placed in refrigerators. The
temperature of each refrigerator was adjusted to equal that of the
water at the time of collection.

Air was passed through a cotton wool plug into each aquarium
to keep the culture circulating. Light was provided by three cool-
white fluorescent bulbs fastened over the transparent covers, with

an intensity of approximately 0.020 ly/min at the surface of the water.
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Experiment A

Water was collected at 1800 (the beginning of the dark period)
and the aquaria filled. The lights in both cabinets were turned off.
The light period for both cultures was set for 12 hours, between 0600
and 1800, which best approximated the daily light cycle at the time
of the experiment.

After the dark period of the third day, the lights in one
aquarium were turned off, while the other culture was allowed to
continue on the original cycle. The aquarium which was kept on the
original light-dark cycle will be referred to as the control culture,
while the other aquarium will be referred to as thé lab culture.
Sampling was started at 0900 the following day and continued every

three hours for 24 hours.
Experiment B

Water was collected at 1800 hours and the procedure of Experiment A
was followed, with the exception of the light-dark cycle in ocne of
the aquaria. The light period was shifted 12 hours so that it was
opposite to that of the control‘culture. The control culture had a
light cycle between 0600 and 1800, while the lab culture had the light
periéd betwsen 1800 and 0600. At 0900 on the fourth day after the
experiment was started, sampling was initiated, with collections every

three hours for 24 hours.
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Experiment C

This study was a repeat of Experiment A except that nitrate,
phosphate and silicate were introduced at the beginning of the
experiment, to prevent nutrient limitation. The compounds NaNOS,
KZHPOH’ and NaSiOa-9H20 were added to make an additional concentration

in the culture of 25 pg-at/l NO,, 12.5 ug-at/1l POu, and 25 ug-at/l of

33
SiOs.
Photosynthetic Uptake

To measure the photosynthetic potential of the phytoplankton
population, the carbon-i4 technique first described by Steemann-Nielsen
(1952) was employed. In order to compare the populations throughout
the twenty-four hour time period, the activity was recorded as the
photosynthetic potential occurring near light saturation - the light
intensity at which maximum photosynthesis occurs. During these studies,
the light intensity of the incubators was kept less than the highest
in situ light values so as to prevent any light inhibition.

250-ml glass stoppered bottles were filled with sea water at
each time period. Duplicates were prepared for each depth. In the
case of the total-nanoplankton experiment, four bottles were filled
with surface water, with the nanoplankton fraction in two of the
bottles separated after incubation. Duplicate dark bottles were

prepared every four sampling periods, one for each depth.
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Each sample bottle was inﬁoculated immediately with 1 ml of
cluﬂcos, in distilled water, with an activity of 8.5 microcuries.

The bottles were placed in the dark until all were innoculated,
inverted several times, and placed in a light incubator.

For the investigations conducted at Station P, illumination
was provided by two banks of two cool-white fluorescent bulbs ecach
having an intensity of approximately ,026 langleys per minute (Figure 2).
Samples were placed in the center of the incubator to minimize
differences in light intensity which may occur near the ends of the
fluorescent bulbs. Surface seawater was used to cool the samples,
the difference in temperature keeping within 1°C of the surface water.
Every hour, the bottles were inverted several times to prevent settling
of the phytoplankton.

The incubator used during the C.N.A.V. Endeavour cruise is shown
in Figure 2. Samples were automatically rotated around the lights to
eliminate’ any variation in light intensity, which was approximately
.052 ly/min. The incubator was placed in a dark constant temperature
room held at 8°C. This temperature was essentially the same as found
at 30 meters, while the surface water temperatures varied between
7.8 and 10.2 depending on the time of day.

After an incubation time of four hours, the organisms were
preserved with 1 ml of 3% neutral formalin to stop photosynthesis,
and filtered through O.MS;micron pore size membrane (MilliporeCD)

filters. After several rinses with filtered sea water, the filters



Above:

Below:

FIGURE 2

Diagramatic Drawing of the Light Incubator

Used During the Station P Cruise.

Diagramatic Drawing of the Light Incubator

Used During the Endeavour Cruise.
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were dried by vacuum and placed in scintillation vials containing

(1)

]

a scintillation fluid of the following components: 4.0gPPO
A0.3gPOPOP(2), and 220 ml BiOSOlVCD per litre of tolulene

(Dr. G.C. Anderson, personal communication). The Biosolv was included
to cause any aqueous material to become miscible in the tolulene.

The samples were then counted on a Beckman Model LS155 Liquid
Scintillation Counter, as suggested by Wolfe and Schelske (1967).

In order to determine the efficiency of the counter, internal
standards were made up. These consisted of filters through which
varying volumes (0, 1/4, 1/2, 3/4, 1, 3, and 5, x 250 ml) of Saanich
Inlet water was filtered. The filters were dried by vacuum, and added
to a scintillation cocktail identical to the one used during the cruises.
To each filter, was also added a known amount of ClLl - labelled
tolulene which had a given activity of 4.36 x lO5 d.p.m. The counting
efficiency was found to be 90% and it is assumed that the data presented
here was counted at the same efficiency.

The calculation of the photosynthetic potential (in mg C/ms/hr)

was done using the equations of Steemann Nielsen (1952).

(1) 2 ,5-diphenyloxazole

(2) "1,4-Bis [2-(5-phenyloxazolyl)] - benzene
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Chlorophyll a

Duplicate samples for chlorophyll a were measured with a
graduated cylinder and filtered immediately through a 0.45-micron
pore size Millipore(:> filter. To prevent the filter from becoming
acidic, 1 ml of a solution of magnesium carbonate (1 g/100 ml) was
added during the final stages of filtration. The filters were folded
within a heavy Whatman filter paper and stored in a desiccator at
-20%¢.

Chlorophyll extractions were done at a later date, usuvally within
one month of collection, and with the longest period of storage being
2)s months. All chlorophyll samples collected on aﬁy particular
24-hour experiment, were done together, so that their storage time
would be the samel It is assumed that the degradation effects within
any one experiment would be constant.

The procedure for extraction followed that suggested by the
SCOR/UNESCO Working Group on photosynthetic pigments (1966) with the
following modifications. Samples were ground in a pestle-type
homogenizer for 1% minutes with 5-6 ml of 90% acetone. The contents
were transferred to centrifugelkubes and after two acetone washes
of the pestle and homogenizer, were placed in the dark at room
température for 15 minutes. They were then centrifuged for 20 minutes
at’ 4500g. The contents were carefully pipetted into a graduated

centrifuge tube, and brought to a volume of 10.0 ml. The extinction
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of the acetone extract was measured in a 10.0 cm cell at wavelengths
of 750, 663, 645, and 630 millimicrons with a Hitachi, Perkin-Elmer
UV-Vis spectrophotometer, Modzl 139. The concentration of chlorcphyll a
was calculated using the trichromatic equations of the SCORE/UNESCO

group.
Particle Size Spectrum - Total Particulate Volume

The particle size distribution and the total number and volume of
particles were determined from sea water samples using a Model B Coulter
Counterqg. To obtain a particle size distribution, each sample was
counted at discrete size ranges, adjusted so that a continuous spectrum
was obtained. Several counts were made of the number of particles in
a given size range, and averaged. Counts were taken during a specified
time interval (20.0 seconds), which was converted to a volume measure-
ment. All counts are expressed as numbers per ml of sample.

For the total particulate volume, the number of particles in a
given size interval was multiplied by the mean volume of that range.

The total volume of each interval was then summed to give the total
particulate volume. Since the instrument measures the volume of a
particle, independent of shape, particle diameters are those of spheres
having an equivalent volume.

Calibration of the 100u tube was done using ragweed pollen, with
an average diameter of 19.5u, following the procedure given by Strickland

and Parsons (1968). The volume of liquid sampled during a specific

-
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time interval was determined by counting the number of particles
in a known volume, and the number of particles in the same solution,

during a given time period.
pH-Alkalinity Measurements

The pH of a sample was measured on a Fisher Accumet pH meter,
Model 220. The ¢n situ pH was calculated using the temperature
correction tables of Harvey, as modified and given in Strickland
and Parsons (1968). The total alkalinity of the sea water was
calculated using the method and tazbles of Anderson and Robinson, as

given in Strickland and Parsons (1968).
Nitrates - Nitrites

Sea water samples were collected every four sampling periods
(8 hr) during each experiment in polyethelene bottles or plastic
sampling bags. These were frozen at -20%¢ for analysis at a later
date.

For nitrate and nitrite determinations, the samples were thawed
to room temperature and analyzed. Nitrate was done following the
modified method of Morris and Riley, as given in Strickland and Parsons
(1968). Nitrite was measured following the technique of Shinn, and
Bepdschneider and Robinscn, as presented in Strickland and Parsons

(1968).



Salinity

Sea water samples for salinity measurements were taken every
four sampling periods (8 hr) and the conductivity of the sample
determined on a Hytech Model 6 Laboratory Salinometer. Conductivity
ratios were converted to salinity values (°/00) using the tables

supplied with the instrument.
Light

Light was measured during each sampling period using a Kahl
Scientific Submarine Photometer, with a microamp meter readout, and
calibrated with a G.E. Industrial Barrier Cell Photometer. The
light intensities, in foot-candles, were converted to langleys per
minute, using the conversion factors given in Strickland (1958).

At the onset of each experiment, light measurements were made at
several depths to obtain the extinction cocefficient (k) of the water.
These were calculated using the following equatiocns given in

Strickland (1958):

log Io -log I

k = 3

where k is the extinction coefficient
IO is the initial illumination and
I is the illumination after passing through

a length (depth) of d
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Data Presentation

The photosynthetic potential and chlorophyll a concentration
are represented on the graphs by the range in duplicate measurements,
with the lines drawn through the means. All values for photo-
synthetic potential and chlorophyll @ in the text are the means of
the duplicate measurements. Only one measurement was made of the
total particulate volume, which is presented on the graphs and text,
corrected to two decimal places.

The ratios of chlorophyll a per particulate volume were
calculated by dividing each of the duplicate measurements for
chlorophyll a by the total particulate volume measﬁred for the same
sample. The two values so obtained were plotted on the graphs with
the line passing through the mean value. Photosynthetic potential
per particulate volume was determined in a similar manner. Values
for both photosynthetic potential and chlorophyll a per particulate
volume given in the text,are the means corrected to two decimal places.

The assimilation ratios were determined by dividing each duplicate
of the chlorcphyll a concentration by each value for the photosynthetic
potential, which resulted in foﬁr values. The data presented on the
graphs are the extreme values (lowest and highest) with the line
passing through the mean. Values in the text are the means, corrected
to two decimal places.

The number placed beside some of the symbols refers to the number
of values which that particular symbcl consists, Questionable values

are indicated on the graph by a question mark beside it.
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RESULTS

I. Inshore Waters - Station E-2
A. Surface Samples - Days IV-V

Absolute Values Figure 3, Table 2, Table Ail.

Generally, the chlorophvll a concentration was higher during
the light period, decreasing to a minimum in the dark period with
the overall range in concentration between 0.67 and 1.50 mg/ms.
Chlorophyll a maxima were found during the morning, at 1100 on Day IV
(1.32 mg/ms) and at 0900 on Day V (1.49 mg/ms), with a second maximum
on both days at the beginning of the dark period (2100 hours). The
chlorophyll a concentration during the second maxima was 1.50 mg/m3
and 1.33 mg/m3 on Day IV and Day V respectively. Minimum values
were measured during the dark period (at 0100 hours) with a
concentration of 0.86 mg/ . on Day IV and 0.67 mg/m3 on Day V.

A diel variation was found on both days for the photosynthetic
potential measurements with maximum activity during the light period
and the minima occurring at night. The maxima occurred at 1300 on
Day IV (3.92 mg C/ma/hr) and 1100 on Day V (4.23 mg C/ms/hr), while
minimum values were measured at 0100 on both days - 1.69 mg C/m3/hr
on Day IV and 0.88 mg C/ms/hr on Day V.

Total particulate volume over the two day period showed a diel
variation similar to, but not as great, as the chlorophyll a

concentration or photosynthetic potential. Maximum values were
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TABLE 2

Maximum-minimum values for surface chlorophyll a concentration,
photosynthetic potential and total particulate volume for Statiomns E-1

and E-2. Numbers in parentheses indicate the time of measurement.

Day Chlorophgll a Photosyn{hetic Total Particulate
(mg/m°) Potential 3 Volume g
(mg C/hr/m3) (p°/m1 x 10°)
max. min. max. min. max. min.
I 1.33 0.77 2.36 0.57 1.21 0.63
(1%00) (0100) (1700) (0300) (1900) (0100)
1.11
(2100)
1T 1,30 n.72 2,38 1.65 1.29 0.62
(0700) (1300) {0700) (23c0) (1500) (2300)
111 0.97 0.66 3.52 2.02 N/A N/A
(1100) (1%00) (1100) (0100)
v 1.50 0.86 3.92 1.69 0.96 0.77
(2100) (0100) (1300) (0100) (2100) (0100)
v 1.49 0.67 4,23 0.88 1.12 0.38
(0900) (0100) (1100) (0100) (0700) (2300)
1.08
(1700)
Vi 3.17 1.42 » 8.54 4.58 2.49 1.40
(1900) (0S00) (1500) (2100) {1s00) {0100)
2.48 ; 1.26
(0300) (1100)
VII 4.18 2.40 11.02 5.43 4.45 2.19
(2100) (0500) (130c) (0100) (2100) (0500)
2.9Y4

(0900)
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FIGURE 3

Graph of Chlorophyll a Concentration in mg/m3 (X —— X)),
Photosynthetic Potential, mg C/m3/hr (0 --- 0), and total
Particulate Volume, uelml X 106 (A — -—— — A) for Surface
Samples, Day IV and V. Chlorophyll a and Total Particulate
Volume follow the Inmer Scale; Photcsynthetic Potential

follows the Outer Scale.

Horizontal Dark Line Indicates the Period of No

Measurable light.
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reached towards the end of the light period with a total volume
6 3 6 3

on Day IV, 1900, of 0.96 x 10" pu /ml, and 1.08 x 10" ¢ /ml at

1700 on Day V. Values on both days decreased during the dark

period, with a minimum concentration of 0.77 x 106 p’/ml at 0100

on Day IV, and 0.38 - 0.40 x 106 u3/ml between 2300 and 0100 on

Day V.

Normalized Values Figure 4, Table 3, Table Al12.

When chlorophyll a measurements were normalized for a constant
cell population (defined here as the amount of chlorophyll per
unit of particulate volume) there was no apparent diel variations
as was found for the total chlorophyll a concentration. The range

52 mg chl—a/ua.

in values on Day IV were between 1.05 and 1.58 x 10~
On Day V values were similar to Day IV, except for an increase near
the start of the dark period. A maximum of 2.47 x :10—12 ng chl—a/u3
at 2300 was measured, but values decreased again to 1.06 x 10—12
mg chl—a/u3 by 0500.

Photosynthetic potential per particulate volume did, however,
show a definite periodicity, with maximum values occurring in the
morning, and decreasing to a minimum in the middle of the dark
period. On Day IV, the maximum value of 4.4l x :LO-12 mg C/hr'/u3

A mg C/hr/u3

occurred at 1300 while a maximum ratio of 5.41 x 10
was measured at 0900 on Day V. A secondary maximum on Day V, at

2100, had a value of 4.19 x :LO—12 mg C/hr/ua. Minimum values
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TABLE 3

Maximum-ninimum values for surface chlorephyll g per particle
volume, photosynthetic potential per particle volume and assimilation
ratios, for Stations E-1 and E-2. Numbers in parentheses indicate the

time of measurement.

Day Chlorophyll a/ Photosynthetic Potential/ Assimilation
Partigle Vo_}EQe Particlg Volume Ratios
(mg/p~ x 10 ~°) (ng C/tr/n” x 10712) (mg C/hr/mg chl-a)
max. min. max. min. max. min.
I 1.36 0.91 2.51 0.59 2.48 0.45
(0900)  (2300) (1700) (0300) (1700) (0300)
132 1:12
(2100) (2100)
11 1.23 0.59 4,36 1.85 4.13 1.67
(2300)  (1500) (0900) (0300) (1300) (2100)
111 N/A N/A N/A N/A 3.95 2.44
(2100) (0100)
2.40
(1700)
1v 1.58 1.05 4.u6 2.18 3.29 1.43
(11c0)  (2300) (0300) (0100) (0900) (2100)
' 2.47 0.90 5.u41 2.20 3.88 1.30
(2300)  (0700) (0900) (0100) (0700) (0100)
VI 1.95 0.96 5.48 1.93 5.23 1.59
(0100)  (1300) (0300) (2100) (0900) (1%00)
VII 1.72 0.94 5.20 1.57 3.57 1.60
(0900)  (2100) (0900) (2100) (1300) (0100)

1.42
(2300)
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FIGURE 4

Graph of Chlorophyll a Per Particulate Volume, mg/u3 % 10—12

(X —— X), Photosynthetic Potantial Per Particulate Volume,

12 (0 --- 0) and Assimilation Ratios,

mg C/hr/u3 x 10
mg C/hr/mg chl-a (A -- -- — A) for Surface Samples, Day IV

and V. Horizontal Dark Line Indicates the Period of No

Measurable Light.
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occurred between 2300 and 0100 (2.18 - 2.23 x 10" 2 mg C/hv/u)

12 3
mg C/hr/u”)

on Day IV, and between 0100 and 0300 (2.20 - 2.26 x 10~
on Day V.

The assimilation ratios (the amount of photosynthetic potential
per unit of chlorophyll a) also showed diel variations, with
maximum ratios measured during the light period and the minima
found during the dark period. The maxima occurred earlier in the
day than did the photosynthetic potential/volume ratio, with a value
of 3.29 mg C/hr/mg chl-a measured at 0900 on Day IV, and 3.88 mg
C/hr/mg chl-a at 0700 on Day V. The minimum assimilation ratio

occurred at 2100 on Day IV, with a value of 1,42 mg C/hr/mg chl-a,

and at 0100 on Day V (1.30 mg C/hr/mg chl-a).

B. Surface Samples - Day VI-VII

Absolute Values Figure 5, Table 2, Table A1l1l,

The chlorcphyll a concentration showed an incremental increase
over the two day period, with the greatest change occurring between
1500 and 1900 on Day VI, and between 1500 and 2100 on Day VII. From
an initial concentration of 1.42 mg/m3 at 029C0, values increased
during Day VI to 3.17 mg/m3 at 1900. There was little change in the
chlorophyll g values during the light period on Day VII until 1500,
when values increased to 4.18 mg/m3 by 2100. During the dark period

on Day VI, there were no significant decreases in chlorophyll
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FIGURE 5
Graph of Chlorophyll a Concentration, mg/m3 (X — X),
Photosynthetic Potential, mg C/ma/hr (0 --- .0) and Total
Particulate Volume, u3/ml X 106 (A — -- — A) for Surface

Samples, Day VI and VII. Chlorophyll a and Total Particulate
Volume follow the Inner Scale; Photosynthetic Potential fcllows

the Outer Scale.

Horizcntal Dark Line Indicates the Period of no Measurable

Light.
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. 3
concentration, but lower values were measured at 2100 (2.48 mg/m")

and at 0700 in the next light period (2.44 mg/mg). Cn Day VII,

however, the chlorophyll a concentration decreased from the maximum

at 2100 to a minimum value of 2.40 mg/m3 at 0500.

Photosynthetic potential showed definite diel changes, with

maximum values in the afternoon and the minima occurring during the

dark periods. On Day VI, a maximum photosynthetic potential of

7

8.54 mg C/ms/hr was measured at 1500, while the Day VII maximum

occurred at 1300, with a value of 11.02 mg C/ms/hr. The minimum

on Day VI occurred at 2100 (4.58 mg C/ms/hr) but remained low until
0100 (5.03 mg C/ms/hr). The photosynthetic potential on Day VII
decreased to a minimum of 5.43 mg/ms/hr, at 0100.

Total particulate volume also showed a diel variation although,
like chliorophyll a, there was an overall increase during the two
days. Maximum values were measured at the end of the light period,
decreasing to a minimum near the start of the next light cycle. The
values increased to a maximum concentration of 2.49 x 106 us/ml at
1900 on Day VI, but the maximum occurred slightly later on Day VII

5 u3/ml. The particle

(2100 hours), with a value of 4.45 x 10
concentration was at a minimum between 0100 and 0700 on Day VI, with

a range in values of 1,40 - 1.47 x 106 us/ml, but on Day VII the

concentration decreased steadily from the maximum, until sampling

was terminated (1.82 x 106 u3/ml at 0700).



Normalized Values Figure 6, Table 3, Table A12.

Chlorophyll a per particulate volume did not show a diel
variation, although values did tend to increase during the dark

period on both days. Values on Day VI ranged between 0.96 -

1.95 % 10“12 mg chl-a/ua, and between C.94 - 1.72 x 10—12 mg

chl—a/u3 on Day VII. There was a gradual decrease from 0100, Day VI,

(1.95 x 10712 mg chl-a/us) during the light period of Day VII, to

12

a value of 0.94 x 10 ~° mg chl—a/u3 at 2100. The chlorophyll/volume

ratio then increased again to 1.42 x 10712 mg chl—a/p3 at 2300.

Photosynthetic potential per particulate volume showed a definite
diel variation. Maximum values were reached in the morning, and
decreased to a minimum during the dark period. Both maxima

occurred at 0900, with a value of 5.48 x 10_'12 mg C/hr/u3 on Day VI

12

and 5.20 x 10 ~° mg C/'nr/u3 on Day VII. (By the time sampling was

terminated, at 0700, the photosynthetic potential/volume had increased

12 mg C/hr/us.) Both minima were measured at

2100, with a value of 1.93 x 1012 mg C/hr/u°> on Day VI and

again to 4.95 x 10~

1.57 x 10—12 mg C/hr/u3 on Day VII.

The assimilation ratios also showed a diel periodicity with a
maximum near midday, decreasing to a minimum in the dark period.
The maximum on Day VI occurred at 0900, with a value of 5.23 mg

C/hr/mg chl-a, while a value of 3.56 mg C/hr/mg chl-a was measured

at 1300 on Day VII. The assimilation ratios on Day VI reached a
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FIGURE 6

Graph of Chlocrophyll a Per Particulate Volume, mg/u3 X 10_12

(X —X), Photosynthetic Potential Per Particulate Volume,

3 =
mg C/hr/u” x 10 4

(0 --- 0), and Assimilation Ratios,
mg C/hr/mg chl-a (A — -- — A) for Surface Samples, Day VI
and VII. Photosynthetic Potential follows the Inner Scale:

Chlorophyll a follows the Middle Scale; and Total Particulate

Volume follows the Outer Scale.

The Horizontal Dark Line Indicates the Period of No

Measurable Light.
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minimum at 1900, with a value of 1.59 mg C/hr/mg chl-a, but
remained low until 0100 (1.85 mg C/hr/mg chl-a). On Day VII,
minimum values were recorded between 2100 and 0100, with a range

of 1.60 - 1.67 mg C/hr/mg chl-a.

C. Comparison of Day IV-VII - Surface Samples

Absolute Values

During the three day interval between the initiation of the
first series of measurements (Day IV-V) and the beginning of Days VI-
VII, there was an overall increase in the phytoplankton concentration.

Chlorcphyll a ranged from a low of 0.86 mg/m3 to a high of
1.50 mg/m3 for Day IV, and between 0.67 and 1.49 mg/m3 during Day V.
By Day VI and VII, values had increased considerably, some twofold,
with a range of 1.39 - 3,17 mg/m3 for Day VI and 2.40 - 4.18 mg/m3
for Day VII. On all four days, chlorophyll a increased during the
light period, generally in the afternoon, while slower rates of
increase or actual decreases in chlcorophyll a concentration occurred
during the dark pericd.

Photosynthetic potential also increased over the four days, with
the Day VII maximum about three times that of Day IV. There were
definite diel variations present, with maximum values occurring near
m%dday, and decreasing to a minima in the dark period, generally near
0100, The range in values for Day IV was 1.69 - 3.92 mg C/m3/hr,

while Day V was similar, varying between 0.88 - 4,23 mg C/ms/hr.



37

On Days VI and VII, however, the photosynthetic potential had
increased, with a range of 4.58 to 8.54 mg C/ms/hr, and 5.43 -
11.02 mg C/ms/hr respectively, for the twoc days.

Total particulate volume showed a slight diel variation
during the four days, with minima during the dark period and
maxima in the light period. The highest concentration cccurred
near the end of the light period, while the lowest values were
measured between 0100 and 0500. The total volume increased during
the four days with nearly a four fold increase in values from
Day IV to Day VII. The range for Day IV was 0.70 -~ 0.96 x 106 us/ml,
while Day V varied between 0.38 - 1.12 x 106 us/ml. By Day VI and
VII, the total particulate concentration had increased, with a range
of 1.26 - 2.49 x 106 us/ml on Day VI and 1.47 - 4.45 x 106 u3/ml

on Day VII.

Normalized Values

During the four days, there was no apparent diel variation in
chlorophyll a per particulate volume, although increases during the
dark period were measured on Days V, VI and VII. During Day IV,
values ranged between 1.05 and 1.58 x 10-12 mng chl-a/us, while Day V
was slightly higher, with a range of 0.90 to 2.47 x 10_12 mg chl—a/u3.
The ratios calculated for Day VI and VII were similar, varying

12 12

between 0.96 and 1.95 x 10 ~ < and 0.94% to 1.72 x 10 ~~ mg chl—a/u3
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respectively for the two days.

Photosynthetic potential per particulate volume showed a definite
diel periodicity during the four days, with similar maximum-minimum
values measured on each day. All four days had a maxima in the
morning, with minimum values occurring in the dark period. Days IV

and V had a range of 2.18 - 4.4l x 10712

12

2
mg C/hr/u” and 2.20 -

mg C/hr/u3 respectively, while Day VI varied between
12

5.41 x 10

1.93 and 5.48 x 107" ° mg C/hr/us, and Day VII between 1.57 and

= mg C/hr/u3.

5.20 x 10~
The assimilation ratios also showed a diel variation, with a
maxima near midday, and decreasing to a minimum in the dark period.
Values varied between 1.43 and 3.29 mg C/hr/mg chl-a on Day IV and
1.30 and 3.88 mg C/hr/mg chl-g on Day V. On Day VI the assimilation
ratios were generally higher, ranging between 1.539 - 5.23 mg C/hr/mg

chl-g but Day VII was similar to Days IV and V, with a range of

1.60 - 3.56 mg C/hr/mg chl-a.

D. 30 Meter Samples - Days IV-V

Absolute Values Figure 7, Table 4, Table A11.

»

The chlorophyll a concentration varied little over the two days,
with. a range of 0.47 - 0.57 mg/m3 on Day IV, and 0.51 - 0.57 mg/m3
on Day V.

Photosynthetic potential was similar to the chlorophyll a

measurements, with no apparent diel variation. Values were between
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TABLE 4

Maximum-minimum values for chlorophyll a concentration, photosynthetic
potential and total particulate volume for 30 meter samples, Stations E-1

and E~2. Numbers in parenthesis indicate the time of measurement.

Day Chlorophyll a Photosynthetic Total Particulate
(mg/m°) Potential 3 Volume .
(mg C/hr/m3) (p°/mL x 107)
max min. max. min. max. min.
I 1.24 0.55 2.06 0.32 091 0.54
(1300)  (0100) (1500)  (1300) . (1300) (0100)
0.43
(2100)
11 1.18 0.62 2.58 1.37 u.97 0. 44
(0700) (0300) (1700) (2300) (0300) (03C0)
III 0.93 0.63 2.78 0.72 N/A N/A
(1100) (1300) (1500) (0100)
Iv 0.56 0.47 1.28 1.03 0.84 0.58
(1900)  (1300) (1300)  (1700) (1900) (0300)
v 0.57 0.51 1.46 0.78 0.93 0.31
(1300) (1900) (1100) (1500) (0700) (0100)
VI 0.64 0.50 2.15 0.25 0.87 0.62
(1100) (0300) (1100) (0100) (1100) (0100)
VII 0.73 0.45 1.32 0.71 0.80 0.63
(2100)  (1100) (0900)  (1100) (2300) (0700)
0.75

(2300)
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FIGURE 7
Graph of Chlorophyll a Concentration, mg/m3 (X — X),
Photosynthetic Potential, mg C/m”/hr (0 --- 0), and
Total Particulate Volume, uS/ml X 106 (A — —— — Q) at

30 meters, Day IV and V. The Horizontal Dark Line

Indicates the Period of No Measurable Light.
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1,00 and 1.28 mg C/m3/hr for Day IV, and 0.78 and 1.48 mg C/ma/hr
on Day V.
There was not an apparent diel variation in total particulate
volume, although lower values were recorded during the dark period
on both days. Day IV varied between 0.58 - 0.84 x 106 us/ml (with
a minimum at 0300) while Day V had a range cf 0.31 - 0.93 x 106 ps/ml

with the minimum at 0100.

Normalized Values Figure 8, Table 5, Table A12.

The chlorophyll a per particulate volume showed a slight
variation, in which values in the dark period were slightly higher
than during the light period. The maximum occurred during the latter
part of the dark period, with a value of 0.99 x :1.0_12 mg chl-a/u3
at 0300 on Day IV, and a value of 1.73 x 10"12 mng chl-—a/u3 at 2300
on Day V. During the light period on Day IV and V the ratios were
fairly consistant with a range of 0.63 - 0.82 x 10_12 mg chl—a/u3
and 0.57 - 0.78 mg chl—a/u3 respectively for the two days.

Photosynthetic potential per particulate volume varied erratically,
although there was a tendency towards higher values during the dark
period. These maxima occurred at 0300 on Day IV, with a value of

12 12

2.22.x 10 ~° mg C/hr/ua, and at 2300 on Day V (2.88 x 10 ~“ mg

C/hr/us)o During the light period, Day IV varied between 1.38 -

12

1,71 x 10" ° mg C/hr/u3 while Day V had slightly higher values, ranging
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TABLE 5

Maximum-minimum values for chlorophyll a per particle volume,

photosynthetic potential per particle volume and assimilation ratios

for 30 meter samples, Stations E-1 and E-2.

indicate the time of measurement.

Numbers in parenthesis

Day Chlorophyll a/ Photosynthetic Potential/ Assimilaticn
Particle Volume Particle Volume Ratios
(ng/w® x 1071%) (mg C/hr/ud x 10712) (mg C/hr/mg chl-a)
mnax. min. max. min. max. min.
I 1.82 0.94 2.86 0.35 1.80 0.26
(1700) (2300) (1700) (1300) (1500) (1300)
0.28 0.43
(2100) (2100)
II 1.52 0.81 4,34 1.89 3.17 1.61
(0700) (0300) (1100) (2100) (1100) (2100)
III N/A N/A N/A N/A 3.24 1.01
(1500) (0100)
v 0.99 0.63 2.22 1.37 2.73 1.18
(030¢) (1300) (0300) (2100) (1300) (0300)
\ 1.73 0.57 2.88 1.15 2.83 1.50
{2300) (0700) (2300) (1500) (1100) (0120)
VI 0.93 0.73 2.48 0.41 3.40 0.40
(0100) (0300) (1100) (0100) (1100) (0100)
VII 1.07 0.67 1.82 0.95 2.00 1.10
(1900) (1100) (0900) (2300) (1300) {0300)
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FIGURE 8

Graph of Chlorophyll ¢ Per Particulate Volume, mg/u3 x 10_12

(X —— X), Photosynthetic Potential Per Particulate Volume,

-1
mg C/hr/u3 x 10 12

(0 --- 0), and Assimilation Ratios,
mg C/hr/mg chl-a (A — -- — A) at 30 meters, Day IV and V.

Horizontal Dark Line Indicates the Period of No Measurable

Light.
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between 1.45 - 2.90 x 10"12 mg C/hr/ua.

The assimilation ratios did not show any diel variation.
The dark period on Day V had lower values, but this was not the
case during Day IV. Values ranged between 1.18 and 2.59 mg C/hr/mg
chl-a on Day IV, and between 1.47 and 2.83 mg C/hr/mg chl-a on
Day V. A minimum on Day V occurred at 0100 with a value of

1.50 mg C/hr/mg chl-a.

E. 30 Meter Samples - Days VI-VII

Absolute Values Figure 9, Table 4, Table Al1.

The chlorophyll a concentration did not show large variations,
although values on Day VII were slightly higher towards the end
of the light period and during the dark period. The maximum range
encountered over Day VI was 0.50 - 0.64 mg/ms, with similar values,
0.45 - 0.73 mg/ma, measured during Day VII.

The photosynthetic potential showed a slight diel variation
over the two days, with minimum values occurring during the dark
period. Both days had two maxima, with the larger one occurring
in the morning, and a smaller one in the late afternoon. The maxima
on Day VI were at 1100 (2.15 mg C/m3/hr) and 1900 (1.39 mg C/ms/hr),
while the maxima on Day VII were measured at 090C (1.32 mg C/ma/hr)
and 1700 (1.15 mg C/ms/hr). Minimum values for the photosynthetic

potential were measured at 0100 on Day VI, with a value of
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FIGURE 9
Graph of Chlorophyll a Concentration, rng/m3 (X ——X),
Photosynthetic Potential, mg C/ma/hp (0 --- 0) and Total
Particulate Volumne, us/ml X 106 (A — -- — A) at 30 meters,

Day VI and VII. Photosynthetic Potential follows the
Inner Scale; Chlorophyll a follows the Middle Scale; and

Total Particulate Volume follows the Outer Scale.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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0.25 mg C/m3/hr, and at 2300 on Day VII, with a value of
0,75 mg C/m3/hr.

Total particulate volume did not show any diel variationms,
with similar concentrations throughout the two days. Values ranged
between 0.62 - 0.87 x 106 us/ml on Day VI, and between 0.63 -

0.80 x 106 u3/ml on Day VII.

Normalized Values Figure 10, Table 5, Table A12.

The amount of chlorophyll a per particulate volume did not
vary much, although there was a slight increase towards the end
of the light period on Day VII. Day VI varied between 0.73 -

0.87 x 10—12 mg chl-a/u, while Day VI had a range of 0.66 -

2

1.07 x 1071 mg chl-a/u°.

The photosynthetic potential per particulate volume showed
a diel variation in which the maxima occurred in the morning and
minimum values were measured during the dark period. The maximum

on Day VI occurred at 1100, with a value of 2.48 x 10—12 mg C/hr/us,

1

while the highest value for Day VII, 1.82 x 10 . mg C/hr/u3 was

measured at 0800. A secondary maximum at 1700, Day VII, had a

12 mg C/hr/u3. Minimum values were measured

1

value of 1.73 x 10
at 0100 on Day VI (0.41 x 10 . mg C/hr/us) and at 2300 on Day VII

(0.95 x 10712 mg c/hr/ud).
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FIGURE 10

Graph of Chlorophyll a Per Particulate Volume, mg/u3 % 10_12

(X —— X), Photosynthetic Potential Per Particulate Volume,

12 (0 --- 0), and Assimilation Ratios,

mg C/hr/u3 x 10
mg C/hr/mg chl-a (A —- -- — A) at 30 meters, Day VI and VII.
Horizontal Dark Line Indicates the Period of No Measurable

Light.
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The assimilation ratios also showed a diel variation, similar
to the photosynthetic potential/volume ratics. Maxima were
measured near midday, with a value of 3.40 mg C/hr/mg chl-a at
1100 on Day VI, and 2.00 mg C/hr/mg chl-a at 1300 on Day VII.

Minimum assimilation ratios were recorded at 0100 on Day VI
and 0300 on Day VII, with value of 0.44 and 1.10 mg C/hr/mg chl-a

respectively for the two days.

F. Comparison of Days IV-VII - 30 Meter Samples

Absolute Values

During the four days there was no diel variation recorded for
chlorophyll a. Values ranged between 0.47 and 0.58 mg/m3 during
Days IV-V, and between 0.45 and 0.73 mg/m3 during Days VI and VII.

Photosynthetic potential did not show a diel periodicity
during Days IV and V, but a slight variation, with maxima during
the light period and minima in the dark period, was present on
Days VI and VII. Day IV varied between 1.04 and 1.29 mg C/ms/hr,
while Day V had a range cf 0.78 - 1.46 mg C/ms/hr. Days VI and
VII had a range of 0.26 - 2.16 mg C/ms/hr and 0.76 - 1.32 mg C/ma/hr
respectively.

. The data for the total particulate volume indicated a slight
d;el variation present during Days IV and V, with lower values

during the dark period, but this was not the case for Days VI and VII.
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Day IV varied between 0.58 - 0.82 x 106 ua/ml, while Day V had

a range of 0.31 - 0.79 x 106 u3/ml. Days VI and VII had particle
concentrations similar to the previous two days of measurements,
with a range of 0.62 - 0.87 x 106 us/ml for Day VI, and 0.63 -

0.80 x 106 u3/ml for Day VII.

Normalized Values

On Days IV and V, the chlorophyll a per particulate volume
showed some variation, with higher values occurring during the dark
period, but this trend was not found during Day VI and VII. Values
for Day IV varied between 0.63 and 0.99 x 10.12 mg chl—a/us, and
between 0.57 and 1.73 x 10712 mg chl--a/u3 on Day V. Although the
range was less, the chlorophyll/volume ratios measured during
Day VI and Day VII were similar to those of Days IV and V, with
values between 0.73 and 0.93 x 10-12 mg chl-a/u3 on Day VI and
between 0.66 and 1.07 x 10_12 mg chl-a/u3 during Day VII.

The photosynthetic potential per particulate volume varied
erratically during the four days, with higher values during the
dark period on Days IV and V, but occurring in the light period on
Day VI and Day VII. The range on Day IV was 1.37 - 2.22 x 10_12 ng
C/hr/ue, while Day V varied between 1.15 and 2.88 x 10_12 mg C/hr/ua.
The photosynthetic potential/volume ratios on Days VI and VII

12

varied between 0.41 and 2.48 x 10 mg C/hr/u3 during the former
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and between 0.95 and 1.82 x 10-'12

mg C/hr/u3 during the latter.

The assimilation ratios showed a diel variation (with
minimum values during +the dark period) on Days V, VI and VII but
not on Day IV. Overall, the highest values were recorded on
Days V and VI. Day IV varied between 1.18 and 1.59 mg C/hr/mg chl-a
while Day V had a range of 1.39 - 2.83 mg C/hr/mg chl-a. Days VI
and VII had ranges of 0.44 - 3,40 mg C/hr/mg chl-g and 0.64 -

2,00 mg C/hr/mg chl-a respectively.

IT. Oceanic Waters - Station E-1
A. Surface Samples - Days I-III

Absolute Values Figure 11, Table 2, Table Al1l.

The amount of chlorophyll a present at the surface ranged
between 0.66 and 1.33 mg/m3 during the three days, but there was
no apparent diel variation. During Day I, there was a suggestion
of lower values occurring in the dark period (with a maximum value
of 0.77 mg/m3 at 0100), but this pattern was not present on Day II
or Day III.

Photosynthetic potential, however, showed a rhythmical variation,
with lower values occurring during the dark period, and a maximum
during the day. Overall, values during Days II and III were greater
tpan those measured during DayI. During Days I and II, the maxima

appeared in the late afternoon (1700 hours) with a value of
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FIGURE 11

Graph of Chlorophyll a Concentration mg/m3 (X —— X)),
2

Photosynthetic Potential, mg C/m”/hr (0 --- 0), and

Total Particulate Volume, ua/ml x 106 (A — -- — A) for

Surface Samples, Days I-III. Chlorophyll a and Total
Particulate Volume follow the Inner Scale; Photosynthetic

Potential follows the Outer Scale.

Horizontal Dark Line Indicates Period of No

Measurable Light.
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2.36 mg C/m3/hr on Day I and 3.12 mg C/ms/hr on Day II. Two
maxima, one at 1100 (3.52 mg C/me/hr) and another at 2100
(3.18 mg C/ms/hr), were found on Day III. The minimum was measured
at 2100 on Day I, with a value of 1.11 mg C/me/hr, and at 2300
on Day II, with a value of 1.65 mg C/mS/hr. During Day III, the
photosynthetic potential had minimum values between 1700 and 1900
(2.18 - 2,33 mg C/ms/hr) as well as betwsen 0100 and 0300
(2.02 - 2.04 mg C/m3/hr).

Total particulate volume varied erratically, with a range of
0.62 - 1.29 x 106 u3/ml during the sampling period. (Due to
instrument failure, volume measurements were not taken after 1500
on Day III). During Day I, the total volume decreased slightly
during the dark period (with a minimum value of 0.63 x 106 us/ml

at 0100) but this was not found during Day II.

Normalized Values Figure 12, Table 3, Table A12.

Chlorophyll a per particulate volume did not show any diel
rhythm, although there was an overall range of 0.59 - 1.36 x 10—12 mg
chl—a/u3 for the three days. Values were fairly consistant up until
1100 on Day II, but were more erratic after that time.

. Photosynthetic potential per particulate volume varied

considerably, with apparent diel changes in which the minima

occurred during the dark period and maximum values in the light period.
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FIGURE 12

Graph of Chlorophyll a Per Particulate Volume, mg/u3 X 10--12

(X —— X), Photosynthetic Potential Per Particulate Volume,

—12

mg C/hr‘/u3 x 10 (0 --- 0), and Assimilation Ratios,

mg C/hr/mg chl-a (A — -- — A) for surface samples, Days I-III.

Horizontal Dark Line Indicates the Pericd of No Measurable

Light.
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During Day I, the minimum was measured at 2100, with a value of

12

1.12 x 10 " mg C/hr/us, while the minimum on Day II occurred

. at 0300 (1.85 x 10_12 mg C/hr/us). Maximum values were measured

12 mg C/hr/u3 at 1700) but

during the afternoon on Day I (2.50 x 10~
were measured in the morning at 0900, on Day II, with a value of
4.36 x 10712 mg C/hr/us.

Like the chlorcphyll a/volume ratios, the photosynthetic
potential per particulate volume values varied erratically after
1100, Day II. When the two days were compared, Day II had higher

12

values (2.70 - 4,36 x 10 ~° mg C/hr/us) than were recorded for Day I

12 mg C/hr/us).

(1.12 - 2.50 x 10
The assimilation ratios varied erratically, but also showed
periodic variations, with values decreasing from maxima in the light
period to minimum values during the dark period. As was found for

the photosynthetic potential/volume ratios, values were generally
higher during Day II and III, than on Day I.

The maxima were recorded during the afternoon, with a value of

2.48 mg C/hr/mg chl-a at 1700 on Day I, and 4.13 mg C/hr/mg chl-a
on Day II, at 1300. The Day III maxima occurred later, at 2100,
with a value of 3.96 mg C/hr/mg chl-a. The minima were found at
2100 for both Day I and Day II, with a value of 1.12 and 1.67 mg
C/hr/mg chl-a respectively for the two days. During Day III, the

minimum occurred at 0100, with a value of 2.u44 mg C/hr/mg chl-a.
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B. 30 Meter Samples - Days I-III

Absolute Values Figure 13, Table 4, Table Al1.

The chlorophyll a concentration at 30 meters showed a diel
variation on Day I, decreasing from a maximum value of 1.2u4 mg/m3
at 1300, to a minimum of 0.55 mg/m3 at 0100. During Days II and
ITI, however, the concentration remained fairly constant, with
most of the values between 0.5C and 0.80 mg/ms.

The photosynthetic potential varied erratically over the three
days, although there is a suggestion of lower values during the
dark period. Day I ranged between 0.32 and 2.06 mg C/ms/hr, while
somewhat higher values were measured on Days II and III, with a
range of 1.37 - 2.€1 mg C/ma/hr and 0.99 - 2.78 mg C/ma/hr,
respectively.

Total particulate volume did not show much variation during

the three days, with most values between 0.5 and 1.0 x 106 us/ml.

Normalized Values Figure 14, Table 5, Table A12.

Chlorophyll a per particulate volume was fairly constant, with

4z mg chl-a/u3.

most values between 1.0 - 2.0 x 10~
The photosynthetic potential per particulate volume varied
considerably, but a diel rhythm was not obvious. There was a

suggestion of higher values cccurring during the day and decreasing

during the dark period, but interpretation is difficult due to
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FIGURE 13
Q
Graph of Chlorophyll a Concentration, mg/m" (X X),
Photosynthetic Potential, mg C/ms/hr (0 --- 0), and
Total Particulate Volume, ug/ml X 106 (6 — -- — A at

30 meters, Days I-III. Photosynthetic Potential follows
the Inner Scalej Chlorophyll g follows the Middle Scale;

and total Particulate Volume follows the Outer Scale.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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FIGURE 14

Graph of Chlorophyll a Per Particulate Volume, mg/uo % 10_12

(X —— X), Photosynthetic Potential Per Particulate Volume,
mg c/hr/ud x 10712 (0 --- 0) and Assimilation Ratios,
mg C/hr/mg chl-a (A — -~ — A) at 30 meters, Days I-III.

Horizontal Dark Line Indicates the Period of No Measurable

Light.
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poor replication. Values ranged between 0,35 and 2.86 x 10-12 mg

C/hr/u3 on Day I and between 1,89 and 4.34 x 10—12 mg C/hr’/u3
on Day II.

Assimilation ratios paralleled the photosynthetic potential/
volume ratios, with maximum values during the day. However, the
minima during the dark periods are not conclusive because of the
poor replication. Maximum values were measured at 1500 on Day I,
and 1100 on Day II, with a value of 1.80 and 3.17 mg C/hr/mg chl-a
respectively. Day III was similar in value to Day II, with a
maximum of 3.24 mg C/hr/mg chl-a at 1500. The minimum assimilation
ratios all occurred during the dark period, at 2100 on Days I and

IT, and 0100 on Day ITI, with values of 1.12, 1.67 and 1.02 mg

C/hr/mg chl-a respectively for the three days.
III. Oceanic Waters - Ocean Station P

The measurements taken during the Station P cruise were
designed to test whether the variability which has been reported
in the literature for photosynthetic potential and chlorophyll
concentration, was a function of biomass changes, or caused by
internal changes in the phytoplankton, or both. This work preceded
that of the Endeavour cruise, but because of difficulties

encountered, the data had to be interpreted using some ccnclusions

formulated from the latter.
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Lack of instrumentation for particle counts made it necessary
to preserve water samples for later analysis. It was first thought
that this would have little effect on the total particulate volume,
but it became evident after analysis that there was a significant
effect as data varied erratically. It was felt that the random
breakdown of cells during preservation and the subsequent shaking
(to obtain a homogeneous sample) resulted in a variable number of
particles and hense a variable total particulate volume. Although
information regarding tctal particulate volume or any calculation
involving total volume, cannot be utilized,the chlorophyll and
photosynthetic potential measurements remain valid, and thus inter-
pretation on these data can be done.

It was also evident from the chlorophyll and photosynthetic
potential data, that the period following the end of a 24 hour
experiment could yield important information on the repeatability
of any variation (i.e. to confirm whether it was a diel variation),

and thus the Endeavour measurements were made to cover either 48 or

72 hours continuously, instead of the 24 hour sampling periods done
on the Station P cruise.

The series of experiments at Station P were designed to test
whether diel variation involving chlorophyll g and photosynthetic
potential showed any differences between the total phytoplankton

population and the nanoplankton fraction (defined as those organisms
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passing through a 44 p-mesh netting) as well as whether differences
between surface waters and 30 meter samples existed. The total-
nanoplankton set of experiments were done twice and will be referred
to as Day A and Day R. Likewise, the surface-depth study was done
twice; Day C and Day D.

Three laboratory experiments involving cultures of natural
populations were also done, as described in the methods section,
pages 15-16. The experiments will be referred to as Experiment A,
Experiment B, and Experiment C (the data in Appendix however, refer
to the Experiments A, B and C as Day E, Day F-G and Day H, respectively).

A. Total Nanoplankton Series - Day A, Figurés 15, 17, 19,

Table 6, Tables A13, Alh.

The chlorophyll a concentration (Figure 15) at the surface was
found not to be significantly different between the total and
nanoplankton groups, with values ranging between 0.25 - 0.50 mg/ma.
No apparent diel variation was found during the sampling period.

Photosynthetic potential (Figure 17) measured for the nano-
plankton fraction did not differ from the total population during
the first six hours (0900 - 1500 hours) but was slightly less than
measured for the whole population over the remainder of the
experiment. These differences were slight, however, and it is not
known whether the two groups, as defined, are distinct.

There was a definite diel variation in both groups, with a

morning maxima, decreasing to minimum values by late afternoon, and
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TABLE 6

Maximum-minimum values for chlorophyll a concentration, photosynthetic
potential and assimilation ratios for Days A and B (total-nanoplankton) and
Days C and D (surface - 3G meters) at ocean Station P. Numbers in parenthesis

indicate the time of measurement.

Day Chlorophyll a Fhotosynthetic %otential Assimilation Ratios
Concentration (mg C/hr/m”) (mg C/hr/mg chl-g)
(mg/m3)
max. min. max. min. max. min.
A - Total 0.869 0.36 0.88 0.38 2,44 0.68
(0sS00) (2300) (0700) (2100) (G700) (1300)
0.77 0.93 2.28
{13C0) (1100) {1160)
A - Nano 0.63 0.36 0.71 0.33 2.09 0.69
(0200) (0500) (0700) (2100) (0300) (1500}
0.32 0.88 1.68
(2300) (1100) (1100)
B - Total 0.56 0.29 1.72 0.54 3.26 1.14
(1300) (0100) (0700) (2100~ (0700) (2100)
2300)
0.32 1.26 4.07
(1100) (0900) (1300)
B - Nano 0.56 0.28 , 1.51 0.53 2.64 1.22
(1300) (2300) (0700) (2300) (0700) (2100)
1.16 3.55
(0%0) (1300)
C -~ Surface 1.20 0.60 1.84 0.77 2.78 0.96
(1500) (0100) (0700) (1900) (0700) (1900)
1.83 2.53
(1100) (0900)
C - 30 Meters 0.70 057 1.03 0.55 1.81 0.81
(2300) (1100) (1100) (15Q0) (1100) (1500)

..(cont'd)



TABLE 6, cont'd.

D - Surface 0.57 0.36
(0700) (0500)

0.52 0.35
(1500) (1300)

D - 30 Meters 0.61 0.36
(1900) (0900)

0.48
(2100)

62

1.37
(0700)

1.94
(0900)

1.25
(1300)

0.85
(2100)

0.73
(2100)

3.50
(0500)

4.11
(1300)

2.76
(0900)

1.97
(2100)

1.32
(0300)




FIGURE 15

Graph of Surface Chlorophyll a Concentration mg/ms,

for the Total Population (X —— X) and Nancplankton
Fraction (0O --- 0) for Day A.
FIGURE 16

CGraph of Surface Chlorophyll « Concentration mg/m3,
for the Total Population (X —— X) and Nanoplankton

Fraction (0 --- 0) for Day B.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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increasing again at the onset of the dark period. The values

cbtained each morning (at the beginning and end of the experiment)

were similar - 0.80 mg C/ms/hr at 0800, and 0.88 mg C/m3/hr at 0700.
Low values were recorded between 1500 and 2100 (0.38 - 0.53 mg C/ms/hr)
with the minimum occurring at 2100. (Valués given are for the total
population).

The assimilation ratios (Figure 19) also did not appear to
differ between the total and nanoplankten fractions but a diel
variation was evident, Data given here will be for the total
population only. Values decreased from a morning maximum to a minimum
during the afternoon, and remained low until the beginning of the
dark period. They then gradually increased until 0700 when sampling
was terminated. The maximum occurred at 1100 with a value of
2.28 mg C/hr/mg chl-a, but decreased to its lowest value, 0.68 mg
C/hr/mg chl-a by 1300. The assimilation ratios remained low between
1300 and 2100, with a range of only 0.68 - 1.08 mg C/hr/mg chl-a.
Values increased more rapidly after 2100, reaching 2.44 mg C/hr/mg
chl-a by 0700.

B. Total Nanoplankton Sefies - Day B, Figures 16, 18, 20,

Table A6, Tables A13, Alk.
. As with the previous experiment (Day A) there was no apparent
difference in chlorophyll a concentration between the nanoplankton

fraction and total population (Figure 16). There was also no
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FIGURE 17

Graph of Surface Photosynthetic Potential, mg C/ms/hr,

for the Total Population (X —— X) and Nanoplankton
Fraction (0O --- 0), for Day A.
Figure 18

Graph of Surface Photosynthetic Potential, mg C/ms/hr,
for the Total Population (X —— X) and Nanoplankton

Fraction (O --- 0) for Day B.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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indication of a diel variation in chlorophyll a, with most values
within the range of 0.2% - 0.50 mg/ms.

Photosynthetic potential showed a diel variation, but there
were no differences between the total population and nanoplankton
fraction. From a morning maximum, the photosynthetic potential
decreased to minimum values by 2300, with the greatest decrease
after 1900. Values then increased steadily until sampling was
terminated, at 0700 (Figure 18).

Maximum values for the total population were recorded at 0200
(1.26 mg C/m3/hr) and again at the end of the experiment at 0700
(1.72 mg C/ma/hr), (this does not include the very high value of
2.25 mg C/m3/hr at 1300). The minimum occurred at 2300, with a
value of 0.52 mg C/ms/hr.

Assimilation ratios (Figure 20) also did not show any differences
between the nanoplankton fraction and the total population. A diel
variation was apparent, with values decreasing from the morning
maximum to their lowest value at 2100. The ratios increased steadily
after that time until the end of the experiment. Values (for the
total population) were somewhat erratic between 0900 and 1700, but
remained within the range of 2.70 - 4.07 mg C/hr/mg chl-a. After
1700, however, the decrease was significant, reaching its lowest
value of 1.14 mg C/hr/mg chl-q at 2100. The maximum value of 3.26 mg
C/hr/mg chl-a, reached by the end of the experiment was similar to

the maximum measured the previous morning.
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FIGURE 19

‘Graph of Surface Assimilation Ratios, mg C/hr/mg chl-a,

for the Total Population (X —— X) and Nanoplankton
Fraction (0 --- 0) for Day A.
FIGURE 20

Graph of Surface Assimilation Ratios, mg C/hr/mg chl-a,
for the Total Population (X —— X) and Nanoplankton

Fraction (0 --- 0) for Day A.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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C. Surface-Depth Series - Day C, Figures 21, 23, 25;
Table 6, Tables A13, Alhi.

The concentration of chlorophyll a at the surface showed little
variation during the sampling period, with most values within the
range of 0.50 - 0.75 mg/m3 (Figure 21). Due to weather conditions,
sampling at 30 meters was terminated after 2300. Up to that time,
however, the chlorophyll a at the lower depth was slightly less
than found at the surface, with an overall range of 0.57 - 0.72 mg/ms.
As with the surface samples, there was no indication of any
rhythmical variation.

Photosynthetic potential (Figure 23) at the surface showed a
definite diel pattern, with a significant decrease in values after
1500. The minimum occurred between 1900 and 0100, but increased
steadily after 0100 until the end of the experiment. Values in the
morning were fairly constant between 0900 and 1500 with a range of
1.71 - 1.83 mg C/m3/hr. Minimum values for the photosynthetic
potential fell in the range 0.77 to 0.85 mg C/m3/hr, between 1900
and 0100.

The photosynthetic potential at 30 meters was more erratic,
with no apparent diel variation. The decrease from the maximum at
1100-(1.03 mg C/ms/hr) may signify a decline, but this cannot be

verified as sampling was terminated after 2300. The low values at
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FIGURE 21

Graph of Chlorophyll a Concentration, mg/mg, for
Surface Samples (X —— X) and 30 meters (0 --- 0).

Day C.

FIGURE 22

Graph of Chlorophyll a Concentration, mg/ms, for

Surface Samples (X X) and 30 meters (0O --- 0),

Day D.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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30 meters were similar to the minima measured for the surface samples.
Minimum values were measured between 1300 and 2300 with a range of
~0.55 = 0.77 mg C/ms/hr.

The assimilation ratios at the surface, (Figure 25), also
showed a diel variation. Values decreased from a morning maxima
to a minimum during the late afternoon, and then increased until
the end of the experiment. Values calculated for the morning (between
0900 and 1300 hours) varied between 2.39 and 2.53 mg C/hr/mg chl-a,
which was similar to the ratic of 2.78 mg C/hr/mg chl-a obtained
at 0700, at the end of the experiment. The minimum assimilation
ratio occurred at 1900, with a value of 0.96 mg C/hr/mg chl-a.

A diel variation in the assimilation ratios at 30 meters was
not apparent. Values decreased from a morning maximum to low values
during the dark period, but did not show any subsequent increase.
The maximum occurred at 1100 with a value of 1.81 mg C/hr/mg chl-a,
but the remaining values were within the range of 0.81 - 1.17 mg
C/hr/mg chl-a.

D. Surface-Depth Series - Day D, Figures 22, 24, 26;

Table 6, Tables A13, Alu.

As was found during Day C, neither the surface or the 30 meter
samples showed any diel variation in chlorophyll a concentration
(Figure 22). Unlike Day C, however, the 30 meter samples had a

slightly higher chlorophyll a concentration than found at the surface.
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FIGURE 23

Graph of Photosynthetic Potential, mg C/ms/hr, for
Surface Samples (X —— X) and 30 meters (0 --- 0),

Day C.

FIGURE 24

Graph of Photosynthetic Potential, mg C/ms/hr, for
Surface Samples (X -——— X) and 30 meters (0 --- 0),

Day D.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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The range in values at the surface was 0.35 - 0.57 mg/m3 while
the 30 meter samples varied between 0.38 and 0.61 mg/mS.

The photosynthetic potential measurements at the surface
showed a diel variation, decreasing from a midday maximum, to the
lowest values near the onset of the dark period (Figure 24). From
the minimum, the photosynthetic potential increased steadily until
the end of the sampling period.

Except for a very high value at 0900 (1.94 mg C/m3/hr), the
period from 1100 to 1700 hours had a fairly constant photosynthetic
potential, with wvalues between 1.37 and 1.42 mg C/ma/hr. After
1700 the photosynthetic potential decreased rapidly, to a minimum
of 0.85 mg C/ms/hr at 2100. The values at 0700, 1.37 mg C/ms/hr
was similar to values found duing the previous morning.

Although a diel variation occurred at 30 meters, the magnitude
of the variation was not as great as for the surface samples. The
photosynthetic potential decreased frcm a morning maxima to its
lowest value just prior to the dark period. However, because of a
low value at 0700, it is not clear whether the photosynthetic
potential was increasing again towards the end of the experiment.

The maximum occurred at 1300, with a value of 1.25 mg C/ms/hr.
After 1700 the photosynthetic potential decreased to a minimum at
2100 of 0.73 mg C/m3/hr. Values remained low between 2100 and 0300
(range of 0.73 - 0.79 mg C/ms/hr) and then increased to 0.96 mg C/ms/hr

by 0500.
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FIGURE 25

Graph of Assimilation Ratios, mg C/hr/mg chl-a,
for Surface Samples (X —— X) and 30 meters

(0 --- 0), Day C.

FIGURE 26

Graph of Assimilation Ratics, mg C/hr/mg chl-a,
for Surface Samples (X —— X) and 30 meters

(0 --- 0), Day D.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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The assimilation ratios (Figure 26) for the surface samples
also showed a diel variation similar to that measured for the
photosynthetic potential, decreasing after 1300 to a minimum just
prior to the dark period. The ratios then increased until 0500
but decreased at 0700.

Maximum values ranged between 3.46 - 4.11 mg C/hr/mg chl-a
(0900 - 1300 hours), while the minimum ratio of 1.97 mg C/hr/mg
chl-q occurred at 2100. By 0500 the tollowing day, the assimilation
ratios had increased to a value of 3.50 mg C/hr/mg chl-a, which
was similar to values measured the previous morning.

The assimilation ratios calculated for the 30 meter samples
showed slightly lower values after 1300, but no diel variation
was apparent. The maximum occurred at 0800 with a value of
2.76 mg C/hr/mg chl-a, but most of the values after 1300 were
between 1.32 and 1.72 mg C/hr/mg chl-a. When compared with the
surface samples the assimilation ratios at 30 meters were consistantly
lower, although the difference between the two was less during dark

period.
E. A Comparison of Surface Samples - Total Population

. Overall, four separate experiments were carried out dealing
with the total population in surface waters.

As already mentioned, there were no diel variations in
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chlorophyll a, although there were differences in concentration
between days. Day A, B and D were all similar with most values
between 0.3 and 0.8 mg/m3 while values on Day C were slightly
higher, ranging between 0.6 and 1.2 mg/m3.

All four days showed a diel variation in the photosynthetic
potential, decreasing from a midday maxima toAminimum values just
prior to the dark period. Generally, the photosynthetic potential
increased during the dark period, with values at the end of the
experiments, similar to those recorded the previous morning.

The lowest photosynthetic potential was recorded on Day A,
which ranged between 0.38 and 0.93 mg C/ms/hr, while slightly
larger values were found on Days B, C and D, with ranges of
0.54 - 1.72, 0.77 -~ 1.83 and 0.85 - 1,94 mg C/ms/hr respectively.

Assimilation ratios for all four days also showed diel changes,
with a maxima during the morning, and decreasing to lower values
at the end of the light period. During the dark period the ratios
increased until sampling was terminated. On Day A the minimum was
reached at midday, but values remained low until the beginning of
the dark period.

The assimilation ratios on Days A and C had similar maxima
(2.28 and 2.78 mg C/hr/mg chl-a respectively) but these were lower
than values measured during Day B (4.07 mg C/hr/mg chl-a) on

Day D (4.11 mg C/hr/mg chl-a). Minimum values for Day A, B and C
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were similar, near 1.0 mg C/hr/mg chl-a, but Day D had a somewhat

higher minimum, 1.37 mg C/hr/mg chl-a.
IV. Laboratory Experiments - Ocean Station P

Three sets of laboratory experiments were carried out to
determine what effects the altering of light-dark cycles had on
chlorophyll a, photosynthetic potential and total particulate volumes.
The preservation of water samples made it necessary, as with other
Station P samples, to interpret the data without the total particulate
volume measurements. Therefore, only total chlorophyll, photosynthetic
potential and assimilation ratios will be discussed.

The different laboratory experiments will be referred to as
Experiment A, Experiment B and Experiment C. Two sets of conditions
were set up in each experiment, and will be referred to as the control
culture, (C), in which light-dark cycles were not altered and lab
culture (L) which was subjected to different light-dark regimes.

A. Lab Experiment A Figures 27, 29, 31;

Table 7, Tables A13, Alu.

After allowing the populations to adjust to the new temperature

and light regimes for three days, the lab culture was held in the dark

during the fourth day and samples collected every three hours. The control




7

TABLE 7

Maximum-minimum values for chlorophyll a concentration,

photosynthetic potential and assimilation ratios for laboratory

experiments.

Numbers in parenthesis indicate the time of measurement.

Day Chlorcphyll a Photosynthetic Total Particulate
(mg/m®) Potential3 5 Volume o
(mg C/hr/m”) (p"/ml x 4107)
max. min. max. min. max. min.
Experiment A 1.77 1.28 3.97 1.59 3.12 0.90
Lab Culture (0600) (1200) (1200) (0600) (1200) (0600)
2.91 1.24 1.84 0.95
(1800)  (1500) (1800) (1500)
Cohtrol Culture 1.99 1.40 1.66 0.87 0.92 0.54
(0600) (0300) (0300) (1500) {0300) (1500)
1.96 1.68
(0900) (1200)
Experiment B 1.261 1.13 3.20 1.172 2.89 1.0142
Lab Culture (039007) (0300) (2100) (090C%) (2100) (09007)
1.24 1.06 1.47 1.231
(1800) (1500) (1200) (03007)
Control Culture 1.1'41 0.8l+2 2.691 0.58 0.802 C.u7
(09007)  (09007) (09007) (2400) (03007)  (2400)
1.25 1.05 2.37
(1800) (1200) (1200)
Experiment C 0.81 0.70 1.50 0.70 1.85 0.86
Lab Culture (0600) (2100) (0600) (2100) (0600) (2100)
0.96 2.4y 2.61
(0900) (0300) (1200)
Control Culture  0.95 0.83 1.79 0.39 1.88 0.u44
(0600) (1800) (0600) (2100) {0600) (2100)
1.94 2.30 |
(0900) (0900)

1 P g
Initial measurement of the experiment.

>
Final measurement of the
experiment.
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FIGURE 27

‘Graph of Chlorophyll a Concentration, mg/ms, for

Lab Cultures (X —— X) and Control Cultures
(0 --- 0), Experiment A.
FIGURE 28

Graph of Chlorophyll a Concentration, mg/ms, for
Lab Cultures (X —— X) and Control Cultures

(0 --- 0), Experiment C.

Horizontal Dark Lines Indicates the Period of No

Measurable Light.
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remained on the same light-dark cycle, with the light period between
0600 and 18CO0.

Chlorophyll a concentration (Figure 27) increased considerably
in both cultures during the experiment. The control increased
steadily, from 1.40 mg/m3 to 1.99 mg/m3. The lab culture decreased
during the first part of the experiment, but increased during the
remaining period. The initial chlorophyll ¢ concentration for the
lab culture was 1.43 mg/ms, which decreased to 1.28 mg/m3 after
3 hours, but then increased to a final value of 1.77 mg/ms. At all
times, except the intial measurement, the lab culture had less
chlorophyll a than the contrcl.

Photosynthetic potential (shown in Figure 29) for the control
culture had decreased during the light period, but then increased
slowly in the dark period during the remainder of the experiment.
The maximum occurred at 0900 with a value of 2.56 mg C/ms/hr, and
decreased to 0.87 mg C/m3/hr by 1500. By the end of the experiment
values had increased to 1.61 mg C/ms/hr.

The photosynthetic potential in lab culture varied erratically,
between a low of 1.24 mg C/m3/hr (1500 hours) and a high of
3.97 mg C/m3/hr (1200 hours). Values tended to decrease towards the

end of the experiment, but at all sampling times they remained

greater than values in the control culture.




80

FIGURE 29

Graph of Photosynthetic Potential, mg C/ms/hr, for

Lab Cultures (X - X) and Control Cultures

(0 --- 0), Experiment A.

FIGURE 30

Graph of Photosynthetic Potential, mg C/ma/hr, for
Lab Cultures (X —— X), and Control Cultures

(0 --- 0), Experiment C.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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Assimilation ratios (Figure 31) calculated for the control
cglture decreased from a maximum at 1200 (midway in the light period)
to a minimum three hours later. Values remained low during the rest
of the light period and first part of the dark period, with a slight
increase three hours before the next light cycle. The maximum ratio
was about 1.68 mg C/hr/mg chl-aq, decreasing to a minimum of
0.54 mg C/hr/mg chl-a at 1500. From 0300 to 0600 the ratic ranged
between 0.81 and 0.92 mg C/hr/mg chl-a.

The assimilation ratios calculated for the lab culture did not

show any regular variation. Overall, values decreased during the
study with a maximum value of 3.12 mg C/hr/mg chl-a at 1200 and a
minimum at 0600 of 0.90 mg C/hr/mg chl-a.

B. Lab Experiment C - Figures 28, 3C, 32;

Table 7, Egbles A13, Alh,

This experiment was identical to Experiment A, except for the
addition of some inorganic nutrients. After pre-conditioning, the
lab culture was kept in the dark during the sampling period, while
the control culture retained the 12 hour light - 12 hour dark cycle.
Lights were turned on at 0600 and off at 1800.

Chlorophyll a concentration (Figure 28) in the contrecl culture
did not change during the light period, but a slight increase was
measured during the dark period. Values ranged between 0.83 and

0.95 mg/ms. Chlorophyll a in the lab culture decreased during the
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FIGURE 31

Graph of Assimilation Ratios, mg C/hr/mg chl-a,

for Lab Culture (X

X) ané Control Culture

(0 --- 0), Experiment A.

FIGURE 32

Graph of Assimilation Ratios, mg C/hr/mg chl-a,
for Lab Culture (X ——- X) and Control Culture

(0 --- 0), Experiment C.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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first 15 hours of the experiment, but then increased slightly until
the end. Up until 1800, the chlorophyll « concentration in the
. control culture was slightly less or about equal to the lab values,
but after that time, the concentration in the lab culture decreased
relative to the control. From an initial concentration of
0.70 mg/ms, the control culture increased to 0.96 mg/m3 at 0600.
The lab culture decreased from 0.96 mg/m3 at 0900 to 0.70 mg/m3
at 2400, but than increased to a final concentration of 0.81 mg/ma.
Photosynthetic potential (Figure 30) showed a diel variation
in both the control and lab cultures, with a maximum at the beginning
of the experiment, and a minimum three hours after the start of the
dark period. The lab culture had higher values throughout the
experiment, but the differences were less during the dark period.
The control culture decreased from a value of 1.383 mg C/m3/hr
at 0900 to a minimum of 0.39 mg C/ma/hr at 2100, and then increased
to 1.79 mg C/ma/hr at 0600, when sampling was ended. The lab culture
showed a similar pattern, with a maximum photosynthetic potential
of 2.44 mg C/ma/hr at 0900, a minimum of 0.70 mg C/m3/hr at 2100,
and a final value of 1.50 mg C/ms/hr.
Assimilation ratios (Figure 32) calculated for the lab and
control cultures showed similar diel variations with values decreasing
from an initial maximum at 0900 to minimum values in the dark period

(2100 hours) and the increasing until the end of the experiment.
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As was found for the photosynthetic potential measurements, the
assimilation ratios for the lab culture were consistantly higher
than those for the control.

A maximum ratio of 2.30 mg C/hr/mg chl-a occurred at 03800
in the control culture, with the minimum of 0.44 mg C/m3/hr at 2100.
Values at the end of the experiment (0600 hours) had increased to
1.88 mg C/hr/mg chl-a. In the lab culture, a maximum of 2.54 mg
C/hr/mg chl-c occurred at 0900, with a minimum at 2100 of 0.86 mg
C/hr/mg chl-a. The final value for the lab culture was 1.85 mg
C/hr/mg chl-a.

C. Lab Experiment B - Figures 33, 34, 35;

Table 7, Tables A1k, A15.

During this experiment, the two cultures were preconditioned
as with Experiment A. The light-dark cycle in the lab culture,
however, was opposite to that in the control culture, with the light
period for the former between 1800 and 0600 while the light period
for the control was between 0600 and 1800.

The chlorophyll a concentration of both cultures (Figure 33)
varied little over the sampling period, with similar values ranging
between 0.85 and 1.34 mg/ma.

Photosynthetic potential (Figure 34) showed a diel variation
for both cultures, with maximum values occurring in the light periocd

and a minimum during the dark period.
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FIGURE 33

Graph of Chlorophyll a Concentration, mg/ms, for

Lab Culture (X X) and Controcl Culture

(0 --- 0), Experiment B.

FIGURE 34

Graph of Photosynthetic Potential, mg C/m3/hr, for
Lab Culture (X — X) and Control Culture (0 --- 0),

Experiment B.

FIGURE 35

Graph of Assimilation Ratios, mg C/hr/mg chl-a, for

Lab Culture (X

X) and Control Culture (0 --- 0),

Experiment B.

Horizontal Dark Line Indicates the Period of No
Measurable Light. The upper dark line refers to
the lab culture, the lower one refers to the control

culture.
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In the control culture, a maximum of 2.59 mg C/ms/hr was
measured at 0900, while the minimum occurred midway through the
dark period, at 2400, with a value of 0.58 mg C/ms/hr, There was
little increase in the photosynthetic potential, however, during
the remainder of the experiment (0.77 mg C/ms/hr at 0900).

The lab culture reached a maximum value three hours after the
start of the light period, with a value of 3.20 mg C/ma/hr at 2100.
Minimum values occurred in the dark period, with a value of 1.47 mg
C/ms/hr at the beginning of the experiment and 1.17 mg C/m3/hr at
the end.

The assimilation ratics (Figure 35) for the two cultures showed
a pattern similar to the photosynthetic potential, with a maximum
during the light period and a minimum in the dark.

The control culture decreased from a maximum at 1200 of
2.37 mg C/hr/mg chl-a, to a minimum value midway through the dark
period (0.47 mg C/hr/mg chl-a at 2400). There was a slight increase
to the end of the experiment, with a value of 0.80 mg C/hr/mg chl-a
at 0900.

The assimilation ratios in the lab culture increased from a low
value of 1.28 mg C/hr/mg chl-a in the dark period (0900 hours), to
a maximum three hours after the start of the light period (2.89 mg
C/hr/mg chl-a at 2100 hours). Values then decreased until the next

dark period to 1.04 mg C/hr/mg chl-a at 0900,
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DISCUSSION

Diel variations in phytoplankton have been reported in the
literature for cell numbers, chlorophyll concentration and
photosynthetic potential. Several theories have been given for
these variations, and a summary is given in Table 1. Changes in
phytoplankton populations (eg. as a result of grazing or water
transport) changes in chlorophyll concentration within a cell, as
well as an endogeneous mechanism controlling the photosynthetic
_uptake system, have all been suggested as reasons for the variations.

To date, however, there has been no work done in the field to
isolate the cause of the variations, since phytoplankton biomass,
chlorophyll concentration and photosynthetic potential, were never
measured simultaneously. The data given in this discussion will

attempt to clarify the factors responsible for the variations.
I. Inshore Waters - Surface, Station E-2

The total particulate volume, chlorophyll a concentration and
photosynthetic potential at the surface all showed a diel variation,
with maximum values during the day, decreasing to a minimum in the
dark period (Figures 3 and 5). Of the three, however, only photo-
synthetic potential showed a regular, rhythmical variation. The

time of the maximum and minimum values are summarized in Table 2.
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During Days IV and V, both chlorophyll a and total particulate
volume remained higher during the day, decreasing at the onset of
the dark period. The time of the maximum had shifted on Days VI
and VII, however, with the total volume and chlorophyll a increasing
rapidly during the afterncon until the end of the light period.
Values for the total particulate volume and chlorophyll a are similar
to others reported for May and June in the same area (Parsons, 1969;
Stephens et al, 1969).

The change in the timing of the maxima for Days VI and VII, is
undoubtedly due to the initiation of a phytoplankton bloom, which
was not evident on Days IV and V. Cell division apparently took
place around midday, increasing rapidly during the afternoon.
Doubling times during these periods were short - in the order of
six hours. This is faster than most reported cell division rates
(Jitts et al, 1964; Eppley and Sloan, 1965; 1966) but it is probable
that this increase occurs only once every twenty-four or more hours.
The data suggest a synchronized cell division time. Eppley et al
(1971a), reported periodic cell division in cultures of natural
populations, but he had not found any report of synchronous division
in situ, although he acknowledged its probable existance.

During the dark period both the total particulate volume and
chlorophyll a concentration decreased. This night decrease is

probably a result of zooplankton grazing, primarily by euphausiids.
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Barraclough and Herlinveaux (1965) found that the deep-scattering
layer in Saanich Inlet underwent diel variations existing near
100 meters during the day and rising to the surface at night. Their
plankton samples indicated that the one of the principle zooplankton
organisms associated with the layer was Euphausia pacifica. Hoos
(1970) also found that E. pacifica was near the surface during the
dark period (2400 hours).

E. pacifica has a well developed filter apparatus with many
setae and barbs on the thoracic appendages and Nemoto (1967) has
suggested that this is typical of a filter feeder. This conforms
to personal observations of live euphausiids in the field, where many
were seen with green gut contents. Parsons et al (1967) had found that
E. pacifica in Saanich Inlet was able to feed on nanoplankton
material in the size range 4-16 microns. This is similar to the
size distribution of the particulate matter during this study
(data not given) which was in the range 3-9 microns in diameter
(this actually refers to particles having a volume equal to a sphere
of those dimentions).

Unlike the biomass measurements of chlorophyll a and total
particulate volume, the photosynthetic potential showed a more
regular variation. The maximum values were always near midday
(1100-1500 hours) while the minimum occurred at 0100 (Days IV, V,

and VII) or between 2100 and 0100 (Day VI). The regularity of the
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photosynthetic potential suggest mechanisms other than changes in
biomass, and will be discussed subsequently.

A different pattern occurs if chlorophyll a and photosynthetic
potential values are "normalized" for biomass changes. The times
of the maxima and minima are summarized in Table 3. Although the
total particulate volume includes all material in the water, including
detritus, it has been assumed that the non-photosynthetic portion
of the total would remain relatively constant during the sampling
period. This method of measuring phytoplankton biomass has been
7 used previously (Parsons et al 1967; Shelden and Parson, 1967;
Parsons, 1969; Evans and McGill, 1270) and the similarity between
the chlorophyll a and the total volume curves, suggest that the
variations are primarily due to phytoplankton.

It can be seen in Figures 4 and 6 that chlcrophyll a per unit
particulate volume did not vary greatly, and that the pattern was
irregular. There is some suggestion that higher values are found
during the dark period on Day V, VI and VII, but it cannot be stated
whether the changes are significant.

Although chlorophyll synthesis 1is generally felt to occur in
the light, Borograd (1962) has stated that dark synthesis can occur
in several species of algae. This was suggested by the data of
Yentsch and Scagel (1958) but most work with cultures of marine

phytoplankton hawve shown chlorophyll synthesis to occur during the
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light period (eg. Gibor and Meehan, 1961; Eppley and Coatsworth,
1966, Jorgensen, 1966 and Glooschenko, 1967).

The decrease during the light period may be due to photo-
oxidation of the pigment as has been suggested by several authors
(eg.Steemann Nielsen, 1949; 1962; Glooschenko, 1967).

A diel variation in total pigment per cell may account for
variations in photosynthetic potential, but this possibility was
not followed. However, changes in chlorophyll a has been shown to
parallel chlorophyll ¢, (Glooschenko, 1967) or chlorophyll ¢ and
carotenoid pigments (Yentsch and Scagel, 1958; Jorgensen, 1966).
Chlorophyll a is the only pigment which is able to transform light
energy directly into chemical energy (Rabinovitch and Govindjee, 1869)
which may be the reason that better correlation between Clu -
uptake and chlorophyll a than with total pigments, has been reported
(McAllister, et al, 1964; Anderson and Banse, 1965). It was thus
assumed that the effect of the total plant pigment on the photo-
synthetic potential, would be reflected by the chlorophyll a
measurements.

A rhythmical variation was found in the photosynthetic potential
per particulate volume (Figures 4 and 6). Maximum values occurred
in the morning, decreasing to a minimum at the beginning of the
dark period, and increasing again before the next light period,

(see Table 3). The secondary rise at the beginning of the dark period



on Day V cannot be explained. The curve, resembling a sine curve,
is suggestive of some endogereous rhythm, often found in nature
(eg. Hastings, 1960; Pittendrigh, 1960; Bunning, 1964; Cumming and
Wagner, 1968). Such a rhythm has been suggested for the variations
found in photosynthetic potential for phytoplankton by Doty and
Oguri (1957), Yentsch and Ryther (1957), Ryther et al (1958),
Shimada (1958), Lorenzen (1963), McAllister (1963), and Newhouse

et al (1967), although only Newhouse had accounted for changes in
biomass. Diel rhythms in photosynthetic potential per cell have
been reborted in cultures of marine phytoplankton by Jorgensen (1966),
Sweeney (1965), and Paasche (1968).

The actual mechanism for these rhythms has not been found but
Jorgensen (1966) and Sweeney (1965) both found diel variations in
photosynthetic enzymes which would affect the photosynthetic uptake
of carbon. The low values during the dark period for photosynthetic
potential suggest that some 'substance', such as an enzyme or
enzyme~-substrate was depleated during the previous light period and
required a dark period for resynthesis.

One cause of the rhythms found in photosynthetic potential may
be an endogeneous rhythm in chlorophyll content. This was found
for an angiosperm (Mitrakos, 1963) and suggested by Steemann Nielsen
and Jorgensen (1968). However, the chlorophyll a per particulate

volume did not show a diel rhythm, In addition a diel variation in
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the assimilation ratios, photosynthetic potential per unit of
chlorophyll, was also found, (Figures 4 and 6), with a pattern
similar to the photosynthetic potential/volume. The maxima occurred
around midday, and the minima during the middle of the dark period
(Table 3).

Similar rhythms in assimilation ratios (with day maxima and
dark minima) have been reported by Shimada (1958), Lorenzen (1963),
McAllister (1963), Newhouse et al (1967), Malone (1971), and
Eppley et al (1971a). El-Sayed and Mandelli (1965) found the
opposite relationship with higher assimilation ratios during the
period of low light (a 24 hour day in the Weddell Sea) but attributed
the decrease during the day to light injury of the cells.

It appears that the changes in photosynthetic potential are
not a function of biomass changes or of the chlorophyll content of
the cells.

It is alsc felt that these changes are not the direct result of
nutrient, temperature, salinity, or light variations. During the
study, nitrate values did not vary (Appendix I, Table A2), with
concentrations well in excess. Because sampling was done early in
the year (April), and since nitrate concentration was high, it is
unlikely that the phytoplankton were nutrient limited.

There were not enough data points to indicate whether nitrate

was assimilated in a diel fashion. However, in other studies with
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natural populations, nitrate assimilation rates have been shown to
vary (Goering et al 1964; Eppley et al 1970; Eppley et al 1971b), with
an increase during the dark period. FEppley et al (13871b) suggested
a subtle control mechanism such as an endogeneous rhythm, but no
mention was made on whether this might be responsible for the
variations in photosynthesis.

Temperature changes were not large over the period (Appendix I,
Table A4) the greatest range occurring during Days VI and VII
(8.3 - 10.2°C). In addition, the variations in temperature did not
correspond to the variations in photosynthetic potential. Incubator
temperature was kept constant at 8.OOC and the relatively small
differences between the im situ temperature and incubator would
probably not affect the organisms. The above suggests that
temperature is neither the timing nor controlling factor in the
photosynthetic rhythm. This is supported by the lab cultures where
temperature was kept constant, and a rhythm persisted (see Section V
of the Discussion). Sweeney (1963) showed that with Gonyaulax
polyedra, the rhythms in photosynthetic potential were temperature
independent.

Although salinity values varied (Appendix I, Table A5), these
were random due to increased precipitation during part of the
sampling period, and consequently not felt to be a factor in the

photosynthetic rhythms. The lab cultures, kept at a constant
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salinity (Section V) also showed a diel rhythm.

Incident light varies periodically and many authcrs feel that
this may be the timing mechanism toc which the photosynthetic potential
rhythms are set (Hastings and Keynan, 1965). Light, however, is not
the direct cause of the rhythm in this instance, as photosynthesis
was measured at a constant light intensity. Furthermore, the changes
in photosynthetic potential did not parallel the variation in light
suggesting a more subtle mechanism involved. This rhythm was also
found to persist in constant dim light in CGonyaulax (Hastings et al
11961), and in constant dark conditions during a laboratory experiment
done at Station P (Section V).

The light intensity of the incubator was not felt to have
affected the measurement of photosynthesis as it was less than maximum
values for incident light. The long incubation period would offset
any inhibition effect on samples collected during the dark period.

Excretion of dissolved organic matter has been reported by several
authors (Nalewajko, 19663 Anderson and Zeutschel, 1970; Samuel et al,
1971; Thomas 1971) and probably occurred during the measurement of
photosynthetic potential. Thomas (1971) however, suggested that the
time of day would affect the particulate carbon retained more than the
release of dissolved organic carbon. Furthermore,the above authors

have suggested that the most important factor affecting excretion
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FIGURE 36

Below: Graph of Chlorophyll a Per Particulate
3 -12
Volume, mg/y- x 10 , for Surface

Samples, Days IV-VII. Day IV-V — X
Day VI-VII -0

FIGURE 37

Above: Graph of Chlorophyll a Per Particulate
- -12
Volume, mg/u x 10 , at 30 meters,

Days IV-VII. Day IV-V — X
Day VI-VII -0

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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was the physiological stress on the organisms. However,during the
measurement of photosynthetic potential in this study, stress
effects due to temperature, light intensity and nutrients, were
felt to be minimal. It is assumed that although excretion is
probably present, it is either constant or its variation is less
than the variation in particulate carbon retained.

Although it was not possible to collect large numbers of
replicate samples, it is felt that this can be compensated for by
a replicate experiment in time. If similar patterns appear during
these repeated trials, it lends credibilityv to any conclusions. In
all, fours,twenty-four hour time studies were done (Day IV to VII).

It can be seen that the changes in chlorophyll a per particulate
volume (Figure 36) are small with no apparent diel rhythm. The
photosynthetic potential per particulate volume (Figure 38) and
assimilation ratios (Figure 39), however, both show similar diel
rhythms on all four days, with maximum values during the day,
decreasing to a minimum in the dark period, and increasing again
before the next light period. This similarity is taken as evidence

that the observed differences are real.

II. Inshore Waters - 30 Meters, Station E-2

The pronounced changes found at the surface in chlorophyll a,

photosynthetic potential and total particulate volume, were not
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FIGURE 38

Graph of Photosynthetic Potential Per Particulate Volume,

1

mg C/hr/u3 x 10 2, for Surface Samples, Days IV-VII.

Day IV -V — X
Day V - VII -0

Horizontal Dark Line Indicates the Period of No Measurable

Light.
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FIGURE 39

Graph of Assimilation Ratios, mg C/hr/mg chl-a,
for Surface Samples, Days IV-VII.

Day IV - V — X
Day VI - VII - 0

Horizental Dark Line Indicates the Period of No

Measurable Light.
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apparent at 30 meters (Figures 7 and 9; Table #4).

Chlorophyll a concentrations remained essentially unchanged
during Days IV to VI, with only a slight increase occurring during
Day VII. Although values were lower than at the surface, they
were measurable, and comparable to other data collected in June
for Saanich Inlet and surrounding waters (Stephens et al 1969).

Photosynthetic potential also showed little variation during
Days IV and V, but there is an indication of a slight rhythm during
Days VI and VII, with minimum values occurring during the night.

Total particulate volume did not show any periodic variation,
and except for a decrease during the dark period on Day V, values
were fairly constant. Like the surface population, the organisms
fall into the nanoplankton category of Dussard, reported by Shelden
and Parsons (1967), with most of the population between 4 and 16
microns in diameter. The total particulate volume at 30 meters is
similar to the May nanoplankton concentrations at 10 meters, given
in Parsons (1969).

Overall, the 30-meter measurements were considerably less than
found at the surface, with differences between the two depths
increasing during Days VI and VII as a result of the nanoplankton

loom. It was noted however, that the differences were less during

the dark period, when grazing factors reduced the surface biomass.
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The smaller population at 30 meters could be due to either
minimal or constant 24-hour grazing, with the deeper zooplankton
-migrating through this region to the surface at night. Unfortunately,
the variations in the zooplankton population at 30 meters are not
known. However, the data of Hoos (1972) shows a considerable
population of Euphausia pacifica at 25 meters at midnight, but not
at 50 meters, while Barraclough and Herlinveaux (1965) found that
the deep-scattering layer generally rose to near the surface during
the dark.

The light intensity at 30 meters was estimated from subsurface
light measurements, which were done on Day IV and Day VI (see
Appendix I, Table A10). The extinction coefficients for the two days
were 0.203 and 0.204 respectively.

Light may be a limiting factor for phytplankton growth at this
depth, which could explain the lower biomass measurements. The
euphotic zone is often thought to be down to the depth of 1% of the
surface light, near the compensation depth (Strickland, 1965). The
compensation depth during these sampling periods was estimated at
23-25 meters, with the 30 meter sample receiving about 0.2% of
the surface light (between .0005 and .C01 ly/min). Although viable

phytoplankton have been found at depths greater than 0.1% light,
g g

associated with the chlorophyll maximum layer (Anderson, 1969), it
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is not known whether the low biomass at 3C meters is a direct result
of the low light values.

When the chlorophyll a and photosynthetic uptake values were
normalized for biomass changes, there were some periodic variations
found in the photosynthetic potential and assimilation ratios, but
not for chlorophyll a (Figures 8 and 10; Table 5).

Chlorophyll a per particulate volume did not show much change
except for an increase during the dark period on Day V. This dark
increase is also suggested for curves during Day IV and VII, but
not for Day VI. If these increases are real, it would reflect
chlorophyll synthesic as mentioned previously for the surface samples
(page 90). However, the decrease in values during the day cannot
be explained, as photo-oxidation is unlikely to occur at that depth.
Some endogeneous rhythm in chlorophyll a concentration may be
responsible, although the phase is opposite to that expected (ie. higher
values during the day).

Diel changes in chlorophyll per cell for low light intensities
(.0001 - .0004 ly/min) were reported by Glooschenko (1967) for
Skeletonema costatum. Although the light intensities are similar to
those at 30 meters during Days IV-VII, his results were reversed,
with increased chlorophyll per cell during the day. He had also
found increases in situ in chlorophyll @ and ¢, at 50 meters, at

several oceanic stations, and although his measurements were not
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corrected for biomass changes, he suggested the variations were
largely intracellular. Yentsch and Scagel (1958), however, found
no variations in pigment per cell in samples collected at 25 meters.

Photosynthetic potential per particulate volume variations
were not clear at 30 meters, particularly during Days IV and V
where an increase occurred during the dark period. Values for
Days VI and VII showed similar variations as found at the surface
but the magnitude of the changes at 30 meters, were much less
(see Figures 8 and 10; Table 4).

There has been no literature found in which diel changes in
photosynthetic potential were followed at lower depths. Many
authors have hypothesized that phytoplankton living near the bottom
of the euphotic zone had increased chlorophyll content per cell,
as a mechanism for increasing photosynthesis (eg. Steemann Nielsen
and Hansen, 1959; Yentsch and Lee,1966; Steemann Nielsen and
Jorgensen, 1968; Anderson, 1969), but this was for over long periods
of time and no mention was made of daily variations.

Assimilation ratios (Figures 8 and 10) did not show any
consistent variation during Days IV and V, although there is a
possibility of a decrease during the dark period on Dav V. The data
for Days VI and VII were similar to photosynthetic potential/volume
ratios, with maximum values during the day, and decreasing during

the dark period (Table 4). The variations were not as gresat as
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those found in the surface samples. Curl and Small (1965) on the
other hand found little change in assimilation ratios at depths
near the 1% light level.

When the data for both studies, Days IV and V and Days VI and
VII are plotted, it can be seen in Figure 37 that there was no
pattern to the variations in chlorophyll a per particulate volume.
However, there was an indication of a rhythm in photosynthetic
potential (Figure 40) and assimilation ratios (Figure 41), with
maxima during the day and minima in the dark period. This rhythm
is similar to the pattern found in the surface samples but the
amplitude at 30 meters was considerably less. The lack of a rhythm
in chlorophyll a/volume plus the similarity between the photosynthetic
potential/volume and assimilation ratios, indicates that the rhythm
exhibited by the photosynthetic potential is independent of
chlorephyll a.

Temperature, salinity, or nutrient concentration, are also
not believed to be the cause of the variations in photosynthetic
potential. Temperature of the incubator was kept at BOC, which was
the same temperature as found at 30 meters (Table A4), while constant
values for salinity (Table AS) indicated that the same water mass
was sampled each time. Nitrates (Table A2) also did not show any
diel periodicity, with concentrations remaining quite high throughout

the sample period. Light was not felt to be directly causing the
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FIGURE 40

Graph of Photosynthetic Potential Per Particulate
Volume, mg C/hr/u3 X 10_12, at 30 meters, Days IV-VII.

Day IV - V — ¥
Day VI - VII - Q

Herizontal Dark Line Indicates Periods of No Measurable

Light.
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light-dark cycle, (Sweeney, 1960; Hastings et al 1961; McMurray
and Hastings, 1972).
Sweeney (1965) also shewed that these changes were not due

to periodic changes in the photosystem II and suggested that it

did not occur in the photosystem I (see Rabinowitch and Govindjee,
1969). Jorgensen (1866) suggested that the variations in photo-
synthetic potential were due to changes in photosynthetic enzymes,
although he did not state which one(s). In a later paper,

Sweeney (1969) showed that the activity of ribulose diphosphate
carboxylase (the first enzyme involved in the dark reaction uptake
of COQ) underwent periodic variations similar in both phase and
magnitude of change, to the photosynthetic capacity. Furthermore,
it was a change in enzyme activity which was responsible for the
observed differences, and not changes in zubstrate concentraticn
(ribulose diphosphate) or to bicarbonate concentration.

A variation in the enzyme activity was also found in luciferase
(Bode, as was reported by Sweeney, 1969}, which presumably
regulates the diel periodicity in luminescence, found in Gonyaulax
(Sweeney and Hastings, 1962). Diel variations in nitrate and
nitrite uptake rates have also been shown to be regulated by changes
in enzyme activity (Eppley et al 1971b).

Hastings and Keynan (1965) summarized work on the possible

mechanism involved in photosynthetic uptake rhythms in Gonyaulax,
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Salinity was not the cause of the cbserved rhythms, since
values either remained constant, or underwent random changes due
to precipitation. In the lab experiments, salinity was constant,
while variations in photosynthetic potential were still present.

Nutrients were also not responsible for the variations in
photosynthetic potential. Diel variations in nutrient concentrations
have been recorded (Ryther et al, 1961) but were not found during
this study. The lab experiments showed a steady decrease in nitrate,
with a rhythm in the photosynthetic potential still present. Uptake
rates of nitrate, nitrite and phosphate has been shown to undergo
diel variations (Goering et¢ al 1964; Eppley et al 1970; Eppley
et al 1971b) and to have the same phase relationships as photo-
synthetic potential. Uptake rates were not follcwed in this study
and consequently it is not known whether variations in photosynthetic
potential were a result of changes in nutrient assimilation, or
whether both are expressions of some common '"biological clock'.
The latter, however, is suspected.

In Gonyaulax polyedra, the mechanisms involved in the rhythm
of photosynthetic potential have been studied by B.M. Sweeney,
J.W. Hastings, and co-workers. It has been shown by them that the
rhythmicity in photosynthetic potential is persistant for several
days in dim continuous light, is relatively temperature independent,

and that the rhythm pattern can be shifted by changes in the



to show this rhythm when normalized for changes in biomass or
chlorophyll a concentraticn. Furthermore, this rhythm was
observed in all the environments studied - inshore waters at the
surface and at 30 meters (although the rhythm amplitude is dampened
at the lower depth), on two different occasions in time and space
for surface open ocean waters (Station E-1 and Station P) and in
cultures of natural populations of oceanic phytoplankton. This
rhythm was also shown, in these cultures, to continue under
conditions of constant dark. In additiocn, the timing of the
photosynthetic potential rhythms, could be shifted by a change in
the light-dark cycle.

The rhythms were not the presult of daily temperature changes.
In situ temperature variations were slight (at 30 meters they did
not change at all) and the magnitude was always less than 4°c.
Furthermore, changes in photosynthetic potential occurred when
there was no corresponding change in temperature. In addition, a
rhythm was found at 30 meters, although the temperature was constant.
In the laboratory experiments, where temperature was kept constant,
a definite rhythm in photosynthetic pctential remained. This agrees
with the work of Sweeney (1960), in which the periodic
variations in photosynthetic variation were found to be relatively

independent of temperature.
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continuous dim light, cell division, photosynthetic potential and
luminescence all had a diel rhythm persisting for several days.
These rhythms were found to alsc be shifted in timing, by the

exposure to a six hour dark period (McMurray and Hastings, 1972).

VII. The Possibility of Circadian Rhythms

In Marine Phytoplankton

It has been found during the course of this study, that the
measurements of chlorophyll a concentration and total particulate
volume may or may not show a diel periodicity. Variations were
most noticable in a confined, inshore environment, where the mixing
processes were slight, and where there is a very definite

migration of zooplankton to the surface at night. These variations
were less apparent at 30 meters in the iInshore location, and at
both surface and 30 meters in the open ocean.

The variation in chlorophyll a concentration was attributed
to changes in the biomass (thought to be primarily due to grazing)
as seen when the chlorophyll a per particulate volume is calculated.
This value remained fairly constant during most of the investigations,
except for a slight increase during the dark period found on
several cccasions. Chlorophyll a synthesis during the dark was
suggested for the cause of the increases.

On the other hand, photosynthetic potential, while showing a

definite diel periodicity in population measurements, also continued
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decreasing to a minimum near the initiation of the dark period,
and increasing again during the dark. The failure of the phectc-
synthetic potential and assimilation ratios values to reach the
level of the previous light period for Experiment A and B, may be
a result of nutrient depletion as measurzble nitrate decreased to
near zero during the study (Appendix I, Table A7). Experiment C,
which had nutrients added, had photosynthetic potential values at
the end of the experiment similar to initial wvalues. Unfortunately,
it is not known what the limiting nutrient might be.

A diel variation in nitrate was not found and thus is not
felt to be the regulating mechanism of the rhythms in photosynthetic
potential. During all experiments, the temperature was kept
constant, as was the light intensity (except during the dark) and
consequently these factors were not thought to cause the variations.

Experiments A and C were designed to show the continuation of
the photosynthetic rhythm in a continuous cark period. This was
only apparent in Experiment C, although the maximum and minimum
values of photosynthetic potential and assimilation ratios for
Experiment A occurred at the same time.

During Experiment B, after 3 days of preconditioning, the rhythm
of the photosynthetic potential was switched to correspond to a new
light-dark regime. This has also been found in studies with

Gonyaulax polyedra (Sweeney, 1969). She showed that in cultures with
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During Experiment B, the light cycle was set so that the
lab culture had a light-dark cycle exactly opposite to the
control culture.

There was no change in the chlorophyll a concentration
throughout the experiment, with both cultures showing similar
values (Figure 33).

Photosynthetic potential (Figure 34; Table 7) had a definite
diel variation in both the lab and control cultures, with maximum
- values in the first part of the light period, and a minimum during
the dark period. The control culture, however, did not show much
increase during the dark period.

Assimilation ratios were similar (Figure 35; Table 7). Both
cultures had maximum valuss during the light period, decreasing
in the latter part of the light period to a minimum during the
dark period. There was some increase again in the ratios during
the dark period, but this was less in the control culture.

The changes in photosynthetic potential and assimilation ratios
found during the laboratory experiments suggest periodic changes
in the photosynthetic mechanism. The chlcrophyll a concentration
did not vary in any periodic manner, and the changes in assimilation
ratios suggest that the photosynthetic rhythm found, was independent
of variations in the chlorophyll a concentration within a cell.

The timing of the rhythm found in the experiments was similar

to those found Zm situ at Station P, with morning or midday maxima,
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A diel variation iIn assimilation ratios was found in the control
culture for both Experiment A and C, with maxima at the beginning
of the light cycle, and minima just prior to the dark pericd
(Figures 31 and 323 Table 7). Both experiments showed a subsequent
increase during the dark period. The lab culture in Experiment A
was erratic, but maximum and minimum values corresponded to those
in the control culture. During Experiment C, the assimilation
ratios for the lab culture paralleled values for the control culture.
On both occasions, however, the lab values were greater than found
for the control culture.

The higher photosynthetic potential measured in the lab
cultures is surprising, since in both experiments the chlorophyll a
concentration for the control cultures were equal to, or greater
than in the lab culture. The higher assimilation ratios
indicate a greater efficiency in the photosynthetic uptake per
unit of chlorophyll a. Yentsch and Reichert (1963) found that
oxygen evolution per unit of chlorophyll a at light saturation
increased during the dark period reaching a maximum after 24 hours
of darkness.

It has been previously suggested (page 92) that some prerequiste
or 'substance', required for the photosynthetic uptake of carbon,
may be built up during the dark. The lab culturs, kept in continuous
dark, would then have relatively more of this unknown element than

the control culture.
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decrease in chlorophyll relative to the control culture. However,
this does not explain the increases in the dark which occurred in
both cultures. Dark synthesis of chlorophyll a has been suggested
earlier in the thesis (page 90 ), and may be cccurring here as well.
More likely, the increases during the experiments are a result

of cell division, while grazing by microzcoplankton, not removed
by the plankton netting (100 - micron mesh), could account for

the decreases observed.

The control cultures of Experiment A and C both showed a diel
variation in photosynthetic potential (Figures 29 and 30; Table 7).
These values decreased during the light period to a minimum either
just prior to the dark pericd (Experiment A) or just after its
initiaticn (Experiment C). An increase during the dark period was
found in both studies, but only Experiment C values reached a level
comparable to the start of the sampling.

The lab culture for Experiment A did not show any regular
variation, except that the maximum occurred in the first part of
the light period, and the minimum corresponded to the minimum of the
control culture. The results from Experiment C were different,
with the lab culture having a rhythm in photosynthetic potential
identical to the control culture. In both experiments, the lab

cultures had higher photosynthetic potential than in the control.
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diel variations in photosynthetic potential remained during a
continuous dark period, and whether the phase of the rhythm could
be shifted by a change in the light-dark cycle.

In Experiments A and C, both control and lab cultures were
pre-conditioned for three days on a 12:12-hour light-dark cycle.
After the dark period of the third day, the lights in the lab
culture were kept off.

During Experiment A, the chlorophyll a concentration increased
continucusly throughout the sampling period with the control culture
showing consistantly higher values (Figures 27). However, the
increase in chlorophyll a was not as great during Experiment C.
During that experiment, values for the lab and control culture
were similar until midway through the sampling period, after which
the control culture showed a higher concentration of chlorophyll a
(Figure 28). There was no indication of a diel variation in either
experiment.

It is not known whether these changes were a result of popula-
tion changes, or whether chlorophyll a per cell was changing as
well. Chlorophyll a is said to require light for synthesis from
protochlorophyll a (Virgin, 1958; 1964) and the continucus dark

treatment of lab cultures could have resulted in a
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Nitrate values (Appendix I, Table A8) were always high,
suggesting, as was concluded by McAllister et al (1960) for the same
location, that nutrients were not limiting. There was no rhythmical
variation in nitrate values. Light, as was explained for Stations
E-1 and E-2, in the previous sections, was felt not to be the
direct cause of the rhythm.

The diel variations in chlorophyll a and photosynthetic
potential may be caused by changes in biomass, such as grazing or
water transport. This has been suggested as a partical cause at
Station P by McAllister (1963). However, it has been shown for
the oceanic waters at Station E-1, and for the samples collected
in Saanich Inlet, Station E-2, (Sections I-III), that chlorophyll a
per particulate volume varied to a much lower degree than did the
photosynthetic potential per particulate volume. This fact, plus
the similarity in pattern between the photosynthetic potential
and assimilation ratios at Station P, support the conclusion that
the variations are independent of biomass changes and of chlorophyll
variations within a cell, and are part of some diel rhythm, such

as a biological clock, affecting the photosynthetic mechanism.

VI. Lab Experiments

The lab experiments were conducted on natural populations

collected at Ocean Station P, and were designed to determine whether
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FIGURE 51

Graph of Photosynthetic Potential, mg C/m3/hr,

for Surface Samples, Days A-D.

Day A - X
Day B - O©
Day C - A
Day D - ¥
FIGURE 52

Graph of Assimilation Ratios, mg C/hr/mg chl-a,

for Surface Samples, Days A-D.

Day A - X
Day B - O
Day C - A
Day D - V

Horizontal Dark Line Indicates the Pericd of No

Measurable Light.
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light intensities, over a 24~hcur period. Steemann Nielsen and
Hansen (1959) however, have suggested a greater efficiency for
surface plankton relative to deeper samples on the basis of
increased enzymes for the surface populiation.

The photosynthetic potential for the surface samples were
measured on four different occasions (Days A-D) and are shown in
Figure 51. A similar rhythm was found on all four days, with
maximum values during the morning and a minimum just prior to the
dark period (2100 hours). All days showed a subsequent increase
during the dark periocd to a value near that measured the previous
morning. The assimilation ratios (Figure 52) showed a similar pattern.

The diel rhythms found for the photosynthetic potential and
assimilation ratios are nearly identical to those reported by
McAllister (1963). He found at the same station, a maximum at
1000 and a minimum at 2200. The repeatability of the results
with respect to the different days, suggests that the phenomenon
is real, particularly when McAllister's data, collected in the
summer of 1961, is comparad to those collected during this study,
in the summer of 1969.

Temperature, salinity and nutrients were not felt to be the
cause of the observed variations. Temperature varied little
(Appendix I, Table A9) and while salinity was not measured during

the study it was noted that day to day salinity changes were slight.
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the two depths at Station E-1 is attributed to the mixed nature
of the water column).

The lower efficiency in the photosynthetic uptake mechaniem
during the dark period may be due to the depletion of some
'substance' such as an enzyme or enzyme substrate, or enzyme activity,
which is depleted during the course of the light period, requiring
resynthesis during the dark pericd.

Because the efficiency at the surface during the dark period
was close to the efficiency at 30 meters there is a possibility
that the amount of light available to the organism during its past
history in some way affects the photosynthetic mechanism. The
30-meter samples, because of the low light available, would be
unable to produce as much of the above mentioned 'substance' as
would the surface samples, and hence the lower photosynthetic
potential per unit of chlorophyll a. During the dark period, the
surface efficiency decreases due to the depletion of the 'substance'
but because of the past history of the cell (ie. exposed to higher
light intensities) it is able to resynthesize more of this unknowvm.
The synthesis of this substance may be regulated by some biological
clock mechanism, and is discussed more completely in Section VII of
the discussion.

Unfortunately, there has been no literature found for the

measurement of assimilation ratios in phytoplankton grown at different
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The differences in assimilation ratios between the surface
and 30 meters are similar to those found for photosynthetic
potential. Values measured during the surface minima were
closer to the 30 meter values than at other times of the sampling
period.

There is the possibility of light inhibition from the incubator
in the 30 meter samples during the photosynthetic uptake measurement.
Light at 30 meters was near 1% of the surface light (a maximum of
0.002 ly/min) for Day C and 6% on Day D (a maximum of 0.008 ly/min),
compared to the incubator light of 0.026 ly/min (see Appendix I;
Table A10). However, it was concluded that inhibition over the
four hour incubation period was minimal in studies done in Saanich
Inlet (Section II of the discussion) and it is felt that the
relatively low light of the incubator (less than the observed
maxima for incident light) would not affect the photosynthetic
uptake to any large degree.

The efficiency of the photosynthetic mechanism, as reflected
by the assimilation ratios, has been shown to be greater at the
surface than at 30 meters, but the differences between the two depths
were less during the time of the surface minima. A similar
phenomena was fcund in Saanich Inlet (Station E-2) during Day VI
and VII, with a suggestion of it occurring on Days IV and V as

well (see Section II of the discussion). (The similarity between
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the opposite, with the 30-meter samples having higher values
(Figure 22).

For the surface samples, both Days C and D showed a higher
chlorophyll a concentration in the aftermoon, followed by a slight
decrease towards the dark period (Table 6). This is similar to
Days A and B but again caution is required due to the low chlorophyll
concentrations. As was suggested previously, grazing effects plus
possible chlorophyll synthesis could account for the patterns found.

Photosynthetic potential showed a definite diel variation
at the surface for both Days C and D (Figures 23 and 24; Table 6)
with maximum values measured in the merning. Values decreased during
the late afternoon to a minimum by the start of the dark period,
with subsequent increases during the night. At 30 meters, the
photosynthetic potential was much lower, but during Day D, there
is a suggestion of a variation similar to the surface samples,
although the amplitude of the rhythm was much smaller. Differences
between the surface and 30-meter samples were found to be less
during the dark period.

The assimilation ratios also showed a diel variation (Figures 25
and 26; Table 6). Maximum values were measured near midday
decreasing to a minimum at the end of the light period (1900 hours -

Day C) or beginning of the dark period (2100 hours - Day D). Values

then increased again during the dark period.
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It is not known what factors were affecting the chlorophyll a
concentration in this study. Earlier in this thesis, the chlorophyll a
per particulate volume was shown to be relatively constant, and that
changes in chlorophyll a concentration were due mostly to changes
in biomass.

Photosynthetic potential showed a diel variation, although the
pattern was not exactly symmetrical between the two days (Table 6).
Maximum values were found in the morning, and decreased tc the
minimum either in the late afternoon (Day A) or at the beginning
of the light period (Day B). On both days, however, subsequent
increases did not occur until the dark period.

Assimilation ratios also showed a diel variation (Figures 19
and 20; Table 6) similar to but not symmetrical with, photosynthetic
potential. Lowest values on Day A were reached in the afternoon,
after a morning maximum but did not show any increase until the
dark period. Day B decreased from a midday maximum to a minimum in
the dark periocd, and then increased again. On both days the dark
period increase in assimilation ratios occurred at 2100 hours.

Samples for both the surface and 30 meters were collected on
Days C and D. During Day C, the 30-meter sampling was terminated
at 2300 hours, but the data obtained indicated only slightly higher

chlorophyll concentrations at the surface (Figure 21). Day D, showed
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groups for either chlorophyli a concentration (Figures 15 and 16)
or in photosynthetic potential (Figures 17 and 18). This is not
unexpected as the pore size cf the netting used for separation
(44 microns) was quite large, and would allow the bulk of the
particles to pass through. The small size of the phytoplankton
has been reported before, for the same location {McAllister, et al
1960). The plankton classification of Dussard (given in Sheldon
and Parsons, 1967) places nanoplankton between 4 and 20 microns.
In an inshore location such as Saanich Inlet, the 4U4-micron netting,
on occasion, would separate out many organisms, particularly chain
diatoms such as Skeletonema sp. and Chaetoceros sp. However,
microscopic examination of samples at Station P showed only single
celled diatoms such as Cosecinodiscus sp. and Nitzschia sp. plus
unidentified flagellates - all less than 20 microns in diameter or
length.

Chlorophyll a concentration did not wvary much during Day A, but
on Day B, a maximum in the morning and afterncon followed by a
decrease in the dark period, was noted (Tabtle 6). This same pattern
was also found by McAllister (1963) at the same location, but as
he pointed out, the changes are close to the limit of precision of
the analytical procedure. McAllister's suggestion was that grazing
could account for the decrease at night, while pigment synthesis
(or cell division) could account for the increases in the afternoon

and morning.
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an endogeneous rhythm affecting the photeosynthetic mechanism, but
not caused by changes in chlorophyll a. As was found for the
inshore waters and the surface oceanic waters, temperature, salinity
and nutrients {Appendix I, Tables A3, A5 and A1, respectively) did
not show any pattern which could be the cause of the variations
measured.

The amount of light available at 30 meters (0.001 - 0.002 ly/min)
was calculated to be 0.8% of the surface light which was considerably
less than in the incubator (.052 ly/min) (see Appendix I, Table A1C).
Howewver, it is felt +that light inhibition during the measurement
of the photosynthetic uptake was not significant, as the phyto-
plankton would normally be exposed to a wide range of light intensities
because of water mixing.

Although incident light shows a general daily variation, the
changes in the light intensity at 30 meters were varied and slight.
Because changes in photosynthetic potential occurred at times when
the incident light was not changing, it is believed that the rhythms
report are not directly caused by variations in light. This is
similar to conclusions made for inshore and surface oceanic waters

(Sections I-III).

V. Oceanic Waters - Ocean Station P

During the studies of total and nanoplankton populations at

the surface, there were no measurable differences between the two
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FIGURE 50

Graph of Assimilation Ratics, mg C/hr/mg chi-a,
at the Surface (X —— X) and at 30 meters

(0 --- 0), Days I and II.

Horizontal Dark Line Indicates the Period of

No Measurable Light.
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FIGURE 41

'Graph of Assimilation Ratios, mg C/hr/mg chl-a,
at 30 meters for Days IV-VII.

Day IV -V — X
Day VI - VII - O

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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rhythms that were found,as changes in intensity at 30 meters were
slight, and the variations were not in phase with ths photosynthetic
rhythm. These conclusions are the same as found for the surface
samples (Sectiocn I).

When the chlecrophyll g per particulate volume at the surface
and 30 meters were compared (Figures 42 and 43), it was found that
the latter was consistently lower in value. This may be an artifact
caused by an increase in detritus at that depth, which would be
included in the measurement of total particulate volume. As
already mentioned (page 90) the opposite has been suggested by
several authors. Similarly, the photosynthetic potential per
particulate volume was lower at 30 meters (Figures 44 and 45) which
also may be due to increased detritus.

A comparison of the assimilation ratios (Figures 46 and 47)
indicate that the differences between the higher surface values and
30 meter samples are less than that with either chlorophyll a/
volume or photosynthetic potential/volume. There is also a
suggestion that the surface assimilation ratios, measured during
the time of the minimum, are closer in value to the 30 meter samples,
than at other times in the day. This finding is discussed more
fully in Section V.

The data of the assimilation ratios support the theory that the

lower values for chlorophyll a/volume and photosynthetic
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FIGURE 42

Graph of Chlorophyll g Per Particulate

A
i

Volumne, mg/u3 x 10~ 2, at the Surface
(X —— X) and 30 meters (0 --- 0),

Day IV-V.

FIGURE 43

Graph of Chlorophyll a Per Particulate
3 ~-12

Volume, mg/u  x 10 , at the Surface

(X —— X) and 30 meters (0 --- 0),

Day VI-VII.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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FIGURE 44

Graph of Photosvnthetic Potential Per Particulate
Volume, mg C/hr/u3 x 10—12, at the Surface (X —— X)

and 30 meters (0 --- Q), Days IV-V.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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FIGURE 45

Graph of Photosynthetic Potential Per Particulate

12

Volume, mg C/hr/u3 x 10 °°, at the Surface (X —— X)

and at 30 meters {0 --- 0), Days VI and VII.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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FIGURE 46

Graph of Assimilation Ratios, mg C/hr/mg chl-a,
at the Surface (X —— X) and 30 meters (0 --- 0),

Days IV and V.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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FIGURE 47

Graph of Assimilation Ratios, mg C/hr/mg chl-a,
at the Surface (¥ —— X) and 30 meters (0 --- 0),

Days VI-VII.

Horizontal Dark Line Indicates the Period of No

Measurable Light.
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potential/volume at 30 meters, can be partly explained by the
increase in detritus. Sheldon and Parsons (1967) state that both
particle size and concentration mav increase with depth because of
settling.

It is also possible that there is some light injury of cells
in the 30 meter samples, due to the relatively higher light
intensities in the incubator compared to inm situ values. This
would lead to an underestimate of both photosynthetic potential/
volume and assimilation ratios. Unfortunately, this possibility
was not followed. t should be ncted, however, that photosynthesis
at 30 meters was not completely (if at all) inhibited, and that
during Days VI and VII at least, there is some indication of a
diel variation. The similarity of the assimilation ratios values
between the surface samples and 30 meters, also suggests that there

is little light inhibition at the lower cdepth.

III. Oceanic Waters - Surface, Station E-1

During the first day and a half of sampling, chlorophyll a,
photosynthetic potential, and total particulate volume (shown in
Figure 11, and summarized in Table 2) decreased from a maximum in
the afternoon to a minimum in the dark period, increasing again
before the start of the next light period. However, both chlorophyll a

and total volume decreased again during the morning of Day II.
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Neither chlorophyll a nor tectal particulate volume showed
any pattern to the variations after about 1700 hours on Day II.
This was probably a result of storm conditions which had developed,
with seas reaching a height of 25-30 feet.

Photosynthetic potential, however, increased during Day II
to a maximum in the afternoon and decreased again into the next
dark period. The maximum on Day III was near midday, but the
afternoon decrease was followed by a rise in values during the
third dark period.

The low values for chlorophyll a and total particulate volume
during the dark period of Day I may be due to grazing, as has been
suggested by Ryther et al (1961), McAllister (1963), and Wood and
Corcoran (1966). After Day I, storm conditions would probably
obscure grazing effects, by continuously mixing and by possibly
affecting the zooplankton.

The normalized values for photosynthetic potential, chlorophyll a,
and assimilation ratios, are given in Figure 12 with the maxima and
minima summarized in Table 3. Chlorophyll a per particulate volume
did not show a regular pattern over Day I and II, and fluctuated
very little. Conversely, photosynthetic potential/volume showed
a definite diel variation with the maximum occurring in the
afternoon (Day I) or morning (Day II). Minimum values on both days

were measured at the beginning of the dark period. Assimilaticn
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ratios paralleled photosynthesis except that the maximum of Day II
was shifted to the afternoon.

Both photosynthetic pctential per particulate volume, and
assimilation ratios were higher during Day II, than in Day I.

This was not found in the inshore samples, and the reason for its
occurrence here is not clear. The increase in wind and sea activity
may be one explanation, with increased agitation stimulating carbon
uptake by the organisms. It had been noticed on previous cruises
that plankton filtered through netting tended to have a higher
upteke of carbon-14, than samples that were not filtered.

The data for the chlorophyll a per total particulate volume
are not in agreement with Glooschenko (1967). He suggested that
the changes in chlorophyll in the N.E. Pacific were too great to
be accounted for by grazing. Wood and Corcoran (1966) however,
felt that variation in chlorophyll a were due to changes in cell
numbers.

The diel variations in photosynthetic potential reported here
are similar to those of Doty and Oguri (1957)., Ryther et al (1958),
Shimada (1958), McAllister (1963) Goering et al (1964) and
Eppley et al (1971a, for culturcs of natural populations). although
the time of the maxima varied between the morning and afternoon.
None of the above studies, however, were actually corrected for

changes in biomass.
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The diel variations in assimilation ratios agrees with
McAllister (1963) and Eppley et al (1971a) but not with Shimada
(1958) or Malone (1971). Malone, however, only tested morning
and afternoon changes and not during the dark period.

These data indicate that an endogeneous rhythm affecting the
photosynthetic uptake mechanism but independent of chlorophyll a,
is present, similar to that already discussed for the inshore
waters in Sections I and II of the discussion.

Nitrates, temperature and salinity measurements (Appendix I,
Tables A1, A3, A5, respectively) showed little variation during
the study and are not felt to be the mechanism in controiling the
variations in photosynthetic potential. Although incident light
varied during the day, the fact that the photosynthetic potential
per particulate volume increased in value during the dark period,
suggests a more subtle mechanism than the direct influence of

light.

T

IV. Oceanic Waters - 30 Meters, Station E-1

The data from 30 meters is very erratic (Figure 13, Table 4).
Only during Day I is any variation noted for chlorophyll a concentra-
tion or photosynthetic potential, with a decrease in values during
the dark period. No variation was found for total particualte

volume. The random variability of the data is more apparent after
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FIGURE 48

Graph of Chlorophyll a Per Particulate Volume,

12

mg/u3 x 10 ~°, at the Surface (X —— X) and

30 meters (0 --- 0), Days I and II.

Horizontal Dark Line Indicates the Period of

No Measurable Light.
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the middle of Day II, suggesting influences by the storm as was
found at the surface.

The normalized data is shown in Figure 14, with the times of
the maxima and minima summarized in Table 5. Chlorophyll a per
particulate volume did not show regular or large variations during
Day I and II. However, with both photosynthetic potential per
unit volume, and assimilation ratios, there is a suggestion of a
diel rhythm. The maxima occurred during the day, decreasing into
the dark period, although the time of the minimum was variable.
(The increase shown for the dark period, Day I, is probably not
real due to the spread in replicate values). Much higher values
for photosynthetic potential per volume and assimilation ratios
were found during Day II, which may be the result of increased
agitation as suggested for surface samples.

A comparison of chlorophyll a per particulate volume between
surface and 30 meter samples (Figure 48) showed little differences
between the two depths. This was also the case for photosynthetic
potential per volume (Figure 49) and assimilation ratios (Figure 50).
This would indicate a similarity in the plankton populations which
could result from a homogeneous water column, and is supported by
the temperature and salinity data. This mixed layer is not uncommon
for an oceanic environment, (Pickard, 1963).

The diel nature of the variations in photosynthetic potential,

and the parallel pattern shown for the assimilation ratios, suggest




119

FIGURE 42

Graph of Photosynthetic Potential Per Particulate
Volume, mg C/hr/u3 x 10—12, at the Surface (X —— X)

and at 30 meters {0 --- 0), Days I and II.

Horizental Dark Line Indicates the Period of No

Measurable Light.
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based on biochemical inhibitcrs of various reactions or compounds.
They speculated that "rhythmicity is in some way dependent upon
the cells normal ability to synthesize a specific RNA. The action
of this RNA does not seem to be mediated simply through the effect
upon de nova protein synthesis, and its synthesis occurs many
hours before its activity is expressed'. Further postulation by
Sweeney (1969) suggested that permeability changes in membranes
are controlled by the "biological clock" and that these in turn
control the enzymes involved in the rhythms observed.

It has been noticed during this study that the efficiency of
the photosynthetic mechanism (as reflected by the assimilation ratios)
was greater during the day, than in the dark period, but that
differences between the surface and 30 meters in assimilation ratios
was less during the period of the surface minima. It was suggested
by the author that some 'substance' was depleated during the day
which required resynthesis during the dark period. Because of
the similarity of the efficiency between the surface and 30 meters
during the dark period, it was felt that the deeper samples did not
have the same amount of this substance, as present in the surface
samples during the day.

This 'substance' has been suggested in this thesis to be under
the control of some biological clock regulating its synthesis or
activity. Since light energy and/or light quality are two of the

of the obvious differences between the surface and 30 meters,
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it is possible that these may influence the biological clock. Light
quality has been shown to affect photosynthetic pigments and production
rates in marine algae (Wallen and Geen, 1971 a, b) while light intensity
has been shown to influence algae as well (Steemann Nielsen and

Hansen, 1959; Yentsch and Lee, 1966; Steemann Nielsen and Jorgensen,
1968). However, it has been concluded in this thesis that photoperiod
also affects the photcsynthetic mechanism, by being able to alter the
timing of the rhythm. Further work into the effects of light on the
regulating mechanism of the diel rhythms in photosynthetic potential,

is beyond the scope of this thesis.

It can be concluded that the rhythmical variations found for the
photosynthetic potential appear to be the result of an endogeneous
rhythm, regulating photosynthetic uotake mechanism of a cell. These
rhythms are independent of small environmental changes as well as
from changes in incident light. Photoperiodism, however, is probably
responsible for the timing of the rhythm., It is felt by the author
that the results discussed here ccncerning the photosynthetic potential,
follow the definition of a circadian rhythm - eg. a *wenty-four hour
periodic variation which is repeatable in time and space, and controlled

by some internal cellular mechanism.
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CONCLUSIONS

Several marine environments were investigated to determine
the nature of reported diel variations in chlorophyll a, photo-
synthetic potential and cell populations.

It was concluded that measurement of chlorophyll a or total
particulate volume would reveal a diel rhythm only under certain
conditions. These were found to be enhanced by water stability
and periodic zooplankton migration, in which the increase in
zooplankton at the surface resulted in a decrease in the phyto-
plankton population. In areas where this grazing effect was less, or
with greater turbulence, the presence of a diel variation was
reduced or absent. No variation was found at 30 meters in the
inshore environment.

When chlorophyll a and photosynthetic potential were normalized
for biomass changes, it was found that chlorophyll a per particulate
volume varied very little when compared to the changes in photo-
synthetic potential per particulate volume. Slight increases in
chlorophyll a/volume were found during the dark period, suggesting
some chlororhyll a synthesis.

Diel rhythms in photosynthetic potential existed at the surface
at all stations samﬁled, and were attributed to variations of some
internal mechanism, rather than to changes in biomass, or to the

variations of chlorophyll a within a cell.
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Variations in photosynthetic potential at 30 meters were not
as large as at the surface, although it was present. Again, an
internal mechanism was thought to be the cause of the rhythms. It
was suggested that the efficiency of the photosynthetic uptake was
in some way related to the light history of the cells, with
phytoplankton normally exposed to higher light intensities having
a higher photosynthetic uptake per unit of chlorophyll a than those
living at lower light intensities.

Studies with cultures of natural phytoplankton populations
showed that the rhythm in photosynthetic potential persisted under
conditions of continuous dark. The variations were not due to
variations in cellular concentrations of chlorophyll a. In addition,
it was found that the timing of the rhythm could be altered by
changing the light-dark cycle.

The diel rhythms in photosynthetic potential were not the
direct result of changes in temperature, nitrate concentration,
salinity or light. However, light (or photoperiod) was found to
be a factor involved in the timing of the rhythm. It was suggested
by the author that some 'substance', such as an enzyme or enzyme
substrate, was depleated during the light period, which required
resynthesis during the dark period. The rhythmical pattern of the
changes, plus the results of the laboratory experiment, indicated
that some 'biological clock' regulated the variations in photo-

synthetic potential. This hypothesis was supported by work reported
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in the literature.

This study is the only one known in which the diel variation
in photosynthetic potential in natural phytoplankton communities,
has been shown to be independent of both biomass and chlorophyll a
changes. Because the rhythms were found in all environments
examined in the study, as well as being documented in the literature
for natural populations over wide geographical range, and in various
laboratory investigations, it is felt that a diel variation in

photosynthetic potential is ubiquitous among marine phytoplankton.
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SUMMARY

Measurements of chlorophyll a, photosynthetic potential and
total particulate volume were made every two hours for 24,
48 or 72-hour time periods. The stations were located in

both inshore and oceanic environments.

Diel variations in the three measurements were found to occur
in inshore waters at the surface but not at 30 meters
(compensation depth). These variaticns were attributed to

zooplankton grazing during the davrk period.

When corrected for biomass changes only photos&nthetic
potential showed a diel rhythm, with maximum values during

the day and a minimum at night. This was found to occur at

the surface, but was not as apparent at 30 meters. Assimilation
ratios (photosynthetic potential per unit chlorophyll a)

showed a similar diel variation, indicating that the changes

in photosynthetic potential were not due to changes in
chlorophyll a. Chlorophyll a per particulate volume remained
fairly constant except for a slight increase in the dark period,

which was felt to be a result of pigment synthesis.

In surface oceanic waters (Station E-2), photosynthetic potential

showed a diel variation, but this was not always apparent for
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measurenents of chlorophyll a concentration or total particulate
volume. When adjusted for biomass changes, only photosynthetic
potential and the assimilation ratios exhibited a diel variation.
These had similar patterns as found in the inshore waters, with
a maximum during the day and a minimum at night. Agitation by
storm waves appeared to disrupt the rhythm. Samples at

30 meters showed similar results, both with the absolute values
as well as with the normalized values. Mixing of the water
column was thought to be the cause of the similarity between

depths.

Samples at Station P indicated that all of tﬂe phytoplankton
population was smaller than 44 microns in diameter. At the
surface chlorophyll a concentration showed little variation
at the surface or at 30 meters, but a diel rhythm in photo-
synthetic potential was present at both depths. The rhythm
was shown to be independent of chlorophyll a changes, and was
not directly a function of temperature, salinity, nitrate

concentration or variations in light intensity.

Cultures of natural phytoplankton, under constant conditions,
did not show a diel variation in chlorophyll a. A rhythm was
found in the photosynthetic potential measurements, which was

independent of the chlorophyll a concentration. The timing of
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the rhythms were similar to the in situ variations measured
in the same area. The diel rhythm in photosynthetic potential
remained when cultures were kept in continuous dark, and the
timing of the rhythm could be shifted by altering the light-

dark cycle.

It was suggested that the variations in photosvnthetic potential
were a result of changes in some 'substance', which in turn

was regulated by some 'biological clock' mechanism. Furthermore,
the light history of the phytoplankton cells, such as light
intensity and/or light quality were suggested to have an effect

on the magnitude of the photosynthetic rhythm.

It was concluded that the diel rhythms in photosynthetic
potential reflected a circadian rhythm in marine phytoplankton,
independent of temperature, nutrients, salinity and light

intensity, but in some manner set by the light-dark cycle.
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TABLE A1l.

NITRITE-NITRATE CONCENTRATIONS - OCEAN STATION E-1

Surface 30 Meters
Day/Time Nitrite Nitrate Nitrite Nitrate
(pg-at/1) (ug-at/1) (ng-at/1) (ug~at/1)
I ~ 0900 0.08 2.92 0.07 3.51
1500 0.07 2.88 0.06 L.,85
2300 0.06 2.58 0.07 L.64
0700 0.07 2.88 0.09 3.47
II - 1500 0.06 2.96 0.07 2.53
2300 0.07 2.37 0.i1 3.54
0700 0.05 2.52 0.04 4,34
III - 1500 0.08 1.48 0.07 2.31
2300 0.06 2,58 0.06 2.43

0700 0.09 2.84 0.07 2.02
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TABLE A2.

NITRITE-NITRATE CONCENTRATIONS - STATION E-2:

SAANICH INLET.

Surface 30 meters
Nitrite Nitrate Nitrite Nitrate
Day/Time (ug-at/1) (pg-at/1) {pg-at/1) {ug-at/1)
IV - 0900 0.09 1655 0.12 18.50
1500 0.15 16.83 0.10 17.61
2100 0.08 16.74 0.14 17.74
0300 0.15 17.61 0.11 17.87
V. - 0800 0.19 18.60 0.18 13.45
1500 0.12 18.08 0.14 19.06
2100 0.i0 16.26 0.11 24.59
0300 0.07 16.38 0.17 20.19
0700 0.02 18.50 0.13 18.72
Vi - 0500 G.07 8.04% C.2C 2287
1500 0.07 14.83 0.08 19.34
2100 0.08 12.54 0.10 20.50
0300 0.08 13.33 0.17 18.22
VII- 0900 0.09 iu.47 0.09 18.18
1500 0.07 11.63 0.06 20.20
2100 0.05 12.u4C 0.07 20.20
0300 0.08 13.30 0.06 22.03
0700 0.07 12.81 0.03 21.00
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TABLE A3,

IN SITU TEMPERATURE MEASUREMENTS (OC) - OCEAN STATION E-1

Day/Time Surface 30 Meters Day/Time Surface 30 Meters
I - 0500 7.9 7.8 III - 08GO 8.0 8.0
1100 8.0 8.0 1100 8.0 8.0
1300 7.9 7.8 1300 8.0 8.0
1500 8.0 8.0 1560 8.0 8.0
1700 8.6 8.3 1700 8.0 8.0
1300 8.0 8.1 1900 8.2 8.0
2100 8.0 8.0 . 2100 8.2 8.1
2300 8.2 8.2 2300 8.0 8.0
0100 8.2 8.2 0100 8.0 £.0
0300 8.2 8.2 0300 3.1 8.0
0500 8.0 8.0 0500 8.1 8.1
0700 8.1 8.0 0700 8.4 8.4
IT - 0900 8.0 8.0
1100 8.2 8.2
1300 8.2 8.1
1500 8.2 8.2
1700 8.0 8.0
1900 8.0 8.0
2100 8.0 8.0
2300 8.0 8.0
c100 8.5 8.5
0300 8.0 8.3
0500 8.0 8.0
0700 8.0 8.0
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TABLE A4,

IN SITU TEMPERATURE MEASUREMENTS (°C) - STATION E-2: SAANICH INLET

Day/Time Surface 30 Meters Day/Time Surface 30 Meters
IV - 0900 7.8 8.0 VII- 030C 3.0 8.0
1100 8.2 8.0 1100 9.4 8.0
1300 8.8 8.0 1300 10.0 8.4
1500 g.5 8.0 1500 9.5 8.0
1700 8.9 8.0 1700 10.2 8.0
1900 9.3 8.0 1900 10.2 8.0
2100 9.2 8.0 2100 10.0 8.0
2300 8.5 8.0 2300 9.5 8.0
0100 8.5 8.0 0100 9.5 8.1
0300 8.5 8.0 0300 9.2 8.0
0500 8.0 8.0 0500 9.2 2.0
0700 8.0 8.1 0700 9.1 8.0
vV - 0300 8.0 8.0
1100 9.0 8.0
1300 9.0 8.0
1500 9.4 8.0
1700 9.2 8.1
1300 9.2 8.2
2100 9.0 8.2
2300 9.0 8.1
0100 8.8 8.0
0300 8.4 8.0
0500 7.8 8.0
0700 7.9 8.0
VI - 0900 9.0 7.5
1100 9.2 7.6
1300 9.0 8.0
1500 9.5 8.0
1700 92 8.2
1300 9.3 8.2
2100 9.4 8.5
2300 9.3 8.4
0100 9.0 8.1
0300 8.7 7.9
0500 8.4 7.9
0700 8.3 8.0
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TABLE AS.

SALINITY MEASUREMENTS (o/oo): OCEAN STATION E-1

Day/Time Surface 30 Meters

I - 0300 32.15 32.18
1500 32.15 . 32.16
2300 32.01 32.08
07060 32.14 32.15

II - 1500 32.21 32.21
2300 32.21 32.24
0700 32.18 32.19

III- 1500 32.18 32.18
2300 32.12 32.12
0700 32.07 32.08

TABLE AG.

SALINITY MEASUREMENTS (o/oo) - STATION E-2: SAANICH INLET

Day/Time Surface 30 Meters
IV - 0300 29.39 29.82
1700 29.40 29.80
0300 28.06 29.79
vV - 0800 28.44 29.81
1700 29.06 29.80
0100 28.4Y4 29.82
VI - 0800 28.12 29.45
1700 28.66 29.86
0100 27.40 29.47
VII- 03800 28.59 29.80
1700 28.57 29.82

0100 28.66 29.84
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TABLE A7.

NITRITE-NITRATE CONCENTRATIONS - OCEAN STATICN P

Surfuace 30 Meters
Nitrite Nitrate Nitrite Nitrate
Day/Time (ug-at/1) (ug-at/1) (pg-at/l1) (pg-at/1)
A 0900 0.38 6.76 - -
1100 0.26 S.o4 -— -
1300 0.23 6.16 - -
1500 0.17 5.29 - -
1700 0.21 5.87 - -
1300 0.21 5:27 - -
2100 0.19 4.9y - -
2300 0.23 4.73 - -
0100 0.30 5.74 - -—
0300 0.32 5.56 - -
0500 0.26 5.08 - -
0700 0.21 4.9y - -
B 0900 0.38 6.49 - -
1100 0.21 4.71 - -
1300 C.19 4.28 - -
1500 0.19 4,25 - -
1700 0.23 5:45 - -
13900 0.19 4,80 - -
2100 0.18 §,52 - -
2300 0.19 5.04 - -
0100 0.19 5.06 - -
0300 0.19 5.48 - -
0500 0.21 6.66 - -
0700 0.36 4.77 - -
C 0900 0.47 6.83 0.37 7.53
1100 0.33 5.7u 0.31 574
1300 0.30 5.13 N/A N/A
1500 0.31 5.86 0.3 4.16
1700 0.33 4.79 0.30 4.73
1300 0.35 57X +«30 4.96
2100 0.32 5:27 0.34 5.83
2300 0.29 6.41 0.27 7.00
0100 0.28 5.80 N/A N/A
0300 0.31 4.47 N/A N/A
0500 0.29 5.13 N/A N/A
0700 0.30 5.52 N/A N/A

..(cont'd)
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TARLE A7 (cont'd)

Surface 30 Meters

Nitrite Nitrate Nitrite Nitrate

Day/Time (pg-at/1) (pg-at/1) (ng-at/1) {yg-at/1)
D 0900 0.23 5.26 0.19 3.98
1100 0.15 4,84 0.13 4L.86
1300 0.17 5.07 0.1¢ 8.00
1500 0.19 5.99 0.15 6.30
1700 0.23 7.05 0.15 5.89
1300 0.21 6.02 0.13 5.48
2100 0.23 6.66 0.13 6.44
2300 0.18 6.08 0.17 6.60
0100 0.17 5.60 0.17 6.28
0300 0.15 6.19 0.17 5.92
0500 0.15 6.42 0.15 7.13
0700 0.13 5.89 0.13 6.48




TABLE A8.

NITRITE-NITRATE CONCENTRATICONS- LAB EXPERIMENTS

Lab Culture Control Culture
Nitrite Nitrate Nitrite Nitrate
Day/Time (vg-at/l1) (ug-at/1) (ug-at/1) (pg-at/1)
Experiment A
0300 0.03 2.82 0.28 0.95
1200 0.18 0.14 0.15 4,18
1500 0.13 0.06 0.13 2.19
1800 0.11 0.20 0.13 1.87
2100 0.15 0.50 G.04 0.60
2400 C.02 0.03 0.06 0.05
0300 c.0 0.02 0.11 0.63
0600 0.08 N/A 0.08 0.42

Experiment B

0900 0.36 1.10 0.15 0.04
1200 0.17 1.00 0.08 0.0
1500 0.08 1.02 0.08 0.03
1900 £.08 .27 o, 0o n o
231388 C.CC c.72 0.21 ¢.0
2400 0.11 0.31 0.06 0.0
0300 0.11 0.40 0.06 0.21
0600 0.04 0.12 0.06 0.53
0900 0.04 0.58 0.0 0.09
Experiment C
0900 0.13 20.40 0.28 20.22
1200 0.11 19.37 0.15 20.80
1500 0.15 17.39 0.11 19.24
1800 0.08 19.87 0.11 17.0u4
2100 0.17 15.52 C.26 18.09
2400 0.11 20.84 .11 17.38
0300 .11 18.53 .11 18.89
0600 0.06 20.44 0.11 17.91




TABLE AS.

IN SITU TEMPERATURE MEASUREMENTS - OCEAN STATION P.

Day/Time Surface 30 Meters Day/Time Surface 30 Meters

Day A Day C
0900 11.:3 -- 0800 12.0 12.0
1100 11.3 - 1100 12.1 12.0
1300 11..8 -— -1300 12.2 i2.0
1500 11.3 - 1500 12.2 12.1
i70¢ 11.3 - 1700 12.2 12.0
1900 11.4 - 1900 121 12.0
2100 11.4 - 2100 12.0 12.0
2360 1.4 - 2300 12.0 12:.0
€100 i1.4 -- 0100 12.2 N/A
0300 11.3 - 0300 11.9 N/A
0500 11.3 - 0500 11.8 N/A
0700 11.3 - 0700 11.9 N/A

Day B Day D
0800 11.7 - 03900 12.5 12.0
200 12,13 - 1100 12.6 19..4
i128¢ 128 - 1200 12.8 12.0
1500 12.5 - 1500 13.0 13.0
1700 12.5 - 1700 13.1 12.8
1300 12.2 - 1500 12.8 12.8
2100 12.0 - 2100 12.8 12.9
2300 11.8 - 2300 12.7 12.6
0100 11.6 - 0100 242 12.6
0300 116 - 0300 127 12:.7
0500 11,5 - 0500 12.7 12.7
0700 11.6 - 0700 12.6 12.6




TABLE A10

Subsurface light measurements used for calculations of

extinction coefficient.

Day Depth (M) Light Intensity (ly/min)
I 0.5 0,118
(Ocean Station E-1) 5 0.055
10 0.023
25 0.006

Mean extinction coefficient for top 25 meters = 0.180
Depth of the 1% surface light = 28.5 M

Light intensity at 3C meters = 0.001 ly/min

Iv 0.5 0.u18

(Saanich Inlet, 5 0.138
Station E-2)

10 0.040

15 0.020

20 0.006

Mean extinction coefficient for top 25 meters = 0.203
Depth of the 1% surface light = 23 M

Light intensity at 30 meters = 0.0009 ly/min

v contlds



Table A10, cont'd.

VI 0.5 0.670
(Saanich Inlet, 3 0.033
Station E-2)

5 0.010

10 0.006

15 0.002
20 0.0008
25 0.0004

Mean extinction coefficient for top 25 meters = 0.20u4
Depth of the 1% surface light = 23 M

Light intensity at 30 meters = 0.0001 ly/min

C 0.5 .153

(Ocean Station P) 2 .138
3 .118

i .098

5 .089

V4 .060

Mean extinction coefficient for top 7 meters = 0.15
Depth of the 1% surface light = 30 M

Light intensity at 30 meters = 0.002 ly/min

.. cont'd.
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Table A10, cont'd.

D 1 .086

(Ocean Station P) 2 .079
5 . 065

10 .0u5

15 .024

Mean extinction coefficient for top 15 meters = 0.145
Depth of the 1% light = 55 M

Light intensity at 30 meters = 0.008 ly/min
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TABLE A1l

(pages 171-185)

Chlorophyll a concentration (mg/ms), photosynthetic
potential (mg C/m3/hr) and total particulate volume
(us/ml X 106) data for Endeavour cruise, Stations E-1

and E-2.
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186

TABLE A12

(pages 187-200)

Chlorophyll a per particulate volume (mg/u3 X 10_12

)s
photosynthetic potential per particulate volume

(mg C/hr/u3 % 10_12) and assimilation ratios (mg C/hr/mg

chl-a) for Endeavour Cruise, Stations E-1 and E-2.



DAY DEPTH TIME CHLOROPHYLL PER CYNTHETIC POTENTIAL ASSIMILATION RAT!O- B
PARTICLE VOLUME PARTICLE VOLUME {PHOTOSYNTHETIC POTENTIAL/CHL A)
(MG./CUMICRAON) G/HR/CU.MICRON) {MG.CARBON/HR/MG.CHL A)
' i e AX_10E=12) _(X_10E=12) _ s . L o T e o
I 00. 0900 1.640 1,084 0.101 0.592 0.061 0.093 0.361 0.547 J
MEAN VELUES 1.362 0.346 0.265 )
I 30, 0900 1.467  1.459 L 0.718  0.510 0.489 0.492 0.348  0.350
s R e MEAN VELUES ——1-ZE3~— TR — T e e coccccmrpnlpremedo
I 00. 1100 -0.001 1.245 L o485 1.239 sk kk 1,103 wkwwkk 1.075
MEAN VELUES 0.622 1.412 SRR
1 30. 1100 1.210 1.410 Le332 1.279 1.101  0.945 1.058 0.907
TP TP g MEAN VELUES™ 17310 e TROE e
!  00. 1300 1.155  1.146 .986 1.761 1.719  1.734 1.525 1.538
MEAN VELUFS 1.150 1.874 1.629 o
I 30. 1300 1.333 1.379 0.373  0.331 0.280 0.270 0.249  0.240 3
" MEAN VELUES  1.356 TTT0.352 - 0,260 7 T
!  00. 1500 1.102 1.101 14983 2,149 1.799 1.801 1.950 1.951
MEAN VELUES 1.102 2.066 3 1.875
I 30. 1500 1.357 1.228 2.338 2,311 1.723 1.904 1.703 1.882
SN MEAN VELUES ™ 1-365 g 1" 853 A S
I 00. 1700 1.045 0.980 2372 2.639 2,270  2.420  2.526 2.693
MEAN VELUES 012 2.505 2.677
I 30. 1700 l.864 1.783 2.789  2.925 1.497  1.565 1.570 leb41
A B e MEANTVELUES — T B33 R 86 i
I 00. 1900 1,173  1.029 1.201 1.833 0.171 .195  1.563 1.781
MEAT VELUES T.101 T TL.017 0.928
1 30. 1900 1.142 1.283 N.618  0.666 0.541 0.482 0.583 0.519
—— MEAN VELUES ~ 1.213 T TR, 642 o B 0.531 ) T




DAY DEPTH TINE CHLNROPHYLL PER PHOTOSYNTHETIC POTENTIAL ASSIMILATION RATI0- )
BARTICLE VOLUNE PER PARTICLF VOLUME (PHOTOSYNTHE TTC POTENTTAL/CHL A)
(MG, /CU.MICRON) (MG/HR/CU.MICRON) (MGoCARBON/HR /4G . CHL A)
e X 10E-12) X 10E-12) e A e
1 00. 2100 1.041  0.951 0.955  1.276 0.917 1.004 1.225 1.342
WEAN VELUES 0.996 1.115 1.122 3
1 30. 2100 1.332 1.254 -0.016  0.561 -0.012 =0.012 0.421  0.447
T T MEAN VELUES T 1.203 0,273 ity [
I  00. 2300 0.922 0.907 1.504 1.485 1,631 1.658  1.610 1.637
' YEAN VECUES  0.915 1.495 1.634
1 30. 2300 1.008 0.875 0.572  1.851 0.568 0.655 1.836 2.116
e e s B s P R g i o P s BN
I 00. 0100 1.263  1.180 2.261 1.659 1.791  1.916 1.314  1.406 .
YEAN VELUES 1.222 12960 1.607 -
1 20. 0100 1.042  1.000 3.280 0.504 3.147  3.281 0.484 0.505 o
i oS I MEAN VELUES 1,021 IV 892 . ~1.854 P
1 00. 0300 1.058  1.006 0.440  2.348 0.416 04437 2,219  2.335
WEAN VELUES 1032 1,394 —1.352
! 30. 0300 1.103  1.068 0.945  0.495 0.857 0.885 0.448  0.464
S R BRI~ e st e e
T 00. 0500 1.208  1.187 2.814  2.807 2.329 2,371 2.323  2.365
VEAN VECUES I-To7 77810 2T
1 30. 0500 1.117  1.127 0.659  0.637 0.590 0.584 0.570 0.565
e T T UMEAN VELUES T 10122 0648 0.577" S— ———
1  00. 0700 1.156 1.165 2.273  3.722 1.966 1.951 3.219 3,194
MEAN VECUES 1.1561 2998 2583
1 30. 0700 1.512  1.531 3,807 2.528 2.519  2.487 1.672  1.651
ol T MEAN VELUES T T 14521 T T 2,082 ' )




Ak L TRPTECIVURBEE PRLR pATNTLIE GaT onorg AT LB I e ar
MG./CU.MICRON) (MG/HR/CU.MICRD (MG.CARBCN HR/ VG.CH A)
A PSRRI, ¢ 5 | | 2= B 3 DA (X 10E-12) i o —————
1T 00. 0900 1.214 1,230 5.555 3,173 4.576 4,517 2.614 ° 2.580 3
MEAN VGLUES 1.222 4.364 3.572 A
1T 30. 0900 1.455 1.400 3,943  3.435 2.710  2.817 2.36) 2. 453
T MEAN VELUES T T 1.427 3,689 “2.58s
11 00. 1100 1,173 1.168 . 2,675 3.722 3,133 3,145 3.174  3.186
MEAN VELUES W% B J ) 3.699 3.140
1T 30, 1100 1.376 1.365 1,529 5.147 - 565 2.587  3.740 3.772
T T T T MEAN VELUES T 1.3 70 4,338 o T 3,166 e BT
11 00. 1300 0.939 0.927 2.506  4.199 3.733  3.780 4.4T71 4.527
MEAN VALUES 0.933 3.853 4.128 3
IT  30. 1300 1.007 0.979 2.332 2.329 3.309 3.403 2.313 2.378 ©
i i MEAN VELUES 0.993 2,830 T 24851 Ay
1T 00. 1500 0.598 0.591 2.240 2.212 3.748 3,792 3.701 3.745
MEAN VELUES 0.594 2.226 3.747
IT  30. 1500 1.111  1.091 1.117 4,025 1.006 1.024  3.623  3.689
eV ELUES L ST — e . 35§ o P
1T 00. 1700 1.039 1,010 3,579  3.597 3.444 3,542 3,461 3.560
MEAN VELUES 1,025 3.588 3.502
IT  30. 1700 1.170 1.059 "Z2.779 3.263 2.376 2.623  2.789  3.080
i S R MEAN VELUES  ~ 1.114 3.021 2.717 = el F
I  00. 1900 0.947 0.923 2,501  2.301 2.747 2.818  2.430  2.493
MEAN VELUES 0.935 2e4D] 2.622
1T 30. 1900 1.388 1,390 3.654  3.426 2.632 2,629 2.468  2.465
T B AT = T il S Y
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DAY DEPTH TIME CHLORCPHYLL PE PHOTOSVNTHETIC POTENTIAL ASSIMILATION RATIN- )
PARTICLE VOLUM PER"PARTICLE VOLUME (PHOTOSYNTHETIC POTENTTAL/CHL A)
(MG, /CU MICRON (MG/HR/CU,MICRON) (MG.CARBON/HR/MG.CHL A)
- SUETRRRR— | VB (1 VL S G A 12 T R A R AP——
11 00. 2100 1.239  1.103 2,112 1.777 1.705 1.914  1.434 1.610 ;
MEAN VELUES 171 1.945 1.666 h
1T 30. 2100 1.187  1.171 1.910 1.877 1.609 1.631 1.581  1.603
LA MEAN VELUES — 1.179 = TT1.893 7 o 1,606 o .
11 00. 2300 1.161  1.293 2.997  2.378 2.580 2.318 2.048  1.839
PEAN VELUES  1.227 2.688 2. 196 _
1T 30. 2300 1.527 1.488 3.732  1.982 2.443 2,508  1.297  1.332
T ) MEAN VELUES =~ 1,508 T 2+881 o l.89s" T T T
1T 00. 0100 0.929  0.920 2.096 2.104 2.255 2.279 2.265 2.288
MEAN VEZLUES 0.92% 2.100 2.272 H
T 30. 0100 1.169  1.211 2.711 2.318 2.319  2.239  1.982 1.914 O
- - MEAN-VELUES———[TT60—— =TT ey 1 Nl
T 00. 0300 0.740  0.759 1.766  1.942 2.386 2.328 2.623  2.559
MEAN VELUES 0.749 1.854 \ 2.4T4
1T 30. 0300 0.794  0.823 2.364  2.350 2.978 2.874  2.961  2.857
T T T MEANTVELUES T 0.808 TT2.357 T 2,918 o e
Il 00. 0500 0.873  1.235 2.670  2.737 3.058  2.162  3.136  2.216
YEAN VELUES I.05% 2. 704 2.643
1T 30. 0500 1,221 1.173 2.729  2.859 2,235 2.328  2.342  2.439
e e A VELUES T 9T g 33 S DS
I 00. 0700 0.935 0.918 3.283  2.823 3.513 3,575 3,021 3.074
MEAN VELUES 02925 3.053 3.296
I 30. 0700 l.111  1.108 2.261  3.287 2.035 2.041  2.958  2.967
e e B A NN T U E S ST T O ey " 500 . -




B SRR TE CRTIETEUhOEE  TRLESIATIIE GOIGEITAL o SEETIEO ET c m |
(MG./CUMICRCN) (MG/HR/CU.MICRON) (MG.CARBON/HR/MG.CHL A)
e . e (X .10E=12)__ X 10E=12)_ R deind il S ——
II1 00. 0900 1.309 1.380 4,464 4,737 3.411 3,236 3.620 ' 3.433 |
MEAN VELUES 1.344 4.601 3.425 }
111 30. 0900 1.407  1.369 4.316 1.327 3,067 3,152 0.943  0.970
T T T T T UMEAN VELUEST 1,388 TT2usr 2,033 T
11 00. 1100 1.122  1.156 4,305 3.936 3.838 3,726 3.509 3.406
' MEAN VELUES  1.139 %.130 3.620
11 30. 1100 1133 1137 3.618  0.592 3.192 3,182 0.523 0.521
SaSemsiren ~ MEARVECHEE =55 ——i5E— N e I e et
I1T 00. 1300 0.898  0.921 2.754  2.844 3.067 2.990 3.167  3.087
MFAN VELUES 0.910 2.799 3.078 =
IT1 30. 1300 1.083 1,094 3.360 3.416 3.101 3.070 3.154 3,122 "
T ' MEAN VELUES 1.089 3,388 TTTTTTT3L12 T T
11T 00. 1500 1.143 1.218 1.852 4.437 3.371  3.163  3.883 3,644
MEAN VECUES 1.180 %.145 3.515
11T 30. 1500 NO DATA NO DATA 3.448 3.413 3,060 3,028
I RN R S - B o
ITI 00. 1700 NO DATA NO DATA 2.345 2,582 2.215  2.440
MEAN VACUE 2.395
1! 30. 1700 NO DATA NO DATA 2.326  2.272 2.743  2.680
N ; TR . _ e R e T
ITT 00. 1900 NO DATA NO DATA 3.708  3.636 3,070 3,010
MEAN" VALUE 3+356
ITT 30. 1900 NO CATA NO DATA 2.634 2,481 2.473 2,329
" i} _ o g o i s _ o 479 RS S S




DAY DEPTH TIWE CHLOROPHVLL PER PHOTOSYTHETIC POTENTIAL ASSTMILATION RATIO- )
PARTICLE VOLUME PER PARTICLE VOLUME (PHOTOSYNTHETIC POTENTIAL/CHL A}
(MG./CU.MICRON) (MG/HE/CU.MICRON) (MG CARBON/HR/MGWCHL A)
. i 10E-12) X 10E-12) e -
1T 00. 2100 NO DATA NO DATA 3.369  3.938  3.924 4,587 ]
MEAN VALUE 3.955 )
111 30. 2100 NO DATA NO DATA 2.805 2.974  2.965 3.144
e A T o S s ot
111 00. 2300 NO DATA NO DATA 0.473  0.479 3.706  3.750
NEAN VALUE 3,101
11T 30. 2300 NO DATA NO DATA 0.514  0.506 2.192  2.157
i , R s o Skl AR I sl fp—
111 00. 0100 NO DATA NO DATA 2.874 2.850 2.017  2.000
MEAN VALUE 7.%435 =
111 30. 0100 NO DATA NO DATA 1.349  1.447  0.609 0.654 N
oot MERR PRALQE e - 1,015 e
111 00. 0300 NO DATA NO DATA 2.246 2,351  3.121 3,267
MEAN VACUFE ' 7746
111 30. 0300 NO DATA NO DATA 2.435  2.619 1.524 1,638
e - MEAN VALUE o e T 2,054 o S
11T 00. 0500 NO DATA NO DATA 0.735 0.789 2.911  3.126
MEAN VALUE 1.890
111 30. 0500 NO DATA NO DATA 2.952  3.005 1.480 1.506
e e e i} _ — ey e s I
11T 00. 0700 NO DATA NO DATA 1.799  1.896 2.003 2.112
MEAN VATUE 1.953
111 30. 0700 NO DATA NO DATA 0.519  0.522 1.765 1.774
e RN YRE G e - e L sy e




DAY DEPTH TIME CHLOROPHYLL PER PHOTOSYNTHETIC POTENTIAL ASSIMILATION RATIN- A
PARTICLE VALUME PER PARTICLE VOLUME (PHOTOSYNTHETIC POTENTIAL/CHL A)
(MG4/CUMICRON) (MG '"HR/CU.MICRON) (MG.CARBON/HR/MG.CHL A)
S ST —— e AX_10E=12) AX 10E-12) e et N
tv 00. 0900 1.389 1,324 4,668 4,245 3.360 3,526 3.055 ' 3,207 )
MEAN VELUES 1.357 4,457 3,287 )
IV 30, 0900 0.8!9 0.820 1.583  0.356 1.934  1.931  0.435 0.434
T T T U UMEAN VELUES 0.819 T70.970 1.184 S
IVv 00. 1100 1.601 1.556 3,897 3,792 2.435  2.504 2,369 2,437
; MEAN VELUES  1.578 3. 844 2.436 ,
Iv 30. 1100 0.737 0.750 1.747 1.525 2.372 2.330 2.1769 2.033
T o MEAN VELUES 0.743 TT1V636 B o 2«0l P
IV 00. 1300 1.384  1.421 4,455 4,431 3.220 32.135 3,202 3.118
MEAN VELUES 1.402 %443 3.169 —

Iv  30. 1300 0.639 0.612 0.276 1.707 0.432  0.451 2.672 2.787 O
T N ~ MEAN-VELUE €683 R — o ~1.586 s
IV 00, 1500 1.496 1.496 3.671  3.958 2.454 2,454  2.646  2.646
MEAN VELUES 1,496 3.814 2.550
IV 30. 1500 0.693 0.681 1,287 1.480 1.857 1.891 2.135 2.174
D e e T — —— R e 14 o yecman i
IV 00. 1700 1.491  1.457 3,274  3.437 2.196  2.248  2.305  2.360
MEAN VETUES T 47% 3.356 - 3% & &

IV  30. 1700 0.665 0.619 1.260 1.357 2.045 2.197  2.041 24192
T = MEAN VELUES™ — 0.642 1358 - T2.119° T
IV  00. 1900 1,249 1.226° 1.249  2.756 1.000 1.019 2.207 2.248
MEAN VLLUES 17237 2.003 1.619
IV  30. 1900 0.676 0.661 0.C82 1.377 0.12! 0.124 2.037 2.084
, _ P ———— R L 09T .




DAY DEPTH TIME CHLORNPHYLL PER PHOTOSYNTHETIC POTENTIAL ASSIMILATION RATIO- R
PARTICLF VOLUME PER PARTICLE VOLUME (PHOTOSYNTHETIC POTENTIAL/CHL A)
(MG, /CU.MICRCON) {MG/HR/CU.MICRON) (MG.CARBCN/HR/MG.CHL A)
o (X 10F-12) _ CAx feg-12y o ‘ o
IV 00. 2100 1.574 1,549 2,184 2.271 1.388  1.410  1.443 1,466
WEAN VELUES 1.562 2.228 - 1.427 A
IV 30, 2100 0.657 0,671 1.330  1.406 2.025 1.983  2.141  2.097
e A ot g LR e S gy e
IV 00. 2300 1.033 1,074 2.264  2.190 2.192  2.107 2.120 2.039
‘ MEAN VELUES —  1.054 PP A 7.114%, .
IV  30. 2300 0.735  0.639 1.405 1.468 : 2.198  1.997  2.296
R o MEAN VELUES — ~0.687 10436 2.100° ' R —
IV 00. 0100 1.027  1.181 2.306  2.052 1.953 1.738
TEAN VELUES T.10% 22179 1.983 =
IV 30. 0100 0.897  0.890 1.878  1.798 2.110 2.019 F
R g g g e e
Iv  00. 0300 1.186 1,133 2.703 2.780 2.386 2.454
VEAN VELUES 1.1590 T TRy 2.366
IV  30. 0300 0.960 1,014 2.126 2.324 2.096 2.291
pnaneperrni S BT P e e S —— P thonlel S
IV  00. 0500 1.386  1.543 3.633 3,581 2.355 2.321
TEAN VELUES Yo%k ' 3507 3,471
IV 30. 0500 0.599 0.610 0.072  1.561 0.117 2.561
Tl S =" gy g R — ~ A
IV  00. 0700 0.928  0.880 3.372  3.644 3.831 4.139
MEAN VELUES 0.90% 3.508 3.881
IV  30. 0700 0.536 0.598 1.135 1.333 1.982 2,231

MEAN VELUES

~0s8ET

S L L aa—

T 24227




DAY DEPTH TIME CHLORNPHYL.L PER PHOTOSYNTHETIC POTENTIAL ASSIMILATION RATIO- )
PARTICLF VOLUME PER PARTICLE VOLUME (PHOTOSYNTHETIC POTENTIAL/CHL A)
(MG./CU.MICRON) {(MG/HR/CU.MICRON) (MG.CARBON/HR/MG.CHL A)
S N } e X _10E=12). ~AX_ 10E=12)_. A el —
v 00. 0900 1.978 1.966 5.137 5.688 2.597 2.613  2.875 2.893 )
MEAN VE&LUES 1.972 5.413 2.745 i
vV 30, 0900 1.449 1.495 2.688 3,115 1.854 1,797 2.149 2.083
sSSEEES T MEAN VELUES 1,472 2,901 1.971 o
V 00. 1100 1.446 1.398 4,167 4,125 2.881 2.980  2.852 2.950
MEAN VGLUES 1.422 4,146 2.916
vV 30. 1100 0.667 0.702 1.954 1,913 2.930 2.786  2.869 2727
S MEAN VELUES— 0 684 g . e
vV 00. 1300 1.442 1.287 3.827 3.758 2.654  2.973 2.606  2.919
NEAN VELUES 1.365 3.792 2.788 s
v 30. 1300 0.729 0.740 1.564 1.324 2.146  2.113 1.817 1.789 o
T T T MEAN VELUES  0.735 T .444 1.966 T T
vV  00. 1500 1.358 1.347 3.238 3,671 2.384 2,405 2,703 2.726
MEAN VELUES 1.352 3.454 2.554
V  30. 1500 0.794 0,771 1.080 1,217 1.360 1.401 1.533 1.580
P S MEAN VELUES - 078 —iaE e e e e
vV 00. 1700 1.225 1.234 3,625 3,641 2.960 2.938 2.973 2.951
MEAN VELUES 1.223 3.633 2.955
vV 30. 1700 0.722 0.735 1.740 1.808 2.412  2.369 2.505 2.461
S e MEAN"VELDES 0138 T i o 45T . e
V 00. 1900 1171 1.176 3.557 3.160 3.039  3.024 2.699 2.686
MFAN VELUES I.17% 3.359 2.862
vV 30. 1900 0.630 0.647 1.126 1.476 1.788 1.742 2.343 2.283
- N MEAN VELUES™ —0-%638 T e N - B




DAY DFPTH TINME CHLORNPHYLL PER PHOTOSYNTHETIC POTENTTAL ASSIMILATION RATIO- h
PARTICLE VOLUME PER PARTICLE VOLUME (PHOTOSYNTHETIC POTENT{AL/CHL A)
{MG./CUMICRCN) (MG/HR/CUMICRON) (MG.CARBON/HR/MG.CHL A)
& : . e h X _LOE=L2) X Y0E=2)) R -
vV  00. 2100 2.175  2.133 4,146 4,227 1.906 1.944 1.944 1.982 4
MEAN VELUFES 2.154 4,187 1.944 h
vV  30. 2100 1.489 1.483 2.503 2.701 1.681 1.687 1.814 1.821 .
oL T MEAN VELUES 1.486 20602 - T1.751 o i;
vV  00. 2300 2.521 2.421 4,410 4.523 1.749 1.821 1.794 1.868 &
' MEAN VELUES  7.471 5 .45% 1.803 ,
VvV  30. 2300 1.725 1.740 2.978 2.791 1.726 1711 1.618 1.604
AL e MEANTVELUES ™ g T a R P b5 EE L
Vv 00. 0100 1.704  1.666 1.982 2.413 1.163 1.189 1.416 1.448
MFAN VELUES 1.685 2.198 1.304 1
vV  30. 0100 1.655 1.671 2.452 2.543 1.481 1.467 1.536 1.521 &
_ o o — MEAN-VELUES— 11665 g . . 503 . A—
vV  00. 0300 1.291 1.301 2.043  2.486 1.582 1.570 1.926 1.911
MEAN VELUES 1.296 2.26% 1o 747
vV 30. 0300 0.789 0.776 1.485 1.450 1.883 1.912 1.838 1.867
— R MEAN VELUES = 0-F85 R N
vV ©0. 0500 1.312 0.816 2.567 0.732 1.956 3.145 0.558 0.897
MEAN VELUES T.06% 1.649 1.639
vV  30. 0500 0.877 1.405 1.509 1.493 1721 1.074 1.703 1.063
e e e - MEAN VALUES — " 114 . e e 260 I e
vV 00. 0700 1.263 1.248 2.695 3,260 2.135  2.159 2.582  2.612
MEAN VELUES LeddD v Y X A 23102
v 30. C700 0.726 0.790 1.646 1.623 2.268 2.085 2.236 2.056
e MEAN VELUES ™ 0 8§ e o o o -




DAY DEPTH TIME CHLAROPHYLL PER PHCTOSYNTHETIC POTENTIAL ASSIMILATION RATIO= )
PARTICLE VOLUME PER PARTICLE VOLUME (PHOTOSYNTHETIC POTENTIAL/CHL A)
(MG, /CUMICRCN) (MG /hR/CUMICRON) {MG.CARBON/HR/MG.CHL A)
. e AXT10E-12) (X 10E-12). ot R o
VI 00. 0900 1.06R  1.029 5.546  5.416 5,191 5.389 5.069 - 5.262 :
MEAN VELUES 1.049 5.481 5.228 A
vl 30, 0900 0.726 0.738 1.840 1.734 2.535  2.492 2.388  2.348
S TMEAN VELUES  0.7372 1,787 - 2.441 T
vVl  00. 1100 1.110  1.099 5.123  5.231 4,613 4,663 4,801  4.853
MEAN VELUES 1.104 5.227 4. 733
VI 30. 1100 0.777 0.686 2.539  2.411 3.269 3.702  3.105 3.516
et MEAN VELUES  ~ 0.731 TTILATS T 3.398 T
vI  00. 1300 0.920 0.997 4.526  3.985 5.354  4.942  4.331 3,998
MEAN VELUES 0.958 %.455 %.656 =
VI 30. 1300 0.846 0.855 2.370 2.143 2.800 2.772 2.532 2.507 S
e TMEAN VELUES ~ 0.851 “3.956 I T ————————
VI 00. 1500 1.248 1.373 4.441 3,808 3.558  3.235 3.051 2.774
MEAR VECUES 1.310 4. 124 \ 3.154
VI  30. 1500 0.929  0.922 1,632 1.729 1.757  1.771 1.861 1.876
AE o ‘ AT i e et e — P
VI 00. 1700 1,467  1.414 3.805  3.746 2.593 2.690 2.553  2.649
YEAN VELUES T.%%1 3,775 PTG
vl 30. 1700 0.880  0.851 2,139 1.449 2.431 2.513  1.648 1.703 |
e, : "MEAN VELUES ~~ 0.865 TTLLT94 T 2,074 T T
VI 00. 1900 1.317  1.228 2.271 1.760 1.725  1.850 1.337 1.434
MEAN VELUES 1.272 2.016 1.586
Vi 30. 1900 0.759 0.847 2.026  1.629 2.671  2.393  2.148  1.924
R O il S R st WP .




DAY DEPTH TIME CHLOROPHYLL PF PHOTOSYNTHETIC POTENTIAL ASSIMILATION RATIC- N
PARTICLE VNLUM PER PARTICLE VALUME (PHOTOSYNTHETIC POTENTIAL/CHL A)
(MG4/CU.MICRON (MG/HR/CU MICRON) (MG.CARBON/HP /"G .CHL A)
R N e AX10E=12) o {X_10E=12) ittt kel R
VI 00. 2100 1.050 1.024 1,959 1.895 1.865 1,894 1.804  1.831 )
MEAN VELUES 1.042 1.927 1.848 R
vi 39, 2100 0.746 0.752 1.296 1,098 1.738 1.723  1.472 1.460
h T T MEANTVELUES T 0,749 TT1.197 “1.598 o
VI 00. 2300 1.566  1.543 2.779 2.820 1.775 1.800 1.801 1.827
MEAN VELUES — 1.555 2.799 1.801 _
vl 30, 2300 0.805 0.795 1.258 1.218 1.564 1.582 1.514 1.532
— e ANV ELUES 0 00— — s T e
VI  00. 0100 1.961  1.941 3.395 3,751 1.731 1.749 1.912 1.932
-~ NEAN VELUES 1.951 3.573 1.831 P
V1! 30. 0100 v 0.947 0.915 0.450 0.366 0.475 0.492 0.387 0.401 g
T T T T OMEAN VELUEST T 0.931 T0.408 0.439 e
VI 00. 0300 1.924 1.864 3.670  3.814 1.907 1,969 1,982  2.046
MEAN VELUES 1. 894 3.742 ‘ 1.976
Vi 30. 0300 0.770 0.833 1.065 1.231 1.382  1.278  1.599 1.478
D e ey s MEAN VELUES™ e T TTRE - A I N . —
VI  00. 0500 1.908 1.832 4,809 4.359 2.521  2.624 2,285  2.379
MEAN VELLUES T.B70 %.58% 2.452
vl  30. 0500 0.839 0.815 1.219 1.149 1.452  1.495 1,369 1.410
o o MEAN VELUES— 0837~ — Ty e o i s
v 00, 0700 1.722 1.590 4,507  4.494 2.618 2.835 2.610 2.827
MEAN VELUES T1.6556 4+5C0 2all2d
vl  30. 0700 0.823  0.840 1.200  1.290 1.458 1.428 1.569 1.536
i REAN VELUES — o g e R

<




DAY DEPTH TIME HLORDPHYLL PFR PHOTOSYNTHETIC PNTENTIAL ASSIMILATION RATIO- h
Ve PEAS erinrgth T ORI I e
. (X -12) X A0E-12) T i
VII 00. 0900 1.696  1.741 4.692  5.701 2.767 2.695 3.362 ' 3,275 J
MFAN VELUES 1.718 5.196 3.025 h
VIl 30, 0900 0.913 0.875 1.875 1.774 2.053  2.144 1.943 2,028
U S MFAN VELUES 0.894 1,825 T T 20042 e o
vII 00. 1100 1.272  1.264 4,213 4,078 3.313 3.334 3,207 3.227
’ WEAN VELUES 1.268 4,145 3.270
VIT 30. 1100 0.684 0.647 1.119  0.992 1.636 1.730 1.450 1.533
o ) MEAN VELUES 0.665 1,055 T 1.587 ) T
VIT 00. 1300 1.370 1.233 4.526  4.727 3.305 3.671  3.451  3.833
MEAN VELUFS 1.301 4.627 3.565 -
VIT 30. 1300 0.662 N.673 1.493 1.178 2:255% 2,220 1.7TT9% 1,751 ©
kot - ) T MEAN VELUES 0,667 Vo236 o T 2.001 R
VIT 00. 1500 1.223 1.239 4,359  4.290 3.563  3.518 3,507  3.463
MEAN VELUES 1.231 4.325 3.513
vVIT 30. 1500 0.810 0.788 1.%92  1.43% 1.966 2.021 1.771 1.821
T ——m— MEAN VELUES 0.799 TT1.513 - 1,895 T
VIl 00. 1700 0.992 1,077 2.926  2.996 2.931  2.716 3.001 2.78!
MEAN VECLUES . 037 72961 2.857
vi! 30, 17n0 1.038  1.042 1.750  1.711 1.687  1.679  1.649  1.642
i R e < MEAN VELUFS ™ ~ 1,040 1731 o Y. 664 ST T
VI1 00. 1900 1.063  0.970 2.748  2.629 2.586 2.832 2,474  2.709
MEAN VLLUES T. 017 22680 2.650
VIT 30. 1900 1.061 1.085 1.402 1.383 1.321 1.293  1.303 1.275
i iR - R —— et 17258 ;




OAY OCPTH TIME CHLOROPHYLL PE PHCTOSYNTHETIC POTENTIAL ASSIMILATION RATIO- )
: PARTTICLE VOLUH PER FARTICLE VOLUME (PHOTOSYNTHETIC POTENTIAL/CHL A)
(MGe/CUMICRON (MG/HR/CU.MICRON (MG.CARBON/HR/NMG.CHL A)
FCR—. - } . (X _10E-12) _{X 10E=12) sl S e N e
VIT 00. 2100 0.929 0,948 1.657 1.480 1.784 1.747 1.594 1.561 |
MEAN VELUES 0.939 1.569 1.671 1
vil 30. 2100 1.070 1.045 1.368  1.366 1.278 1.308 1,277 1.307
A L MEAN VALUES 7 1.088 TN 3k o 1.293‘ o T T )
VIl 00. 2300 14426 1.410 2.484  2.296 1.741 1.761  1.610 1.628
MEAN VELUES —  1.418 22390 1.685
vil 130. 2300 0.800 0.788 0.958 0.937 1198 1.217 1171 1.190
P o MEAN VELUFS 7 0.794 0,948 T 1194 B T
vl 00. 0100 1.290  1.263 2.002 2.094 1.552  1.585 1.622 1.658
MEAN VELUES P A 2 0%4A 1.604 o
Vil 30. 0100 0.887 0.892 1.200 0.940 1.352  1.344 1.060 1.054 O
o D MEAN D ELUES 0§ T e 1203 B e
vIl 00. 0300 1.254 1.235 2.397  2.485 1.912 1.941 1.981 2.012
MEAN VELUES 1,744 2,441 1.362
vIT 130, 0300 0.874 1,077 0.737  1.384 0.844 0,684 1.583 1,284
A e R — 6876 T | T T NP sy s
VIT 00. 0500 1.053 1.138 3,511  3.506 3.335 3,084 3,331 3,080
VEAN VELUES 1. 095 3.508 3.208
Vit 30. 0500 0.807 0.896 1.558  1.401 1.943 1.750 1.735 1.563
e e M EANVELUES 068 e e ) S
VII 00. 0700 1.637 1.572 5.075 4.828 3.101 3,228 2.950 3,071
MEAN VELUES 1604 4,951 3.087
vil 30, 0700 0.831 0.859 0.490 0.591 0.590 0.570 0.7!1 0.688
R P TR——— T~ N e T okl
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TABLE A13

(pages 202-215)

Chlorophyll a concentration (mg/ms) photosynthetic
potential (mg C/m3/hr) for Station P cruise, Days A-D

and Experiments A-C.

Note: Experiment A is referred to as Day E,
Experiment B as Day F and G and
Experiment C as Day H.
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TABLE A1k

(pages 217-230)

Assimilation ratios (mg C/hr/mg chl-a) for Station P

cruise, Days A-D and Experiments A-C.

Note: Experiment A is referred to as Day E,
Experiment B as Day F and G, and
Experiment C as Day H.
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